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Synthesis and Application of Magnetic Nanoparticles
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Synthesis by Chemical Methods

1. High Energy Ball Milling
2. Laser Ablation 
3. Ion Sputtering 
4. Thermal Evaporation 
5. etc…….

1. Reduction of Metal Salts in Solution
2. Thermal Decomposition Reactions
3. Hydrolysis in Aqueous Solutions
4. Hydrolysis in Nonaqueous Solutions
5. etc……..

Synthesis by Physical Methods

Metal and Metal-Alloy Nanoparticles
Metal and Metal-Oxide Nanoparticles
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Nanostructured

nanoparticle

matrix

Abundance of grain boundaries Abundance of interfaces

Nanocomposite

H. Gleiter, Acta Mater. 48, 1 (2000)

Nanoparticulate Magnetic Materials

Novel magnetic properties engineered through tailoring of the grain 
boundary or interfacial region and through interparticle magnetic 
interactions.  Particles can interact via short-range magnetic exchange 
through grain boundaries or long-range dipolar magnetic interactions. 
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General Concepts in 
Nucleation and Growth of Magnetic Nanoparticles

Nucleation and Critical Radii

Variation of Gibb’s free energy of nucleation with 
cluster radius during synthesis. rc is the kinetic 
critical radius and r0 the thermodynamic critical 
radius

Stabilization of nanoclusters of various size requires a competitive 
reaction chemistry between core cluster growth and cluster  surface 
passivation by capping ligands that arrests further core growth.

V. K. LaMer and R. H. Dinegar, J. Am. Chem. Soc. 72 (1950) 4847
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Surfactants
Magnetic nanoparticles can stick together if they collide.  This can lead to 
agglomeration, which is generally detrimental for applications.

In order to prevent agglomeration, nanoparticles are often coated with some 
material to prevent agglomeration (either because of steric or electrostatic effects). 

Organic surfactants.  Normally long chain 
molecules, including fatty acids, dextran, alginate, or 
other polymers.

Inorganic surfactants.  Generally non- or weakly-
reactive materials, including Si, SiO2, Au, or others.  
Core-shell nanoparticle structures can also have other 
types of functionalities (quantum dots).

Surfactants can also introduce additional binding sites 
to the magnetic nanoparticles.
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Monodispersed γ-Fe2O3 nanoparticles

Thermal decomposition of iron 
pentacarbonyl, Fe(CO)5, in the presence 
of oleic acid produced monodispersed 
metal iron particles.  Controlled 
oxidation using trimethylamine oxide, 
(CH3)3NO, as a mild oxidant produced 
highly crystalline γ-Fe2O3 particles.  The 
particles were in the size range 4 nm to 
16 nm diameter depending on 
experimental conditions.  Highly 
uniform, oleic acid covered, magnetic 
nanoparticles of γ-Fe2O3, ~(11.8 ± 1.3)
nm diameter are shown.  XRD patterns 
confirm the presence of Fe2O3. 

D.K. Yi, S.S. Lee, G.C. Papaefthymiou, 
J.Y. Ying, Chem. Mater. 18 (2006) 614
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TEM image of iron oxide nanoparticle

8 nm
Note the regular crystal structure of the magnetic nanoparticle.
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Supramolecular Clusters
Controlled hydrolytic polymerization of iron. Iron-core 
growth arrested via surface passivation with benzoate 
ligands.  Observation of novel magnetic behavior.

~1 nm

Fe16MnO10(OH)10(O2CPh)20

Fe11O6(OH)6(O2CPh)15
.6THF

~2 nm

G. C. Papaefthymiou, Phys. Rev. B 46 (1992) 10366
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Block Copolymer Nanotemplates

Principles of synthesis

Blocks of sequences of repeat units 
of one homopolymer chemically 
linked to blocks of another 
homopolymer sequence.
Microphase separation
due to block incompatibility 
or crystallization of one of 
the blocks.
Templates for synthesis and 
arraying of metal oxide 
nanoclusters within space confined 
nanoreactors

0 - 21 % 21 - 34 % 34 - 38 %38 - 50 %

Increasing Volume Fraction of Minority Component

B-BlockA-Block
Chemical Link
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Cobalt Ferrite Nanocluster Formation 
within Block Copolymers

G.C. Papaefthymiou, S.R. Ahmed and P. Kofinas Rev. Adv. Mater. Sci. 10 (2005) 306
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Transmission Electron Microscopy

Morphology of block copolymer 
films: ensemble of polydispersed
CoFe2O4 nanoparticles, oval in 
shape and of average diameter of 
9.6 ± 2.8 nm.  

CoFe2O4 Block Copolymer Films

Ahmed, Ogal, Papaefthymiou, Ramesh and Kofinas, Appl. Phys. Letts 80 (2002) 1616
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Two-dimensional Array of Ferritin

I. Yamashita Thin Solid Films, 391 (2001) 12

Ensemble of 
monodispersed 
magnetic 
nanoparticles
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Schematic of the synthesis of MP/SiO2/MS 
nanoarchitectures

D.K. Yi, S.S. Lee, G.C. Papaefthymiou, J.Y. Ying, Chem. Mater. 18 (2006) 614

MP = Magnetic Particle 
SiO2 =Solid Silica
MS = Mesoporous Silica
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Solid-silica coated γ-Fe2O3 nanoparticles 

TEM micrographs of 
~12 nm γ-Fe2O3 particles 
covered with solid silica 
shell. Shell thickness 
from 1.8 nm to 25 nm 
was achieved. Scale bar 
20 nm

D.K. Yi, S.S. Lee, G.C. 
Papaefthymiou, J.Y. Ying, 
Chem. Mater. 18 (2006) 614
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TEM micrographs of γ-Fe2O3 core-
solid silica shell-mesoporous silica 

shell nanocomposites
~ 12 nm maghemite particles were used as 
templates

(a) A thick mesoporous layer (~21nm) was obtained 
using a mixture of TEOS and C18TMS, 260 μl  
and 

(b) a thinner mesoporous layer (~10nm) was 
obtained using a mixture of TEOS and 
C18TMS, 120 μl. 

In both cases, (a) and (b), ca. 25 nm solid silica 
shell coated Fe2O3 core-solid silica shell 
nanocomposites were used as templating cores.

Higher Nanoarchitectures
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Magnetic nanoparticles applications
Nanoparticles made from magnetic materials are, rather unsurprisingly, referred to 
as “magnetic nanoparticles”.

This particles can be moved by applying magnetic fields, which allows them to be 
controlled inside the body.

Magnetic nanoparticles suspended in solution are called “ferrofluids” and have 
many applications in medicine, acoustics, and electronics.

Iron oxide (Fe3O4, γ-Fe2O3).  Very stable and easy to synthesize.  Biocompatible, 
minimally toxic, used in many clinical studies, and FDA approved for some 
applications.  Reasonably large saturation magnetization (~90 emu/g). The most 
widely investigated type of magnetic nanoparticle for biomedical applications.  

DCMST 
May 21st, 2010
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Using magnetic nanoparticles to trigger 
controlled drug release

Because magnetic nanoparticles show a large response to magnetic fields, they can be used 
to trigger reactions simply by using external fields.  This functionality can be used for 
controlled drug release.

PNIPAM is a thermosensitive polymer, which has a significant volume collapse near 40 oC.

By integrating magnetic nanoparticles with PNIPAM, the resulting composite can be 
heating using external ac magnetic fields, which in turn can trigger the volume change.

This phenomenon can be exploited for controlled drug delivery.  A drug that can be stably 
loaded into the PNIPAM matrix at low temperatures, but exits at high temperature, can be 
released by the expedient of applying a magnetic field. 
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TEM image of magnetic nanoparticles 
attached to the surface of the PNIPAM 
microgel.

The magnetic nanoparticles seem to 
preferentially coat certain PNIPAM 
globules, rather than being distributed 
uniformly.

This may degrade the controlled response 
(as only a portion of the PNIPAM is 
targeted).
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Drug release in PNIPAM and PNIPAM/Fe3O4 composites

Drug release rate from 
magnetically heated 
PNIPAM/Fe3O4 composite is 
much higher than from pure 
PNIPAM heated in a water bath.

Surprisingly, there is no 
significant change in the release 
rate associated with the structural 
transition (in either sample).

Points to importance of 
understanding chemical 
interactions in detail.
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Nanoparticles in action
A. Modifying a ferromagnetic nanoparticle with human immunoglobulin G (IgC), 
which specifically binds the protein A in the cellular wall of staphylococcus, the 
bacteria can be detected through a MRI test

Accumulation of functionalized ferromagnetic 
nanoparticles on staphylococcus

Negligible accumulation of nanoparticles in 
absence of functionalization

B.

Analytical Chemistry 2004, Vol. 76, pp.7162-7168

C.

Directed accumulation of dangerous bacteria by 
conjugation with functionalized magnetic nanoparticles

National Research Council, Canada
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Relaxation in magnetic nanoparticles

Iron 
oxide

H

Brownian Relaxation

In Brownian relaxation, 
the entire nanoparticle 
rotates to reverse the 
direction of the 
magnetic moment.
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Iron 
oxide

H

Neel Relaxation

In Neel relaxation, the 
nanoparticle remains 
fixed in place, but the 
magnetic moment 
reverses direction to 
align with the external 
field.

Relaxation in magnetic nanoparticles
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Magnetic hyperthermia
There are a number of therapeutic benefits in producing localized heating, for 
example, delivering toxic doses of thermal energy to tumors, or increasing the 
efficacy of certain anti-cancer drugs.  

However, heating the surrounding tissue can also produce unwelcome side-effects 
so there are advantages to strictly controlling the region under treatment by using 
magnetic nanoparticles as the heating element.

For treating cancer tumors, the general measure of effectiveness is the cumulative 
equivalent minutes at 43 oC for 90% of the tumor volume (CEM 43 T90).

The magnetic moments on nanoparticles will align with an external magnetic field.  
As the external field changes direction, the magnetic moment will also change 
direction.  This produces dissipation leading to heating.  One of the major 
advantages of using magnetic fields to produce heating is that they readily 
penetrate tissue.
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Practical aspects of magnetic hyperthermia
Magnetic hyperthermia requires large 
magnetic fields alternating at high 
frequencies to be effective.  In practice it 
is challenging to meet these two 
requirements simultaneously.

The circuit diagram on the left shows one 
approach to designing apparatus suitable 
for hyperthermia.  This particular system 
provides a field of just over 0.01 T at a 
frequency of almost 400 kHz (with a 
current of ~30 A flowing in the wire).

The high currents required for producing high magnetic fields lead to substantial 
resistive losses in the coil, and therefore significant radiative heating.  This must be 
minimized to avoid heating the entire sample volume (e.g. by water cooling, etc).

DCMST 
May 21st, 2010
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Magnetic hyperthermia
The sample consisting 
individual nanoparticles 
(Fe3O4) heats 4-5 times faster 
than the sample with clustered 
nanoparticles (γ-Fe2O3). 

This suggests that, at least for 
these experimental conditions 
(nanoparticle size, driving 
frequency, sample viscosity, 
etc), Brownian relaxation is a 
much more effective heating 
mechanism than Neel 
relaxation. 
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Concentration dependence of magnetic heating
A higher concentration of magnetic 
nanoparticles will lead to a greater 
amount of heating during magnetic 
hyperthermia (as illustrated on the left).

However, increasing the concentration 
of nanoparticles may lead to increased 
toxicity and other undesirable side-
effects.

Understanding the heat flow from 
magnetic nanoparticles into the 
surrounding tissue, and then through 
the surrounding tissue will be important 
when designing specific applications.

Hyperthermia heating is normally scaled 
to the heat capacity and expressed as 
specific absorption rate (SAR) in units of 
W/kg.
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Magnetic resonance imaging

B

µ

dφ Local magnetic moments (µ) will precess about a 
magnetic field B.

The rate of precession will depend on the magnitude of 
the magnetic field, so is sensitive to the magnetic 
environment.

Applying a gradient magnetic field over an object 
produces a gradient in precession rates, which can be 
correlated with position.  This allows local changes in 
magnetic properties to be spatially localized.
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Magnetic relaxation
When the local moments are perturbed, there are two main relaxation effects on the 
magnetic dynamics.

T1 (Longitudinal relaxation time) is a measure of how long the magnetization takes 
to recover to align along B after being flipped 90o.  This depends on interactions of 
the moment with other particles and is referred to as “spin-lattice” relaxation. 

T2* (Transverse relaxation time) is a measure of how long spins will rotate together 
when flipped 90o.  This is affected by the precession rate, which depends on the local 
magnetic environment.  As T2* relaxation depends on the interaction of moments 
with the magnetic field, this is referred to as “spin-spin” relaxation.  

Different types of tissue have different T1 and T2* relaxation times and can 
therefore be distinguished using MRI.

Contrast agents modifyT1 and T2* and can provide clearer images.  
Superparamagnetic iron oxide nanoparticles greatly reduce T2*.

DCMST 
May 21st, 2010
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Static MR measurements
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Quartz tube filled with ferrofluid (Fe3O4)

Direct measurements of the ferrofluid susceptibility agree well with the value extracted from 
MRI studies.  This allows a quantitative determination of nanoparticle concentration using MRI.
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Summary
In addition to being small compared to most biological structures, magnetic 
nanoparticles have distinctly different magnetic properties from bulk materials, 
making them potentially very attractive for biomedical applications.

Magnetic nanoparticles have direct applications to medicine, including magnetic 
hyperthermia and as MRI contrast agents, but can also introduce new 
functionalities when combined with other materials, such as targeted drug delivery 
and controlled drug release.

One of the central ideas for magnetic nanoparticle applications is the ability to 
manipulate the particles using an external magnetic field.

There is still a great deal of work to be done on understanding how magnetic 
nanoparticles interact with the body (toxicity, excreting the nanoparticles, etc).
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Drug delivery

“Magnetic nanoparticle carrier for targeted drug delivery: perspective, outlook and design”, R D K 
Misra, Materials Science and Technology 24 (2008) 1011.
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