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Abstract: The assembly and direct imaging of ferromagnetic nanoparticles into one-dimensional mesos-
tructures (1-D) are reported. Polymer-coated ferromagnetic colloids (19 nm, 24 nm) were assembled at a
crosslinkable oil-water interface under both magnetic field induced and zero-field conditions and permanently
fixed into 1-D mesoscopic polymer chains (1-9 µm) in a process referred to as Fossilized Liquid Assembly
(FLA). In the FLA process, nanoparticle chains were fixed at the oil interface through photopolymerization,
enabling direct visualization of organized mesostructures using atomic force microscopy. Using the FLA
methodology, we systematically investigated different conditions and demonstrated that dispersed
ferromagnetic colloids possess sufficient dipolar interactions to organize into mesoscopic assemblies.
Application of an external magnetic field during assembly enabled the formation of micron-sized chains
which were aligned in the direction of the applied field. This universal methodology is an attractive alternative
technique to cryogenic transmission electron microscopy (cryo-TEM) for the visualization of nanoparticle
assembly in dispersed organic media.

Introduction

Nanoparticle assembly has been widely investigated as an
approach to hierarchically ordered materials. A number of
methodologies have been developed to organize nanoparticles
using templates and self-assembly approaches.1-5 In these
systems, noncovalent interactions such as van der Waals or
electrostatic interactions6-8 have been widely utilized to achieve
interparticle assembly. Magnetic assembly has been a subject
of particular interest due to the selective directionality that is
embedded in nanoparticles through dipolar associations. This
directionality has been exploited to assemble iron oxide-loaded
latex colloids9-12 and emulsion droplets9,13,14 (100 nm to 30

µm) into one-dimensional (1-D) ordered composite materials.
Despite the amount of activity with larger colloids, the use of
magnetic dipolar associations to organize individual nanopar-
ticles (1 to 100 nm) remains largely unexplored. Magnetic
assembly can be achieved by self-assembly or field induced
processes of ferromagnetic nanoparticles into two-dimensional
arrays using a “bottom up” methodology.15 The use of magnetic
nanoparticles is particularly intriguing, as organic polymers can
be hybridized with inorganic colloids to form novel nanocom-
posite materials with synergistic properties.

Magnetic particle assembly has long been known in the fields
of magnetorheological fluids and ferrofluids to enable the
stimuli-responsive nature of fluid dispersions.16,17More recently,
a number of reports have demonstrated the synthesis of uniform
ferromagnetic colloids (e.g., Co, Fe) and 1-D assembly into
nanoparticle chains when cast on surfaces.18-20 Dilute solution
scattering has been used to study dipolar fluids, but these
techniques cannot readily differentiate between branched and
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linear polymeric structures. These earlier reports were also
limited by the use of magnetic nanoparticles with broad particle
size distributions.21-24

The direct imaging of organized mesostructures in solution
is a central challenge for a fundamental understanding of
magnetic assembly. Analytical methods to visualize nanoparticle
assembly in solution are still at an early stage of development.
Recently, Klokkenburg et al. used cryogenic transmission
electron microscopy (cryo-TEM) to image the zero-field self-
assembly of 21 nm ferrimagnetic magnetite (Fe3O4) nanopar-
ticles into flux-closure bracelets and short 1-D chains in
decalin.25 Similar reports by the same authors also visualized
superparamagnetic nanoparticle assemblies of polyisobutylene
coated iron colloids.26 While cryo-TEM is a powerful technique
to image dispersed colloids, difficulties in working in certain
organic media can limit exploration of experimental conditions
that can affect nanoparticle assembly, such as temperature,
particle concentration, and applied fields.27,28 Thus, in depth
investigation of magnetic nanoparticle assembly requires mea-
surement methods which utilize versatile sample preparation
procedures coupled with imaging techniques.

Immiscible liquid interfaces have been shown to be a versatile
platform for organizing polymers and nanoparticles into complex
assemblies.29-34 We have recently demonstrated that a wide
range of nanoparticles can be organized at oil/water interfaces,
where the oil phase can be flash-cured when exposed to UV
light.35 Nanoparticle assemblies formed at the interface are
immobilized by curing of the oil phase which can then be
imaged using atomic force microscopy (AFM).

Herein, we report the direct visualization of dispersed
ferromagnetic nanoparticles and their mesoscale assemblies
using the above described crosslinkable liquid-liquid interfacial
system. Ferromagnetic colloids and nanoparticle chains formed
from dipolar associations are reminiscent of nanoscale polymeric
macromolecules, as ferromagnetic nanoparticle “monomers”
connect via 1-D noncovalent associations to form mesoscopic
polymer chains or “meso-polymers.” These magnetically as-
sembled nanoparticle chains are mesoscale analogues to other
supramolecular polymers that are formed via noncovalent
interactions (e.g., hydrogen bonding, metal-ligand complex-
ation) of small molecule monomers.36,37

Results

Model nanoparticle materials for this study were prepared
using a synthetic route we have recently developed to synthesize
polystyrene coated cobalt nanoparticles (PS-CoNPs).38 In this
method, amine or phosphine oxide end-functional PS oligomers
(Mn ) 5000 g/mol;Mw/Mn ) 1.10) were synthesized using the
nitroxide mediated polymerization39 with functional Hawker-
type alkoxyamine initiators. These PS surfactants were then
employed in the thermolysis of dicobaltoctacarbonyl (Co2(CO)8)
in refluxing 1,2-dichlorobenzene (DCB)18 to prepare PS-CoNPs.
Coordination with ligating amine or phosphine oxide chain ends
ensured stabilization of the colloidal surfaces. The encapsulating
polymer shell further enabled dispersion of the cobalt nanopar-
ticles in organic solvents, such as toluene, tetrahydrofuran
(THF), and dichloromethane (CH2Cl2).

TEM of nanoparticles revealed that micron-sized 1-D as-
semblies were formed when cast onto carbon coated copper
grids (Figure 1), where chains were composed of uniform cobalt
colloids (Co diameter) 15 nm( 1.5 nm, PS shell) 2 nm).
X-ray powder diffraction of polymer coated nanoparticles
indicated the formation of face centered cubic (fcc) metallic
cobalt. Vibrating sample magnometry (VSM) confirmed that
nanoparticles were weakly ferromagnetic at room temperature
(saturation magnetization (Ms) ) 38 emu/g, coercivity
(Hc) ) 100 Oe, 22°C). Larger PS-CoNPs were also synthesized
using this methodology (Co diameter) 20 nm( 2.5 nm; PS
shell ) 2 nm) possessing an fcc cobalt phase and slightly
enhanced magnetic properties (Ms ) 38 emu/g;Hc ) 254 Oe,
22 °C).

Nanoparticle assembly was performed according to the
previously established method of Fossilized Liquid Assembly
(FLA).35,40 To prepare samples for imaging, PS-CoNPs were
dissolved into a hydrophobic dimethacrylate monomer (1,12-
dodecanedioldimethacrylate, DDMA) at different particle con-
centrations ((0.02%, 0.07%, 0.11%, 0.20% with a standard
uncertainty of 0.005%) all percentages refer to mass fraction
throughout this paper) and partitioned over a buffered aqueous
phase. Assembly times before curing of the oil phase were varied
from 1 to 5 min, and flash curing of the oil phase was achieved
in less than 1 s. As discussed in the previous references to
FLA,35 the 1 s cure time is sufficient for particle diffusion
lengths that are on the same order as the size of the particle
aggregates. However, the gradual increase in viscosity and
eventual gelation of the oil phase does not impose a bias on
the particle diffusion paths that would lead to distortions of the
final assemblies. This method therefore provides clear insight
into nanoparticle interaction and the assembly process at the
2-D interface between oil-water layers (Figure 2).

The application of a magnetic field was easily achieved by
placing the sample vessel under a bar magnet that generated a
weak external field (8 mT( 0.1) to organize ferromagnetic
colloids. Removal of the cured poly(1,12-dodecanedioldi-
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methacrylate) (PDDMA) crosslinked phase from water enabled
ex situimaging of nanoparticle assemblies using AFM on the
interface. Using this system, visualization of nanoparticle
assemblies formed under varying conditions of particle con-
centration, applied field strength, and assembly time was
achieved.

To determine whether dispersed ferromagnetic nanoparticles
were capable of forming dipolar associations, 19 nm PS-Co
colloids samples were assembled at 22°C ((1 °C) for 5 min
in zero field and under an 8 mT magnetic field (Figure 3a). For
samples prepared in zero field, AFM images revealed the

presence of short nanoparticle chains that at this length scale
resembled a self-avoiding random walk in 2-D. These mesos-
tructures ranged from several hundred nanometers to microns
in length, and 19 nm in width. Irregularly branched mesostruc-
tures and flux-closure rings were also observed in zero-field,
self-assembled conditions. It is important to note that the
morphologies of ferromagnetic PS-Co colloids assembled in
zero-field and applied field conditions strongly correlate with
the Monte Carlo simulations of Chantrell et al. for similar 15
nm dipolar Co nanoparticles.41,42Douglas and co-workers also
observed the formation of similar polymeric structures using

Figure 1. TEM of ferromagnetic PS-Co nanoparticles (diameter) 19 nm) drop cast in zero field onto carbon coated TEM grids from CH2Cl2/DCB (10:1
ratio by volume). 1-D assemblies of meso-polymer chains on a surface formed from dipolar associations between ferromagnetic colloids.

Figure 2. Schematic of Fossilized Liquid Assembly (FLA). The PS-Co nanoparticles are initially dispersed in the DDMA, sonicated, and then placed on
a glass slide that is precoated with a layer of silane adhesion promoter and a layer of crosslinked DDMA (PDDMA). (a) Next, the oil-coated glass slide is
immersed in water. (b) A permanent magnet is placed below the sample, giving an applied field of 8 mT. (c) Once the particles are given time to segregate
to the interface and align with the magnetic field, the sample is “fossilized” by crosslinking the DDMA with UV light. (d) Finally, the sample is rinsedwith
deionized water and dried with nitrogen prior to inspection.

Field Induced Formation of Mesoscopic Polymer Chains A R T I C L E S
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3-D and 2-D Monte Carlo simulations and for experiments
interrogating near two-dimensional granular magnetic particle
fluids.43,44

A strikingly different morphology was observed for identical
PS-CoNP samples developed under an applied magnetic field
(Figure 3b). AFM revealed the formation of rigid, 1-D nano-
particle chains spanning microns in length composed of single
colloidal repeating units aligned in the direction of the applied
external field. These structures closely correlate with Monte
Carlo simulations performed by Stevens and Grest examining
the case of soft sphere dipoles and Stockmayer fluids in an
external magnetic field.45-47 Chain lengths of assembled me-
sosopic polymer chains were not uniform, but all nanoparticle
assemblies were imaged as discrete individual mesostructures
that did not form laterally bundled aggregates.

To probe the effect of particle concentration on the assembly
process, 19 nm PS-CoNP samples were prepared at different
loadings (0.01%, 0.07%, 0.11%, 0.20%), with other sample
variables held constant (22°C for 5 min, 8 mT applied field).
AFM imaging of these various samples indicated that aligned
meso-polymer chains were formed. However, the assembled
structures prepared at higher concentration displayed a trend
toward longer chain lengths (Figure 4). Beyond a concentration
of about 0.20%, the interface was almost fully covered with
particles, meaning that particle aggregates were difficult to
distinguish from the free particles. Small aggregates of ferro-
magnetic nanoparticles (e.g., dimers, trimers) are also imaged
at high particle concentrations as sharp bright globular protu-
sions, which reside slightly above meso-polymer chains
in the oil-water interfacial plane. The observed dependence of
chain length on concentration resembles the mechanism of
supramolecular polymerizations and self-assembled supramo-
lecular 1-D fibers that exhibit a strong dependence of the
morphology of organized structures on monomer precursor
concentration.36,48

Furthermore, when larger 24 nm Co nanoparticles (Ms ) 38
emu/g;Hc ) 254 Oe) were assembled at oil-water interfaces,
the formation of rigid 1-D mesostructures was observed span-
ning length scales up to 9µm. Meso-polymers of this length
are composed of approximately 370 PS-Co nanoparticle repeat
units (Figure 5). Lateral bundling of assembled meso-polymer
chains was not observed under the conditions of FLA imaging.
This is likely due to the low concentration of PS-CoNPs used
in these experiments. However, the time utilized to prepare
samples for FLA is likely much faster than the time scale
required for lateral association of assembled meso-polymer
chains. Additionally, sedimentation of meso-polymers of suf-
ficient size and density can occur out of the plane of the oil-
water interface. Evidence of this sedimentation is captured in
Figure 5, as a slight collapse of the crosslinked DDMA phase
around the micron sized meso-polymer chain is imaged using
AFM. Future microtoming and TEM studies of PS-CoNPs and
meso-polymer chains embedded in the crosslinked DDMA phase
are in progress to confirm whether significant sedimentation
away from the oil-water interface occurs.

To evaluate the reversibility of the assembly process, PS-
CoNP assemblies were formed in an 8 mT field for 2.5 min
and allowed to equilibrate in the absence of an external field
for an additional 2.5 min before UV curing (Figure 6). AFM
visualization indicated that the conformation of the nanoparticle
assemblies was consistent with irregular branched and bracelet
mesostructures formed solely under zero-field conditions. These
results suggest that while this system may not be completely
reversible under these conditions, the meso-polymer chains are
able to relax into nearly random conformations due to thermal
fluctuations. The presence of shorter chains was attributed to
either nucleation events after removal of the applied field or
fragmentation of larger mesostructures.

Discussion

The appearance of the meso-polymers after the removal of
the external field warrants discussion of magnetic assembly
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Figure 3. PS-Co nanoparticles (19 nm) assembled and embedded in
PDDMA matrices after assembly and UV curing for 0.11% particle loading,
temperature) 22 °C, assembly time) 5 min for (a) zero-field, self-
assembled conditions and (b) 8 mT applied magnetic field at a concentration
of 0.20%. Note that linear and branched nanoparticle assemblies are formed
in zero field, while only rigidified nanoparticle chains are present in
magnetically assembled structures.
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under the influence of an applied field. In contrast to the rigid
aligned chains organized using applied fields, meso-polymers
formed under zero field conditions exhibit morphologies
resembling self-avoiding random walks. While different as-
sembled morphologies were expected, certain features, namely,
the higher surface coverage of meso-polymers at oil interfaces
per unit area as imaged in Figure 3a in comparison to all field-
induced assembled samples (Figures 3b, 4, 5), were counter-
intuitive.

Naively, the effect of external fields was anticipated to
generate a preferred head-to-tail alignment of the particles and
form a greater number of chains per unit area. However, closer
examination revealed that the uniform dipole orientation causes
a second possibilitysside-by-side particles with aligned dipoles
resulting in dipolar repulsion. This angular dependence of the
dipolar interaction effectively eliminates half of the possible
particle binding events by making it impossible for particles to

Figure 4. AFM height image of 19 nm PS-Co nanoparticle chains assembled under the influence of an 8 mT magnetic field. The concentrations are as
follows: (a) 0.01%, (b) 0.07%, (c) 0.11%, (d) 0.20%; assembly time was 5 min for all samples.

Figure 5. AFM height image of an aligned meso-polymer chain assembled
under the influence of an 8 mT magnetic field from 24 nm PS-Co
nanoparticles.

Figure 6. AFM height images obtained at a concentration of 0.07% PS-
Co nanoparticles (19 nm) by mass. This sample was allowed to assemble
under the influence of an 8 mT magnetic field for 2.5 min and then in zero
field for an additional 2.5 min.
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bind with each other when they approach from a direction that
is orthogonal to the applied field ((π/4 radians). In contrast,
approaching particles in zero field freely rotate to align with
each other and enhance the dipolar attraction when brought into
contact.

An additional issue for field-induced assembly is the contri-
bution of magnetic field gradients exerting a force on the
magnetic particles that induce translation toward the increasing
magnetic flux. However, the current experiments were designed
to avoid such gradients in the plane of the oil/water interface.
It was therefore anticipated that magnetic dipoles of the
individual particles would be rotationally aligned with the
external magnetic field but exhibited similar diffusion paths as
those from random Brownian motion.

These two observations explain the prevalence of monomers
(i.e., free nanoparticles) in imaging experiments conducted using
particle concentrations as high as 0.11%. Comparison of field
induced (Figure 4c) and zero-field (Figure 3a) conditions for
assembly clearly illustrate the effect of external fields on the
surface coverage of organized meso-polymers at the oil-water
interface. Although AFM does not provide large statistics, the
20 µm and 50µm scans of the 0.11% samples indicate that the
areal density of meso-polymers under an 8 mT field was about
an order of magnitude lower than for zero-field conditions.
However, the average length of the meso-polymers was
comparable, if not longer, when the external field was applied.
Such comparisons are especially noteworthy, because the total
number of particles per unit area did not appear to change,
despite the dramatic difference in the areal density of meso-
polymer chains.

Taken together, these details point to a polymerization
mechanism whereby individual nanoparticles are rotationally
aligned with the external field, but undergo random Brownian
motion. Nanoparticle contacts along the N-S flux lines are
attractive, while lateral interactions are repulsive. Despite the
presence of a dipolar attraction, random Brownian motion of
individual ferromagnetic nanoparticles is initially achieved due
to the low particle concentrations used in the experiment and
rigorous ultrasonic sonication of samples immediately before
FLA. Particles adjacent to a growing meso-polymer will not
generally be attracted to the side of the chain. Although aligned
dipolar particles are attracted to each other when they stack in
a staggered, zigzag pattern, the window for a successful
approach is quite narrow since the dipolar interaction switches
sign as soon as the particles move along the chain by a half
repeat unit.

The best sites for particle addition, therefore, are the chain
ends. The critical areas of interest are the regions over which
the particles can diffuse within 5 min, as indicated in FLA
assembly experiments. To a first approximation,49 one can
calculate the average distance,x, that a particle diffuses in
time, t,

wherekB is Boltzmann’s constant,T is temperature,η is the
viscosity, anda is the particle radius. For a measured viscosity

of 15 mPa‚s for DDMA, the typical diffusion distance is about
15 µm for a 19 nm particle (15 nm diameter Co nanocrystal
with a 2 nmthick PS shell). Since the area itself is large, the
likelihood of monomer depletion at the chain ends is fairly low.

The rate of initiation, which appears to be slower in the case
of an applied field, is probably controlled by a different process.
The rate-limiting step may be the amount of time it takes for
stochastic processes to form a seed chain beyond a critical
length. In addition, the initiation rate may be reduced by
removing the orientational degree of freedom. Despite these
possibilities, the equilibrium Monte Carlo simulations by Stevens
and Grest did not give any indication that the areal density of
meso-polymers would be suppressed by an applied field.45-47

In fact, these authors observed the more intuitive result that
meso-polymer formation was enhanced with increasing field
strength. One additional possibility may account for this
discrepancy. While the driving force for interfacial segregation
appears to be sufficient for maintaining particle aggregates at
the interface, the high density of cobalt (9 g/cm3) means that
larger aggregates will tend to sediment to the bottom of the oil
phase. Supposing that applied magnetic fields do lead to longer
aggregates, a significant population of nanoparticles would
reside below the oil-water interface and would therefore be
inaccessible to AFM. Previous studies of magnetite nanoparticle
assembly using FLA showed strong evidence of such sedimen-
tation.40 The difference in the current system is that, if such
sedimentation has occurred, the subsurface aggregates are too
small to be seen by optical microscopy. To obtain a more
detailed understanding of the initiation process, studies are
currently underway that involve taking time slices of the
assembly process, which are performed by flash curing a series
of identical samples at different times. High-resolution images
may also shed light on whether the spatial distribution of free
particles is depleted in the vicinity of the chain ends.

Conclusions

The 1-D magnetic assembly of polymer coated ferromagnetic
colloids into mesoscopic polymer chains using a novel liquid-
liquid interfacial system is reported. Using a novel model colloid
system, we demonstrate that dispersed ferromagnetic nanopar-
ticles possess sufficient dipolar attractions to self-assemble
or organize under an applied field into mesostructured mater-
ials. This versatile methodology enables facile evaluation of
magnetic assembly conditions and demonstrates the potential
of this bottom-up approach to prepare organized 1-D mesoscale
materials.

Experimental Section

Materials and Instrumentation. Irgacure 819 (bis(2,4,6-
trimethylbenzoyl)phenyl-phosphine oxide) was purchased from Ciba
Specialty Chemicals and used as received. 1,12-Dodecanediol dimethacry-
late (DDMA) andN-(2-hydroxyethyl)piperazine-N′-2-ethanesulfonic
acid (HEPES) were purchased from Aldrich and used as received.35

Tapping mode atomic force microscopy was conducted using an
Asylum Research MFP-3D AFM scope. TEM images were obtained
on a JEM100CX II transmission electron microscope (JEOL) at an
operating voltage of 60 kV, using in-house prepared copper grids (Cu,
hexagon, 270 mesh).

Synthesis of Polystyrene Coated Ferromagnetic Colloids. Cobalt
nanoparticles were synthesized using amine and phosphine oxide
terminated polystyrene (PS) surfactants in the thermolysis of dicobal-
toctacarbonyl (Co2(CO)8) in refluxing 1,2-dichlorobenzene (DCB)

(49) Einstein, A.InVestigations of the Theory of Brownian MoVement; Dover:
New York, 1956.

x ) x kBTt

6πη a
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yielding uniform ferromagnetic colloids (particle size Co core) 15
nm ( 1.5 nm; PS shell) 2 nm;Ms ) 38 emu/g,Hc ) 100 Oe at room
temperature). Larger PS-coated cobalt nanoparticles were prepared using
a similar methodology except using a two-stage temperature ramp
(180°C-particle nucleation; 150°C-particle growth) in the thermolysis
of Co2(CO)8 (particle size) 20 nm( 2.5 nm; PS shell) 2 nm;Ms )
38 emu/g;Hc ) 254 Oe at room temperature).38

Sample Preparation for Fossilized Liquid Assembly.35,40PS-Co
colloids were first dispersed in bulk DDMA by sonication for 30 min.
The system consists of an oil phase, a water phase, and a solid glass
support for the oil phase. To promote wetting and adhesion with the
oil phase, the glass slide was pretreated with (3-trimethoxylsilyl)propyl
methacrylate and crosslinked DDMA.

The oil phase consisted of DDMA modified with 2% Irgacure 819
by mass fraction (all percentages refer to mass fraction throughout this
paper) to promote rapid crosslinking during UV light exposure. With
a viscosity of 15 mPa‚s, DDMA has similar flow properties to water
at room temperature (0.89 mPa‚s). The interfacial tension between these
two fluids is approximately 15 mJ/m2 at 25°C, which is of the same

order as that between water and cooking oil. When exposed to a 365
nm high-pressure mercury lamp at an intensity of 8 mW/cm2, the oil
phase solidifies in less than 1 s. The aqueous phase was buffered using
10 mmol/L HEPES. The pH was adjusted to 8, and the salt concentra-
tion was fixed at 100 mmol/L NaCl to help prevent emulsification of
water in the oil phase. Sample preparation was varied with respect to
particle loading (0.01, 0.02, 0.07, 0.11, and 0.20 wt %), temperature
(22 and 50°C), assembly time before UV curing (1, 5, 15, 30, and 60
min), and the application of an external magnetic field (8 mT). Magnetic
fields were applied by placing the sample vessel above an AlNiCo hand
magnet.
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