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ABSTRACT: The self-assembly of dispersed polymer-coated ferromagnetic nanopar-
ticles into micron-sized one-dimensional mesostructures at a liquid–liquid interface
was reported. When polystyrene-coated Co nanoparticles (19 nm) are driven to an
oil/water interface under zero-field conditions, long (� 5 lm) chain-like assemblies
spontaneously form because of dipolar associations between the ferromagnetic nano-
particles. Direct imaging of the magnetic assembly process was achieved using a
recently developed platform consisting of a biphasic oil/water system in which the oil
phase was flash-cured within 1 s upon ultraviolet light exposure. The nanoparticle
assemblies embedded in the crosslinked phase were then imaged using atomic force
microscopy. The effects of time, temperature, and colloid concentration on the
self-assembly process of dipolar nanoparticles were then investigated. Variation of
either assembly time t or temperature T was found to be an interchangeable effect in
the 1D organization process. Because of the dependence of chain length on the assem-
bly conditions, we observed striking similarities between 1D nanoparticle self-assembly
and polymerization of small molecule monomers. This is the first in-depth study of the
parameters affecting the self-assembly of dispersed, dipolar nanoparticles into
extended mesostructures in the absence of a magnetic field. VVC 2008 Wiley Periodicals, Inc.*

J Polym Sci Part B: Polym Phys 46: 2267–2277, 2008

Keywords: colloids; conformational analysis; imaging; nanoparticles; self-assembly;
self-organization

INTRODUCTION

The concept of using nanoparticles as colloidal
‘‘atoms’’ or ‘‘molecules’’ has gained significant
attention as a bottom-up methodology to prepare
ordered mesostructured materials. Examples of
this approach include the cocrystallization of
binary mixtures of monodisperse nanoparticles,1

chemical linking of divalent nanoparticles,2 and
controlled assembly of latex colloids.3 The use of
magnetic associations to organize nano- and meso-
structured materials is of particular interest,
as the directionality embedded from magnetic
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dipoles enables selective 1D assembly of mag-
netic nanoparticles. While the 1D association of
magnetic particles has long been known in the
fields of ferrofluids4 and magnetorheological flu-
ids,5 these systems primarily focused on field-
induced changes in the volume, or viscosity of
the magnetic fluid. The advantages of using
nanoscale magnetic colloids as building blocks
for self-assembly have been demonstrated in the
formation of complex labyrinth structures,6–8 2D
crystals,9,10 and 3D superlattices,11–14 which
have been formed in this fashion, resulting in
materials with novel properties. Furthermore,
magnetic field-induced 1D assembly of functional
latex particles, or emulsion droplets impregnated
with superparamagnetic iron oxide colloids has
been achieved to form assembled chains span-
ning several microns in length. These structures
have been used to prepare mesoscopic brush-like
films, templates for inorganic metal oxides, and
mechanical sensors.15–17

Although these examples demonstrate the abil-
ity to use magnetic assembly to form novel mate-
rials, the use of ferromagnetic nanoparticles as
‘‘colloidal molecules’’ capable of 1D organization
remains a difficult challenge. One of the funda-
mental problems using this approach is the prepa-
ration of uniform, ferromagnetic colloids that are
capable of retaining a dipole moment and induc-
ing dipolar associations at room temperature.
Numerous methods have been reported for the
preparation of superparamagnetic nanoparticles
using either small molecule or polymeric surfac-
tants. However, the synthesis of well-defined
ferromagnetic colloids are significantly more
demanding because of the requirement of growing
particles to larger sizes, while suppressing floccu-
lation of nanoparticle from dipolar associations.
Ferromagnetic colloids of metallic cobalt nanopar-
ticles have been previously synthesized with
small molecule surfactants.18,19 We have recently
improved upon the preparation of these materials,
by the use of end-functionalized polymers that
enable the preparation of uniform ferromagnetic
nanoparticles with enhanced colloidal stability.20

An intriguing analogy exists between self-
assembled nanoparticle chains and traditional
polymer molecules on meso- and nanoscopic
regimes. Magnetically self-assembled 1D meso-
structures are reminiscent of nanoscale polymeric
macromolecules, which we refer to as mesoscopic
polymer chains, or, simply, ‘‘mesopolymers.’’
Nanoparticle self-assembly offers many possibil-
ities to prepare mesopolymer structures by bor-

rowing concepts from polymer chemistry, namely,
control of chain length, architecture, length poly-
dispersity, and sequence.

Characterization of magnetic nanoparticle as-
sembly has been widely investigated both compu-
tationally21–23 and experimentally on surfaces as
thin films.6–14,24–26 A fundamental problem
encountered with the assembly and imaging of
very small dispersed magnetic nanoparticles is
the facile perturbation of the dipolar associations
from thermal fluctuations (i.e., Brownian motion).
This effect can be overcome to some degree by the
application of strong magnetic fields, but it is an
inherent limitation when dealing with nanopar-
ticles. Monte Carlo simulations have shown that
dispersed ferromagnetic nanoparticles will assem-
ble under certain conditions into chains and rings
in the absence of a magnetic field.21,22 However,
experimental demonstrations of magnetic assem-
bly of dipolar colloids has been inhibited by syn-
thetic limitations and a lack of versatile measure-
ment methodologies.

The visualization of nanoparticle assembly in
solution is a critical aspect of understanding the
formation of mesopolymer structures. In particu-
lar, the assessment of defects in nanoparticle
assemblies is important in determining structure–
property correlations for self-assembled materials
prepared using ‘‘bottom-up’’ approaches. Although
dilute solution scattering techniques can provide
detailed information about the structure of a
ferrofluid,27–29 differentiation of discrete polymer
topologies such as random branching, comb-like
branching, or star morphologies is difficult to
verify without independent measurements. The
precise morphology of individual assemblies and
defect sites is perhaps best determined by direct
imaging.

Recent work by Philipse and coworkers30–32

has experimentally confirmed the magnetic as-
sembly of dipolar colloids using cryogenic trans-
mission electron microscopy (cryo-TEM) to visual-
ize frozen assemblies of ferrimagnetic magnetite
(Fe3O4) nanoparticles (particle size ¼ 18 nm).
These promising findings suggest that the dipolar
association of functional magnetic nanoparticles
is a viable route to form 1D mesoscopic structures.
Although cryo-TEM is a powerful tool probe colloi-
dal dispersions, investigation in certain organic
media is often complicated. To address this issue,
we have recently developed a versatile measure-
ment platform, named fossilized liquid assembly
(FLA), that utilizes an oil/water interface.33,34

With this system, nanoparticles in either phase
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are driven to the interface, where the oil phase is
then solidified in less than 1 s using ultraviolet
(UV) light exposure. Nanoparticles are allowed to
organize at the interface and curing of the oil
phase preserves a ‘‘snapshot’’ of the assembly pro-
cess at the instant of UV exposure. One can then
image the resulting assemblies ex situ atop the
cured polymer film using atomic force microscopy
(AFM). The FLA methodology allows direct
monitoring self-assembly processes, particularly,
of imaging small, delicate, and highly mobile
structures in a liquid medium. These conditions
are especially problematic given that most micros-
copy techniques either suffer from slow scan rates
or require measurements performed in vacuum.
Existing adaptations generally involve tedious
sample preparation steps, many of which can per-
turb the morphology of assembled structures and
introduce artifacts. The key challenge, then, is to
provide a facile, noninvasive measurement meth-
odology for imaging nanoparticle assembly under
a wide variety of assembly conditions (e.g., parti-
cle concentration, temperature, applied field).

In this study, we report the magnetic self-
assembly of dispersed ferromagnetic polysty-
rene-coated cobalt nanoparticles (PS-CoNPs) into
micron-sized mesoscopic polymer chains at the
interface between water and 1,12-dodecanediol
dimethacrylate (DDMA). Using the FLA method-
ology, the effect of varying conditions on the mag-
netic assembly was investigated and self-assembly
to form mesoscopic polymer chains was visualized.
Equilibrium polymerization theory was utilized as
a theoretical framework for understanding the
effects of particle concentration, time, and temper-
ature. Using quantitative image analysis (QIA),
we determined the morphology and dimension of
mesopolymers, which enabled optimization of con-
ditions for the assembly of magnetic colloids. This
is the first demonstration of 1D self-assembly and
direct visualization of dispersed ferromagnetic
nanoparticles into micron-sized mesopolymer
chains, in particular, as a function of time, temper-
ature, and concentration.

EXPERIMENTAL

Materials and Instrumentation

Irgacure 819 (bis(2,4,6-trimethylbenzoyl)phenyl-
phosphine oxide) was purchased from Ciba Spe-
cialty Chemicals and used as received. DDMA
and N-(2-hydroxyethyl)piperazine-N0-2-ethanesul-
fonic acid (HEPES) were purchased from Aldrich

and used as received. Tapping mode AFM was
conducted using an Asylum Research MFP-3D
AFM scope. TEM images were obtained on a
JEM100CX II transition 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

Polystyrene (PS) surfactants and ferromagnetic
cobalt nanoparticles were prepared using our pre-
viously reported methodology.20

Sample Preparation

34PS-Co colloids were first dispersed in bulk
DDMA by sonication for 30 min. Figure 2 illus-
trates the experimental setup for performing 2D
particle aggregation. It 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
silane 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 article) to
promote rapid crosslinking during UV light expo-
sure. With a viscosity of 15 mPa s, DDMA has
similar flow properties to water at room tempera-
ture (0.89 mPa s). The aqueous phase was buf-
fered using 10 mM HEPES. The pH was adjusted
to 8, and the salt concentration was fixed at 100 mM
NaCl to help prevent emulsification of water in
the oil phase. The interfacial tension between
these two fluids is � 15 mJ/m2 at 25 �C, which is
a similar magnitude as that between water and
cooking oil. The high interfacial tension facili-
tates the partitioning of the nanoparticles to the
interface, which do so with a well-defined equilib-
rium constant that varies with the thermo-
dynamic conditions. Depending upon the concen-
tration of nanoparticles in the bulk DDMA
phase, the equilibrium constant determines the
areal density of particles at the interface at any
given instant. Therefore, even though the PS
shell on the Co nanoparticles is relatively hydro-
phobic, the Co nanoparticles will still populate
the interface so long as the bulk concentration is
sufficiently high. Of course, the implication of
weak interfacial segregation is that self-assembly
occurs within the bulk DDMA phase as well. We
believe that the two-dimensional confinement
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imposed by the high interfacial tension may affect
the morphology of the self-assembled structures
somewhat, and so we restrict our observations to
the planar structures on the DDMA surface.

Complete solidification of the DDMA phase, or
‘‘fossilization,’’ takes place in less than 1 s when
the sample is exposed to a 365 nm high pressure
mercury lamp at an intensity of 8 mW/cm2.
Although 1 s is a relatively short time to achieve a
full cure, a nanoparticle actually diffuses over a
relatively large distance during this time. The
question, then, is whether diffusion during the
cure time can lead to distortion of the final aggre-
gate. Unless curing results in local hot spots,
lateral heterogeneities during gel formation, con-
vective currents, or a Marangoni effect, a gradual
increase in viscosity should impose no bias on the
diffusion paths that lead to the final structure.
Rather, a smooth increase in viscosity from 15
mPa s to infinity should merely result in a slow-
ing of kinetics during the cure time. As for the
other possibilities, the small thickness of the oil
layer (ca. 100 lm) and the high thermal conduc-
tivity and heat capacity of water help to mitigate
thermal sources of flow-induced anisotropy. The
high concentration of photoinitiator and high in-
tensity of the UV light also help to mitigate chem-
ical sources of heterogeneity. For systems such as
this, photocuring generally proceeds as a frontal
polymerization in which the conversion profile
propagates downwards from the illuminated sur-
face as a traveling wave of network solidification
through the unpolymerized medium.

Sample preparation was varied with respect to
particle loading (0.01, 0.02, 0.07, 0.11, and 0.20%),
T (22, 50 �C), and assembly time before UV curing
time t (1, 5, 15, 30, 60 min).

Image Analysis

For each image, QIA was performed to obtain av-
erage values for the contour length of the chains
(L), the polydispersity index (PDI), the radius of
gyration (Rg), the fractal dimension (df), the areal
density of all chain-like aggregates (qchain), the
areal density of branches (qbranch), and the areal
density of rings (qrings). Ten-micrometer-scale
scans were used from each sample because this
was the lowest magnification for which individual
nanoparticle assemblies could be well resolved.
The first step of the analysis was to manually
trace lines over each nanoparticle chain. The lines
were then converted into a binary image, which
was then analyzed by Igor ProVVR 5.0 to obtain the

length in pixels (L), Rx, Ry, Rx2, and Ry2 for each
chain, where x and y refer to the coordinates of
the pixels along the x and y axes, respectively. Rg

can then be calculated according to the following
equation:

Rg ¼
"
1

L
Rx2 � 1

L
Rx

8>: 9>;2

þ 1

L
Ry2 � 1

L
Ry

8>: 9>;2
#1=2

(1)

The pixel values are then converted to units of lm
by using the appropriate calibration factor for
each image. With Rg calculated, one can obtain
the fractal dimension (df) by making a log–log
plot of L versus Rg and taking the slope.

The PDI was calculated as usual according to
the ratio of the weight average and number aver-
age molecular weight. However, in this case the
molecular weight was substituted with L:

PDI ¼
Pn

i¼1 niL
2
iPn

i¼1 niLi

Pn
i¼1 niLiPn
i¼1 ni

8>>: 9>>;�1

(2)

where ni is the number of chains of length, Li.

RESULTS AND DISCUSSION

Synthesis of PS-CoNPs

We have recently developed a robust synthetic
process to prepare polymer-coated cobalt nanopar-
ticles that exhibit ferromagnetism at room tem-
perature and to form stable colloidal dispersion
in various organic solvents.20 These organic/inor-
ganic hybrid nanomaterials were prepared using
a hierarchical synthetic methodology, in which
end-functionalized PS containing amine, or phos-
phine oxide end-groups was prepared using con-
trolled radical polymerization. These end-func-
tionalized chains were then used in the thermoly-
sis of dicobaltoctacarbonyl (Co2(CO)8) to prepare
ferromagnetic cobalt nanoparticles. The low-
molar-mass PS surfactants (Mn ¼ 5000 g/mol;
Mw/Mn ¼ 1.10) passivate the colloidal surface by
ligation of chain ends to stabilize the nanopar-
ticle. The presence of the polymer shell enables
dispersion of the ferromagnetic colloids in non-
polar organic media (e.g., toluene, tetrahydrofu-
ran, dichloromethane). Solid-state and magnetic
characterization of these polymer-coated colloids
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confirmed the presence of f.c.c. metallic cobalt
that exhibited weak ferromagnetism at room tem-
perature (Ms ¼ 38 emu/g, Hc ¼ 100 Oe, T ¼ 22 �C).
When cast onto surfaces, these polymer-coated
colloids organize into micron-sized chains, as evi-
denced by TEM, because of dipolar associations.
Particle sizes from TEM displayed good uniform-
ity (D ¼ 19 � 1.5 nm, DCo core ¼ 15 nm, PS shell
¼ 2 nm), ensuring that the particles would serve
as excellent model systems to probe assembly
processes in the dispersed state (Fig. 1).

To evaluate the ability of dispersed ferromag-
netic PS-CoNPs to self-assemble into mesopoly-
mer chains under zero-field conditions, FLA was
utilized to systematically investigate the effects of
particle concentration, assembly time and temper-
ature (Fig. 2).

Effects of Particle Concentration

The AFM micrographs in Figure 3 depict PS-Co
nanoparticles at the crosslinked DDMA surface
(PDDMA) after a 5-min assembly time at constant
temperature (T ¼ 22 �C). At the lowest concentra-
tion (0.01%), aggregation was not observed; how-
ever, at 0.02%, string-like self-assembly of colloids
into linear mesopolymer chains occurred. The
organized chains themselves were one nanopar-
ticle wide and up to several lm in length. In these
mesopolymer assemblies, the conformation
strongly resembled the self-avoiding random walk
of a polymer chain.

The contour length and areal density of the
mesopolymers tend to increase with increasing
mass fraction from 0.02 to 0.11%, but at 0.20%
fewer chains are present because of the competing
formation of globular clusters. In fact, the chain-
like aggregates at 0.20% were often several par-
ticles thick and appeared to be showing early
signs of transformation into globular aggregates.

Figure 1. TEM of ferromagnetic PS-coated cobalt
nanoparticles (D ¼ 19 nm) deposited onto carbon-
coated copper grids from toluene dispersions (0.1 mg/
mL).

Figure 2. Schematic of self-assembly samples showing DDMA-coated glass slides
immersed in water. (a) 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 adhesion
promoter (MPTMS) and a layer of crosslinked DDMA (PDDMA). (b) Once the slide is
immersed in water, the particles are given time to segregate to the interface and
self-assemble. (c) The assembly is then ‘‘fossilized’’ by crosslinking the DDMA with
UV light. (d) Finally, the solidified sample is removed from water, dried, and then
inspected using atomic force microscopy. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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At lower concentrations, the chains formed either
short chains or rings in approximately equal num-
bers. Branching was not evident until the concen-

tration exceeded 0.11%, and it became more prev-
alent with increasing concentration.

Effects of Time

The assembly time for sample preparation was
also investigated at a set particle concentration
(0.07% by mass fraction) and temperature (T ¼ 22
�C) for development periods of 1, 5, 15, 30, and

Figure 3. AFM height images of self-assembled PS-Co nanoparticles as a function
of concentration. Each sample was prepared at 22 �C for 5 min. The concentration
was varied as follows: (a) 0.01%, (b) 0.02%, (c) 0.07%, (d) 0.11%, and (e) 0.20% by
mass fraction. Observe that chain-like aggregates were formed at all concentrations
except 0.01%. At the highest concentration, 0.20%, nearly the entire surface is coated
with particles. [Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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60 min. As shown in Figure 4, chain lengths of
the seven assembled mesopolymers increased
with longer development times. The appearance
at 15 min was not significantly different from that
at 30 min, indicating that the system may be
approaching equilibrium or a steady state.

In general, the number of chains, aggregates,
and free nanoparticles appeared to increase to
a maximum value somewhere between 15 and
30 min. Shorter times afforded more well-defined
assemblies consisting only of chains and free par-
ticles. The fact that macroscopic sedimentation
occurred in the oil layer at long times suggests
that globular cluster formation competes with
chain formation, with cluster formation dominat-
ing at longer times.

Effects of Temperature

The temperature was increased to 50 �C by plac-
ing the sample chamber in contact with a large
water bath, and the experiments were repeated at
0.02, 0.07, 0.11, and 0.20% mass fractions (Fig. 5).
For all samples below a 0.20% particle loading,

the chain lengths of the mesopolymers increased
with higher particle concentrations. However, at
higher particle concentrations, mesopolymer for-
mation was not observed, as Co colloids nearly
formed a complete monolayer between the oil and
water layers [Fig. 5(d)]. At this concentration,
particle aggregates are difficult to discern from
the background of free particles. Another set
of samples (not shown) were developed at 50 �C
for 5 min followed by 22 �C for 5 min. These
experiments were performed to determine
whether the effects of temperature were reversi-
ble or history dependent. Except for possibly a
greater number of aggregates, the samples were
nearly identical to the 50 �C samples shown in
Figure 5, indicating that the temperature effects
were, in fact, history dependent. The formation of
mesopolymer chains from PS-CoNPs is evident in
3D AFM height images, which indicates that
these organize into 1D mesostructures, flux-clo-
sure rings, and branched polymer assemblies
[Fig. 6(a,b)].

A comparison of samples prepared under iden-
tical particle loadings (0.07%) but under different

Figure 4. Evolution of nanoparticle chains as a function of time for a concentration of
0.07% Co nanoparticles by mass fraction. The AFM height images were obtained after
allowing (a) 1, (b) 15, (c) 30, and (d) 60 min for self-assembly at T ¼ 22 �C. [Color figure
can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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assembly conditions was carried out. Figure 5(b)
shows a sampled prepared for a time of 5 min at
50 �C, while Figure 4(b,c) shows samples prepared
for 15 and 30 min at 22 �C. These images reveal
the formation of mesopolymer chains having a
similar morphology and show that similar chain
lengths are obtained after these relatively long as-
sembly times. These similarities confirm the
expected correlation of increasing assembly time
and temperature with longer chain lengths of
organized mesopolymer chains.

Polymer Statistics

Although scattering methods are more efficient
than AFM for obtaining chain morphology statis-
tics, QIA of crosslinked phases provides both
mole-fraction weighted values of chain lengths
and distributions. The standard deviation, which
serves as the standard statement of uncertainty,
was generally high, as all averages only involved
between 20 and 150 chains. Figure 7 summarizes

the image analysis data, and confirms the obser-
vations discussed in the previous sections.
Namely, qchain and L increase with increasing con-
centration. For a fixed time and concentration,
qchain and L increase with increasing tempera-
ture. The dependence of these chain properties on
time at a fixed bulk particle concentration is more
complicated; both qchain and the apparent value of
L reach a maximum between 15 and 30 min. Ex-
amination of the AFM images of the structures
formed at such late times indicates that these
decreases in qchain and L arise from the nanopar-
ticle chains collapsing into the globular struc-
tures, following the chain-assembly process dur-
ing which qchain and L grow. This phenomenon is
strikingly reminiscent of the assembly behavior
observed in the Stockmayer fluid35 under condi-
tions where there is a strong dipolar interaction
in competition with a strong, attractive van der
Waals interaction leading to phase separation and
particle chain collapse. Simulations have shown a
similar general tendency for self-assembly to form

Figure 5. AFM height images of PS-Co nanoparticles self-assembled at 50 �C for
5 min. The concentrations are as follows: (a) 0.01%, (b) 0.07%, (c) 0.11%, and (d)
0.20% by mass fraction. In comparison with the structures formed at 22 �C, the
chains are much longer, except in the case of (d), where the particle coverage was so
dense that individual chains could not be identified. [Color figure can be viewed in
the online issue, which is available at www.interscience.wiley.com.]
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chains to precede collapse, presumably because
the repulsive dipolar interactions are largely
negated in the assembled chain clusters which
then become sensitive to residual van der Waals
interactions.36 These collapsed nanoparticle chain
droplets fall out of the interface because of sedi-
mentation, resulting in a decrease of qchain and
the apparent value of L. Evidently, it will be nec-
essary to modify the chain functionalization of the
nanoparticles to weaken the van der Waals inter-
actions enough to avoid this late-stage chain
collapse phenomenon.

The PDI of the dipolar chains was relatively con-
stant within the scatter of the data and it fluctu-
ated around an average value of 1.5 with a stand-
ard deviation of 0.2. The relatively large PDI was
reflected in the standard deviations of the individ-
ual L values, which tended to exceed 50% under all
conditions. Also showing weak dependence on poly-
merization conditions was df. The average value
was 1.19 with a standard deviation of only 0.01,
slightly less than the value of 4/3 expected for a
self-avoiding random walk in two dimensions. In
Monte Carlo simulations, Van Workum and Doug-
las36 also found that df for chains of spherical dipo-
lar particles formed under equilibrium conditions

Figure 6. (a) 3D AFM height image of PS-CoNP
mesopolymer chains self-assembled at 50 �C for 5 min
[0.11% mass fraction of colloids shown in Fig. 5(c)];
(b) high-magnification 3D AFM of PS-CoNP mesopoly-
mer chains from Figure 5(c).

Figure 7. Image analysis data for the contour length,
polydispersity index, areal chain density, areal branch
density, and areal ring density for nanoparticle chains
formed under zero-field conditions. The plot in (a) dis-
plays the data for samples prepared at 22 �C for 5 min,
the plot in (b) displays the data for samples prepared
at 50 �C for 5 min, and the plot in (c) displays the data
for samples with a constant concentration of 0.07% by
mass fraction as a function of time at 22 �C. Blue
circles represent the L, red squares represent the poly-
dispersity index (PDI), dark green triangles represent
qchain, aqua triangles represent qbranch, and light green
triangles represent qring.
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was roughly consistent with polymer chains hav-
ing excluded volume interactions, perhaps with
some degree of chain stiffness arising from the
dipolar interactions. In particular, they found that
the apparent df value in their simulations to be
somewhat smaller than the ideal self-avoiding ran-
dom walk polymers in 3D.

The values for qbranch and qring correlated very
strongly with each other. In particular, (qbranch þ
qring)/qchain increased with increasing concentra-
tion [Fig. 7(a,b)]. The proportion of branched and
ring polymer structures did not appear to change
significantly as a function of temperature or time,
however [Fig. 7(c)].

CONCLUSIONS

We have demonstrated that mesopolymer chains
can be self-assembled using polymer-coated ferro-
magnetic Co nanoparticles in the absence of an
external field. The assembled chains can grow in
length up to 5 lm in length, and exhibit a scaling
of the radius of gyration with particle (‘‘mono-
mer’’) number that is similar to self-avoiding ran-
dom walks in two dimensions. Indeed, these nano-
particle chains share many characteristics with
organic polymers formed under equilibrium poly-
merization conditions:36,37 a well-defined average
degree of polymerization, formation of branched
chain architectures, ring formation, polydisper-
sity, and random walk statistics. We found that
an increase in concentration causes an increase in
the number of chains per area, the contour length
of the chains, and the probability of defects (Y-
junctions). Initially, the number and length of the
chains increases as the dipolar particles self-
assemble into chains, a process dominated by the
highly directional interactions of the dipolar par-
ticles. After the chains have grown to significant
dimensions, however, attractive van der Waals
interactions exert their influence and the particle
chains then begin to collapse into globular struc-
tures much like synthetic organic polymers in a
poor solvent. These collapsed or ‘‘globular’’ clus-
ters subsequently fall out of the interface by sedi-
mentation. Unfortunately, this late-stage chain
collapse process makes it impossible for us to
obtain truly equilibrium dipolar particle meso-
polymers in the system which we are currently
studying and it will evidently be necessary to
tune the chemistry (e.g., by grafting density or
chain length of the stabilizing chain layer on the
nanoparticles) to diminish the attractive isotropic

interparticle interactions responsible for this col-
lapse phenomenon. The reversible formation of
dipolar chains of magnetic dipolar particles exhib-
iting the quantitative characteristics of equilib-
rium polymerization has recently been achieved
in the case of thermalized macroscopic magnetic
dipolar particles,37 and we expect similar behav-
ior for appropriately modified magnetic nanopar-
ticles. In this study, the modest temperature
range investigated results primarily in a change
of the fluid viscosity and, thus, leads to a change
of the relative nanoparticle mobility. An increase
in temperature thus increases the rate at which
the chain assembly and subsequent chain collapse
occur. It should be possible to observe reversible
assembly and disassembly of dipolar chains by
varying thermodynamic parameters, such as tem-
perature, over a large enough range to influence
the thermodynamic stability of the particle sys-
tem as in simulation studies.36,37 However, this
will demand the adjustment of dipolar interac-
tions so that the self-assembly transition occurs
near the temperature range of the measurements
(temperatures comparable to room temperature)
and the adjustment of van der Waals interactions
to avoid phase separation. This is a challenge for
future synthesis efforts.
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