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Polymer-mediated “bricks-and-mortar” self-assembly of γ-Fe2O3 nanoparticles allows
modulation of the structure and magnetic properties of the resulting nanoparticle assemblies.
Noncovalent assembly of thymine-functionalized nanoparticles using diaminotriazine-
functionalized polystyrene provides extended aggregates featuring enhanced ordering relative
to control samples of unassembled particles. In addition, the polymer-assembled aggregates
feature increased interparticle spacing arising from the polymer “mortar”. The enhanced
ordering and increased spacing provided by the polymer-mediated assembly alters the
strength of interparticle coupling, as manifested by characteristic changes in the magnetic
properties of the assemblies.

Magnetic nanoparticles provide a means for construct-
ing pragmatic systems, including high-density data
storage arrays1 and giant magnetoresistance devices.2
The recent development of preparatory methods that
provide nanoparticles featuring high degrees of crystal-
linity, narrow size dispersions,3 and unique shapes4

greatly extend the potential applications of these ma-
terials.

Self-assembly of nanoparticle “building blocks” into
nanocomposites provides a direct pathway for the
incorporation of their unique physical properties into
functional materials.5,6 Several groups have used ex-
tremely monodisperse nanoparticles to create beauti-
fully patterned two-dimensional assemblies through
controlled evaporation.7 Expanding on this two-dimen-
sional work, Murray and co-workers recently reported
an electrostatically driven layer-by-layer (LBL) as-
sembly of monodisperse nanoparticles using polymers

to space each successive layer,8 while Pileni has pre-
pared three-dimensional assemblies by the evaporation
of nanoparticle solutions in applied magnetic fields.9
These methods create structured assemblies but are
generally limited to close packed morphologies. Further-
more, they do not directly address the issue of inter-
particle spacing, a key factor in tuning the collective
properties of nanometer-sized magnets.

Particles separated by a large distance can be con-
sidered noninteracting and the resultant magnetic
properties are based solely on the physical character-
istics of the particles (e.g., volume, crystallinity, etc.).
As particles are forced together, either through precipi-
tation or self-assembly, they exhibit a more collective
behavior due to magnetic coupling.10 Magnetic coupling
between adjacent particles alters the magnetic proper-
ties of a material through magnetostatic interactions.11

Dipolar coupling between magnetic particles is a specific
type of magnetostatic interaction and has been studied
by statistically diluting a sample of particles in a known
volume.12 While these studies allow us to investigate
the correlation between the interparticle spacing and
magnetic properties, they do not provide a mechanism
to create a more ordered system.13
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In previous studies using gold nanoparticles, we have
shown that polymers functionalized with recognition
elements can be used to assemble nanoparticles featur-
ing complementary monolayers, providing increased
ordering and interparticle spacing.14,15 Inserting a mag-
netic nanoparticle in place of the gold particle would
provide a means to investigate the change in bulk
magnetic properties as a function of both order and
spacing, addressing the difficulties of the aforemen-
tioned studies. With use of our recently reported ex-
change method,16 the proper functionality can be placed
in the monolayer of a magnetic nanoparticle, allowing
us to adapt the “bricks and mortar” assembly method
to create magnetic assemblies (Scheme 1). Here, we
report the use of polymer-mediated self-assembly to
modulate both the physical and functional properties
of γ-Fe2O3 nanoparticles aggregates.17,18

Results and Discussion
Thymine-functionalized monolayer-protected nano-

particle (MPN 1) and triazine-functionalized polymers

2 and 3 (Figure 1) were synthesized as components for
“bricks and mortar” self-assembly. The polymer com-
ponent of the assembly is comprised of varying lengths
of poly(styrene-co-4-chloromethylstyrene) featuring a
styrene/chloromethylstyrene ratio of 3:1. This polymer
was synthesized using AIBN-initiated free radical po-
lymerization. Reaction with NaCN followed by dicyan-
diamide/KOH provided the triazine-functionalized poly-
mer 2 and 3 following previously reported procedures.19

MPN 1 was prepared from ∼6.5-nm-diameter γ-Fe2O3
nanoparticles synthesized using Alivisatos’ iron Cup-
ferron method.20 A functional monolayer was installed
using a thymine-functionalized diol ligand. In our
previous paper describing the place exchange of diol
ligands we found that IR spectroscopy was an excellent
method for characterization of the monolayer during the
exchange process. Of particular utility is the emergence
of the N-H (∼3400 cm-1) and CdO stretches (1680
cm-1) and the increased absorbance at ∼1050 cm-1 from
the C-O stretch (Figure 2).

Mixing solutions of MPN 1 with polymers 2 and 3 in
1:1 chloroform/tetrahydrofuran gave turbid solutions
followed by complete precipitation after 24 h. Solutions
made from the addition of polymer 2 to solutions of iron
oxide nanoparticles MPN 4 remained homogeneous,
verifying that the assembly process is driven by specific
molecular recognition interactions between MPN 1 and
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Scheme 1. Polymer Mediated Assembly of Iron
Oxide Nanoparticles in (a) the Forced

Precipitation of MPC 1 with Hexanes Results in
Poorly Ordered Nanoparticles Separated Only by
Their Monolayer; (b) Polymer Assembly Effects an
Increase in Average Interparticle Spacing and a
Qualitative Increase in Overall System Ordering

Figure 1. Structure of the components used in this “bricks
and mortar” assembly.
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polymer 2. A control sample of closely packed particles
was prepared by precipitating MPN 1 from solution with
hexanes, providing nanoparticles spaced only by the
monolayer.

Small-angle X-ray scattering (SAXS) was used to
analyze the structural characteristics of our nanopar-
ticle assemblies. With hexanes-precipitated MPN 1, a
center-to-center particle spacing of 6.8 nm was observed
(Figure 3), in good agreement with particles spaced only
by their monolayer.21 When polymer 2 was used to
assemble MPN 1, the interparticle spacing increased to
7.6 nm. This increase is consistent with the assembly
motif shown in Scheme 1, where a polymer chain
separates the nanoparticles in the assemblies.22,23 The
increase in spacing due to polymer assembly of MPN 1
was found to be slightly smaller (0.8 nm) than the same
distance previously observed for polymer-assembled gold
nanoparticles (1.4 nm). This is likely due to the sparsely
packed nature of the monolayer on the γ-Fe2O3 nano-
particles16 and the large increase in nanoparticle core
size relative to the polymer backbone. As expected, near-
identical behavior was observed with higher molecular
weight polymer 3, indicating that the length of the
polymer does not dictate interparticle spacing.24 SAXS
provides quantitative information concerning the inter-
particle spacing as well as information regarding overall
system ordering. In our studies, the precipitated sample
generates a SAXS peak that is significantly broader that
that of the polymer-assembled samples, indicating a
much larger distribution of interparticle spacing (i.e.,
more disorder). Concurrently, there is a marked in-
crease in peak intensity for the polymer-assembled
sample, diagnostic of increased ordering and more
uniform particle distribution.14 The combination of
increased ordering and interparticle spacing provided

by our “bricks and mortar” method should result in
modulated magnetic behavior.

Magnetic Characterization

A superconducting quantum interference device
(SQUID) was used to acquire zero-field-cooled (ZFC),
field-cooled (FC), and field-dependent magnetization
measurements for the precipitated and assembled
samples of MPN 1. MPN 1 consists of 6.5-nm γ-Fe2O3
nanoparticles that are superparamagnetic at room
temperature,25 becoming ferromagnetic at low temper-
atures. The superparamagnetic-faramagnetic transi-
tion occurs at the blocking temperature26 (TB), which is
not unique but depends weakly on the time scale of
experimental measurement.27 The TB of a sample can
be obtained through a ZFC/FC scan that sweeps a
chosen temperature range while recording the magnetic
response of your sample to a constant applied field.28

The control sample of precipitated particles showed a
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Figure 2. IR of the as-prepared amine-covered MPN 4 (in
red) and the post-functionalized MPN 1 (in blue).

Figure 3. (a) SAXS profiles for MPN 1 (green) precipitated
with hexanes and assembled with polymer 2 (red) and polymer
3 (blue). (b) Background subtracted and normalized plot
demonstrating the decrease in q as MPN 1 is assembled with
polymers 2 and 3.
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TB of 47 K while the assembled samples both showed a
TB of 37 K (Figure 4). This change in blocking temper-
ature can be explained by a decrease in dipolar coupling
arising from the increased interparticle spacing.

The TB of magnetic nanoparticles is directly related
to its volume.29 Our samples were obtained from the
exact same batch of nanoparticles, thus eliminating core
size discrepancies. The observed decrease of TB is
therefore a direct consequence of the polymer-controlled
increased in spacing, as schematically depicted in Figure
5. As the particles are assembled by the polymer, the
dipolar coupling between particles should decrease,
resulting in an “effective” volume decrease verses the
control sample.

Interestingly, the ZFC plot for the assembled samples
are sharper than the control sample, mirroring the
change observed in the SAXS. The width of the ZFC plot
is a representation of the distribution of spin alignment
and the observed sharpening could easily be explained
in terms of increased ordering. These complimentary
observations suggest a correlation between the in-
creased SAXS intensity, indicative of a more ordered
system, and the sharper TB plot that is caused by a more
uniform distribution of interacting dipoles.

To further investigate the effect of polymer assembly
and spacing, field-dependent magnetization studies
were obtained on films of MPN 1 combined with
polymers 2 and 3 and the hexane control.30 Hysteresis
plots offer a view into the collective behavior of nano-
particle systems, providing values of remanence (MR),
coercivity (HC), and saturation magnetization (MS). At
low temperature hysteretic behavior was observed in
all cases and the plots are shown in Figure 6. The
remanent magnetization factor for the hexane control
is 0.34 emu while the polymer-assembled samples show
slightly higher values of 0.40 emu. The coercivity of the
assembled particles was found to be ∼332 Oe while the
hexane control showed a smaller value of 300 Oe (Table
1).31

Again, since we used the same batch of nanoparticles,
the only reasonable explanation for the change in
coercivity and remanence is the polymer assembly. It
is known that the coercivity of a superparamagnetic
nanoparticle is inversely related to the particle size.29

The “effective” volume overlap between the particles is
lower in the polymer-assembled samples, resulting in
an increase in the coercivity relative to the more highly
coupled, effectively larger, particles in the hexane
control. Likewise, the increase in remanence of the
polymer-assembled films arises from the decrease in
dipolar coupling between the particles. In the hexanes-
precipitated aggregate, the stronger coupling lowers the
remanence by inducing a greater degree of frustration
in the sample.12 Additionally, the competition between
interparticle anisotropy and spin relaxation increases
with dipolar coupling.32

In summary, we have demonstrated the use of poly-
mer-mediated “bricks-and-mortar” assembly to alter the
magnetic properties of γ-Fe2O3 nanoparticle ensembles.
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Figure 4. FC and ZFC magnetization plots for MPN 1
precipitated with hexanes and assembled with polymer 2 and
polymer 3.

Figure 5. Schematic representation of the interparticle
magnetic field interactions. The checked area in (a) represents
the effective magnetic coupling that is decreased upon as-
sembly with the polymer (b).

Figure 6. Field sweep hysteresis plot of MPC 1 precipitated
with hexanes and assembled with polymers 2 and 3. Plots are
normalized to saturation magnetization.
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This assembly process increases particle spacing and
system order demonstrated by a shift to lower q values
and overall peak sharpening in the SAXS spectrum of
the polymer-assembled samples. This structural modu-
lation results in a decrease in TB and increases in
remanence and coercivity. The observed modulation in
the bulk magnetic properties is based solely on polymer-
mediated self-assembly, providing a means to alter the
output of magnetic nanoparticle-based materials. We
are currently exploring applications for this methodol-
ogy and will report our findings in due course.

Experimental Section

Chemicals. THF was distilled from Na:benzophenone
under argon and anhydrous ether was purchased in sealed
cans from VWR. All reactions were carried out in oven-dried
glassware under an atmosphere of argon. 1H NMR spectra
were recorded in CDCl3 (purchased from Cambridge Isotope
Labs, Inc.) at 200 MHz and referenced internally to TMS at
0.0 ppm. IR spectra were recorded on Midac M1200. All
reagents and other solvents were used as received from
commercial sources.

Preparation of Nanoparticle Assemblies. All nanopar-
ticle assemblies were prepared from the same batch of MPN
1, and the same samples were used for TEM, SAXS, and
SQUID analysis. For the polymer assembly, 2 mg/mL solutions
of polymers 2-3 in 1:4 THF:CHCl3 and a ∼5 mg/mL solution
of MPNs 1 and 4 in CHCl3 were used. Equal volumes of the
polymer and nanoparticle solutions were mixed, and turbidity
was observed almost immediately, with TEM samples with-
drawn after 1 h. After 24 h, precipitation was complete, and
the solid was washed extensively with CHCl3 and then dried
overnight before being subjected to either SAXS or SQUID.
For the hexanes-precipitated sample, 1 mL of the MPN 1
solution at 5 mg/mL was combined with 10 mL of hexanes. A
TEM sample was withdrawn after 10 min, and precipitation
was complete in about 3 h. The mother liquor was removed
and the solid treated as above.

Characterization of Nanoparticle Assemblies. Trans-
mission Electron Microscopy. A drop of the turbid solutions
was placed on a 300-mesh Cu grid covered with a carbon film.
The samples were then examined on either a JEOL 100CX or
a JEOL 200 operating at 100-keV TEM.

Small Angle X-ray Scattering. To prepare samples for SAXS,
∼1 mL of the turbid solutions was withdrawn from the main
solution and transferred to a vial containing a 1-cm2 piece of
Mylar on the bottom. Precipitation was allowed to go to
completion, and the precipitate was deposited on the Mylar.
The mother liquor was removed and the sample washed with
CHCl3 and then dried. Spectra were acquired on a molecular
metrology instrument producing an X-ray λ of 0.154 Å. The
scattering intensity is presented as a function of the wave
vector q ) (4π/λ) sin(2θ/2) where 2θ is the scattering angle
and λ the X-ray wavelength. The background subtraction was
carried out identically to that in ref 33.

SQUID. Data were acquired on a QuantumDesign MPMS
7 SQUID Magnetometer. ZFC-FC plots were acquired by
cooling the sample to 1.8 K in the absence of a magnetic field,
and then a field of 100 Oe was applied and the sample slowly
warmed to 300 K and returned to 1.8 K, thus acquiring FC
and ZFC plots in a single temperature sweep. Field sweep
measurements were taken at a temperature of 1.8 K, sweeping
from 20000 to -20000 Oe and back. Blocking temperature
assignments were made by fitting the ZFC plot to a Gaussian
curve using Igor software.
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Table 1. Summary of Structural and Functional Change
upon Polymer-Mediated Assembly

polymer
(Mw)

spacing
(nm)

blocking
temp. (K)

reduced
rem. (emu)

coercivity
(Oe)

hex + MPC 1 6.8 47 0.34 300
poly 2 + MPC 1 4000 7.6 37 0.40 332
poly 3 + MPC 1 24000 7.6 37 0.40 332
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