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ABSTRACT: Controlling the morphology and crystallographic
coherence of assemblies of magnetic nanoparticles is a promising
route to functional materials. Time-resolved small-angle X-ray
scattering (SAXS) was combined with microscopy and scaling
analysis to probe and analyze evaporation-induced assembly in
levitating drops and thin films of superparamagnetic iron oxide
nanocubes in weak magnetic fields. We show that assembly of
micrometer-sized mesocrystals with a cubic shape preceded the
formation of fibers with a high degree of crystallographic
coherence and tunable diameters. The second-stage assembly of
aligned cuboidal mesocrystals into fibers was driven by the
magnetic field, but the first-stage assembly of the oleate-capped
nanocubes was unaffected by weak magnetic fields. The transition
from 3D growth of the primary mesocrystals to the second stage 1D assembly of the elongated fibers was related to the size and field
dependence of isotropic van der Waals and directional dipolar interactions between the interacting mesocrystals.

KEYWORDS: self-assembly, magnetic field, SAXS, mesocrystal, iron oxide, nanoparticle

D irectional assembly of superparamagnetic nanoparticles
in external magnetic fields has been used to generate

assemblies and mesocrystals1−3 with potential applications in
biomedicine and for hyperthermia4−6 or optoelectronics.7 The
magnetic properties of the assembled materials depend on the
size, degree of order, and in particular the morphology of the
anisotropic field-directed assemblies.8−11 One-dimensional
chain-like assemblies often display enhanced magnetization
along the long axis.12−15

The morphology and structure of nanoparticle arrays formed
by the assembly of anisotropic superparamagnetic iron oxide
nanoparticles (with sizes ≤ 20−30 nm) in moderate-to-strong
magnetic fields has been studied primarily by ex situ
techniques. Wetterskog et al. used electron microscopy (EM)
and ex situ grazing incidence small-angle X-ray scattering
(GISAXS) to show that the strength of a magnetic field,
oriented perpendicular to the substrate, modulated the
morphology of evaporation-induced self-assembled super-
paramagnetic iron oxide nanocube mesocrystals, where single
domain, multidomain, and aligned mesocrystals were formed
in zero field, 65 mT, and 200 mT magnetic fields,
respectively.16 Polyhedral iron oxide nanoparticles assembled
at moderate-to-strong magnetic fields (15−200 mT) parallel to
a substrate surface or liquid−liquid interface resulted in
elongated chain-like structures.17,18 Klajn and co-workers
combined electron microscopy and modeling to show that
assemblies of superparamagnetic nanocubes formed at
moderate field strengths (17 mT), where the magnetic

moments aligned in a zigzag pattern, whereas assembly at
higher field strength (67 mT) resulted in thinner chains and
eventually in the formation of helical structures due to
competition of magnetic and spatial symmetries.19 In situ
studies are rare, but snapshots at different stages of field-
induced assembly of superparamagnetic nanoparticles by small-
angle neutron scattering could be related to the formation of
one-dimensional chains and 3D superlattices at moderate
magnetic fields (≥10−20 mT).20 Assembly studies performed
in thin films or at interfaces have shown that assembly of
superparamagnetic nanoparticles at relatively strong magnetic
fields usually results in chain-like morphologies,17−19,21−23

whereas evaporation-induced assembly in the absence of
magnetic fields results in the formation of large 3D assemblies.
The distinctly different morphologies suggest that transitions
from 3D to 1D assembly could occur in weak magnetic fields
where the magnitude of the directional dipolar interaction and
isotropic vdW interaction24 are of similar magnitude. Clarifying
the details of the 3D to 1D transition can give important
insights to how to control the morphology of assemblies of
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superparamagentic nanoparticles, which can be of relevance to
magnetorheological fluids and assembly of spintronic compo-
nents.25,26

We conducted real-time small-angle X-ray scattering (SAXS)
measurements in a levitating droplet (Figure 1a), which, in
contrast to thin films, offers an unconfined medium for self-
assembly, and complemented these measurements with optical
microscopy to probe the magnetic-field-directed assembly of
oleate-capped superparamagnetic magnetite nanocubes (NCs).
We show that the self-assembly of 12 nm magnetite nanocubes
in a weak magnetic field proceeds in two stages. The first stage
is dominated by the assembly of the magnetite NCs into
micrometer-sized mesocrystals with a cubic morphology.
These “primary” mesocrystals then assemble into elongated
mesocrystalline fibers with a high degree of positional order
and crystallographic coherence. We have estimated the van der
Waals and induced dipolar interactions and will discuss how
the relative importance for the oriented attachment and
assembly processes varies during mesocrystal growth. The
possibility to control the magnitude of the magnetic field
allows for the fabrication of ordered assemblies of magnetic
nanoparticles with tunable morphology.
The assembly was performed in a homogeneous magnetic

field as the levitating droplet was irradiated with an X-ray beam
(Figure 1a). A droplet with an initial volume of 2−3 μL and a
concentration of 3 mg mL−1 magnetite NCs levitated between
two pressure nodes of the standing acoustic wave (Figure 1b).
As the solvent evaporated, the shrinking droplet was observed
with a microscope camera, allowing the droplet volume to be
measured and the average NC concentration to be estimated as
a function of time (Figure 1b). The time-resolved SAXS
studies were performed in a 3:1 toluene/decane mixture, in

which the evaporation rate is sufficiently slow to allow data to
be collected with high time resolution. Comparative experi-
ments in pure toluene and in toluene/decane mixtures showed
that the solvent mixture does not influence the structure of the
final mesocrystals.
The morphology and size of the NCs and the structure of

the mesocrystals were obtained by radially integrating the time-
resolved 2D SAXS patterns (Figure 1c). The average edge
length of the single crystalline NCs, 12.0 ± 0.8 nm (NC120),
was obtained by fitting the SAXS curves of dilute dispersions to
a cubic form factor (Figure S1). Indexing the structural peaks
that appeared as the droplet shrank and the particle
concentration increased showed that the NCs assembled
face-to-face into a simple cubic (SC) lattice (Figure S2).
Azimuthal integration of the 100 diffraction ring in the 2D

SAXS image of a levitating droplet containing NC120
nanocubes (Figure 1d) showed pronounced peaks at azimuthal
angles (φ) of 0° and 90°, which correspond to the alignment
of the {100} mesocrystal planes with respect to the magnetic
field. The 90° intervals of the azimuthal peaks suggests that the
mesocrystals have a 4-fold symmetry, corroborating the simple
cubic structure determined by indexing the scattering pattern
of the mesocrystals (Figure S2).
The time-dependent partial scattering invariant Q*(t − tMC)

∝ ϕNC(1 − ϕNC)(Δρ)
2), which is related to the scattering

length density contrast Δρ between iron oxide and the solvent,
as well as to the volume fraction of the NCs ϕNC, was obtained
by

∫* =Q I q q q( ) d
q

q

min

max
2

(1)

Figure 1. Experimental setup, as well as time-resolved video and SAXS data. (a) Schematic illustration of the experimental setup used for the time-
resolved SAXS experiments. The acoustic levitator is equipped with a custom-built chamber with ports for ingoing and scattered X-ray beams, a
microscope camera, and sample injection. The Helmholtz coil produced a magnetic field of 1.5−6 mT. (b) The vertical magnetic field (H) acts on
the levitating colloidal droplet. The size of the shrinking droplet and 2D SAXS patterns were collected throughout the assembly process. Excerpts of
(c) radially and (d) azimuthally integrated, time-resolved SAXS curves of a dispersion droplet containing NC120.
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with I(q) being the measured intensity over the range 0.11 < q
< 2.64 nm−1. The partial scattering invariant was related to the
time t − tMC, with t being the experimental time (which relates
to when the first scattering pattern was obtained), and tMC the
time when the mesocrystals first appeared, indicated by the
appearance of structural peaks (Figure 2a).27−29 The invariant
Q*(t − tMC) displayed a maximum about 5 s after the
beginning of crystallization and then decreased, first rapidly
and eventually more gradually until a plateau was reached that
ended at t − tMC = 19 s (marked by a red line). A100 increased
rapidly between 19 and 50 s, where it reached a maximum that
coincided with Q* reaching a steady-state value.
The rapid reduction of Q*(t − tMC) for tMC > 5 s suggests

that the density of X-ray scattering objects with sizes 2.4−57
nm, corresponding to the evaluated q-range, is reduced. The
average nanocube volume fraction increased by 170% during
the investigated period (tMC − 20 s to tMC + 100 s), which is
expected to increase Q*(t − tMC) by 150%. The observed

reduction of Q*(t − tMC) could indicate a migration of the
growing mesocrystals to regions outside the X-ray beam, e.g.,
the air−liquid interface,29 or that the growing mesocrystals
became so large that parts of the scattering pattern fell outside
the probed q-range.30,31 The plateau period of Q*(t − tMC) at t
− tMC = 10−19 s suggests that the amount or size of
nanoparticles/mesocrystals remained relatively constant, which
may indicate the end of the first mesocrystal growth stage.
As A100 increases rapidly and Q* decreases, a pronounced

alignment is visible in the azimuthal plot of the SAXS data. The
degree of mesocrystal orientation in the horizontal and vertical
directions ( f H and f V = (90° − fwhm)/90°; fwhm = full-width
at half-maximum of the Gaussian peaks at 0° and 90° in the
azimuthal plot, Figure 2b) is highest at t − tMC = 19 s, then
decreases slightly and reaches steady state at about t − tMC =
50 s. The maximum degree of alignment of the nanocubes at t
− tMC ∼ 20 s suggests that alignment of the cuboidal
mesocrystals in the magnetic field precedes the initiation of the

Figure 2. Temporal evolution of A100, Q*, and f and the morphology of mesocrystals grown by self-assembly of NC120 in a 6 mT magnetic field.
(a) Normalized peak area A100 of the 100 superlattice peak (red circles) and partial scattering invariant Q* (blue triangles). (b) Degree of
orientation f in the horizontal (purple squares) and vertical (orange triangles) direction. The red vertical line depicts the end of the plateau region
(a) and the first appearance of alignment (b). The inset displays a schematic illustration of the 2D diffraction image and the aligned mesocrystal.
The vertical (orange ellipse) and horizontal (purple ellipse) directions are highlighted. Scanning electron microscopy (SEM) images of (c) the
mesocrystalline fibers (scale bar = 10 μm) and (d) of a shorter fiber (scale bar = 1 μm) that consists of small, cuboidal mesocrystals (inset; scale bar
= 200 nm).

Figure 3. Schematic illustration of the two-stage assembly of iron oxide nanocubes (NCs) in a magnetic field H⃗ (blue arrow). (a) The well-
dispersed NCs; (b) evaporation-driven assembly of the NCs generate the primary cuboidal mesocrystals; and (c) the cuboidal mesocrystals align
and attach in an oriented fashion along the magnetic field to form mesocrystal fibers.
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second assembly stage. The subsequent reduction of the
degree of alignment during the second assembly stage may be
related to misalignments of the attached mesocrystals during
the rapid growth of the fibers.
The dried beads that were collected after the SAXS

experiment contained predominantly mesocrystalline fibers,
which indicates that the yield of the second-stage assembly
process was high (Figure 2c). The fibers consisted of smaller
cuboidal, well-ordered mesocrystals (Figure 2d), which
suggests that the fibers formed by the assembly and alignment
of the cuboidal “primary” mesocrystals. Estimates of the
diffusion length for NC120 (see SI) suggests that the assembly
of nanocubes into cuboidal mesocrystals is not diffusion
limited but is probably controlled by the slower process of
aligning and attaching the nanocubes in a low-energy
configuration into the growing mesocrystal.32,33

Figure 3 shows a schematic illustration of the two-stage
assembly process where the evaporation-driven assembly of the
dispersed nanocubes (Figure 3a) generates the primary
mesocrystals (Figure 3b) that are assembled and aligned by
the magnetic field to form fibers (Figure 3c). The primary
mesocrystals, grown in the presence of a magnetic field
(MCNC120,MF), displayed the same crystal structure (Figure S2)
and critical volume fraction (Figure S3) as the mesocrystals
grown in the absence of a field (MCNC120,MF), which shows
that the weak magnetic field has a negligible effect on the
primary growth stage. Mesocrystalline fibers only formed when
the dispersion was subjected to a weak magnetic field,
demonstrating that the magnetic field directed the assembly
and alignment during the secondary growth stage. Confine-
ment effects within the levitating droplets are expected to be
insignificant because the droplet diameters that range from
1500 down to around 300 μm for the nearly dry bead are more
than 100 times larger than the cuboidal mesocrystals and
several times larger than the lengths of the mesocrystalline
fibers. The predominant linear morphology of the fibers

supports the notion that confinement effects are of minor
importance for the two-stage assembly process in levitating
drops. Assembly in levitating droplets that are influenced by
surface tension typically result in a dried bead with a core−
shell type structure (Figure S4), which was not observed in the
current study.
We have complemented the time-resolved SAXS study and

followed the later stage of the field-directed assembly process
using light microscopy (Figure 4). Snapshots of a single region
of the assembly at 6 mT confirmed that the primary
mesocrystals (Figure 4a) assemble to form elongated
structures (Figure 4b) that subsequently attach to each other
to form long fibers that are aligned with respect to the
magnetic field (Figures 4c and 4d). The snapshots in Figure 4
represent a time-series of one experiment and the highlighted
mesocrystal fragments of increasing sizes in Figures 4a-c
assemble and generate the fiber shown in Figure 4d.
Coarsening of the fibers through lateral growth was observed
at longer times (Figure 4e). Video S1 shows that two
mesocrystals begin to approach already at separation distances
of about 8−10 μm. The fiber width and width distribution
decrease with increasing magnetic field strength and with
decreasing initial nanoparticle concentration (Figure S5).
Although fiber length was difficult to measure because of
fractures in the fibers caused by capillary pressure during
drying, it was possible to find fibers with lengths of 1 mm,
which were assembled at 6 mT and a relatively high initial
concentration (5 mg mL−1). Fibers formed from dispersions
with a low initial concentration (0.5 mg mL−1) were relatively
short and sometimes branched (Figure S5a−c).34 The
decrease in fiber width with increasing magnetic field strength
indicates that oriented attachment occurs for smaller
mesocrystal sizes compared to low field strengths. The number
of nanocubes in the mesocrystalline fibers can be estimated by
assuming a square-shaped cross section of the fiber and a
simple cubic packing of the nanocubes with an edge length of

Figure 4. Formation of elongated fibers by self-assembly of NC120 in a magnetic field of 6 mT. Primary cuboidal mesocrystals attach and form
mesocrystalline fibers (red ellipses) whose length increases with time. The magnetic field is horizontally oriented. The growth of the fibers is
illustrated by snapshots of a single region at different times t − tMC after mesocrystal formation was observed: (a) 9 s, (b) 14 s, (c) 19 s, (d) 24 s,
and (e) 114 s.
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12 nm and a 2 nm thick oleic acid capping layer. Considering a
typical fiber length of 100 μm and that the cross-section areas
ranges from 80 × 80 to 700 × 700 nanocubes, each fiber is
estimated to contain between 5 × 105 to 3 × 109 nanocubes
depending on the assembly conditions. The cuboidal shape of
the “primary” mesocrystals can be extracted from SEM images
of mesocrystals grown in the absence of a magnetic field in
both a levitating droplet and on a substrate (Figure S6).
Vibrating sample magnetometer (VSM) measurements

(Figure 5a) showed that the mesocrystalline fibers
(MCFNC120) grown in the presence of a field (6 mT) had a
larger saturation magnetization along (189 kA m−1) than
perpendicular (181 kA m−1) to the long axis of the fibers
(Figure 5a). This difference in saturation magnetization is line
with previous reports and caused by dipolar couplings within a
fiber but also between adjacent fibers.12,18 The saturation
magnetization for small cuboidal mesocrystals (MCNC120)
grown in the absence of a magnetic field (123 kA m−1) was
much smaller than that of an individual NC120 (257 kA m−1),
which could be caused by antiferromagnetic coupling in larger
assemblies.35 The saturation magnetization for NC120 was
similar to previously reported values for iron oxide nano-
particles. Both the single nanoparticles as well as the assembled
structures displayed very low coercivities. Micromagnetic
measurements on single mesocrystals are needed to elucidate
why the assembled structures retained the superparamagnetic
behavior of the nanocubes.

The field-induced alignment of the magnetic moments was
estimated from the Zeeman energy.8,35 The estimated Zeeman
energy of NC120 at full magnetization, UZeeman,NC120 = mμ0H ≈
2.6 × 10−21 J, where m is the magnetic moment of a single
nanoparticle and μ0H = 0.006 T the applied magnetic field, was
smaller than the thermal energy 3/2kT (≈ 6.2 × 10−21 J, k
Boltzmann constant, temperature T = 298 K), which suggests
that the weak field (6 mT) did not align the magnetic
moments within the nanocubes. The Zeeman energy for a
cuboidal mesocrystal with an edge length of 1.5−1.7 μm can at
a first approximation be estimated from the macro-spin
approximation, yielding UZeeman,MCNC120 ≈ 1.3 × 10−15 J,
which is several orders of magnitude larger than the thermal
energy.
The magnetic moments m = μ0MV, with μ0, M, and V being

the vacuum permeability, the magnetization per unit volume,
and the volume of a single particle, respectively, of NC120
(∼26 kA m−1) and MCNC120 (∼9 kA m−1) at 6 mT, were
extracted from the M−H curves and used to calculate the
dipolar interaction energy Udd between two magnetic dipoles
using

πμ
θ= −U

m

r4
(1 3 cos )dd

2

0
3

2

(2)

The angle θ corresponds to the polar angle in a spherical
coordinate system between two magnetic moments, separated
by a center-to-center distance r, with respect to the applied

Figure 5.Magnetic properties and interaction energies. (a) Normalized magnetizationM/MS vs applied field curves for a diluted NC120 dispersion
in paraffin wax (black circles), MCNC120 grown on a substrate (red triangles up), and MCFNC120 grown on a substrate and measured parallel (blue
diamonds) and perpendicular (orange triangles down) to the long axis of the fiber (blue diamonds). The inset displays the normalized
magnetization at low magnetic fields. The solid lines are guides for the eye. (b) Dipolar interaction energy Udd between head-to-tail aligned
magnetic moments of two NC120 (red dashed line), and van der Waals interaction energy UvdW of two face-to-face oriented NC120 (blue solid
line). The horizontal orange line is the thermal energy, 3/2kT. The purple line and marked area indicates the distance of closest approach. (c)
Dipolar interaction energy Udd between two mesocrystals MCNC120 consisting of 100 × 100 × 100 nanocubes and vdW interaction energy between
face-to-face oriented MCNC120.
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magnetic field. Equation 2 assumes that the magnetic moments
for the interacting particles have the same magnitude and are
aligned with respect to the field.
The vdW interaction energy of two face-to-face oriented

nanocubes with edge length l separated by a surface-to-surface
distance d can be calculated by

π
= − | + +

+U
A

K x( )f d l d l
d l d

vdW,cubes
Hamaker

2 ,
2 ,

(3)

| = + − + ++ +
+K x K d l K d l K d( ) ( 2 ) 2 ( ) ( )f d l d l

d l d
f f f,

2 ,
(4)

=
+ +

+
+

−

+ + +

× +
+

−

−

−

K x
x x l l

x x l

x l

lx

l

x

x l

l

x

l
l

x l

x l
l

x l

( )
1

4
ln

2

2
2

4
tan

(2 )

6
tan

(2 )
2

1

6

1

6

( ) tan
( )

f

4 2 2 4

4 2 2

2 2
1

2 3/2

4
1

2 1/2 2 2

2 2 1/2 1

2 2 1/2
(5)

We have used a Hamaker constant AHamaker = 21 zJ for
magnetite in decane.36 The dipolar interaction energy between
face-to-face oriented nanocubes and head-to-tail aligned
magnetic moments, respectively, at a field strength of 6 mT
was negligible compared to the vdW attraction (Figure 5b).
This supports that the assembly of nanocubes into the primary
cuboidal mesocrystals is driven by vdW interactions as the
particle concentration increases and that the influence of a
weak magnetic field is insignificant.
The interactions between two mesocrystals consisting of 100

× 100 × 100 nanocubes, however, is dominated by the dipolar
interactions, which are several orders of magnitude stronger
and longer in range than the vdW attraction. Estimates based
on the macro-spin model and an average angle <θ> ≈ 30°
(obtained from Video S1) suggests that the dipolar attraction
becomes stronger than the thermal energy 3/2kT already at a
center-to-center distance of about 9.7 μm (Figure 5c), which
corresponds well to the approach distance of 10 μm observed
by optical microscopy (Video S1). Hence, magnetic dipolar
interactions come into play for larger mesocrystals, whereas
nanocube self-assembly is dominated by vdW interactions. The
transition from vdW-driven growth of the primary cuboidal
mesocrystals to magnetic-field-driven secondary assembly of
the mesocrystals into fibers is expected to occur when the
dipolar interactions between the growing cuboidal mesocrys-
tals become sufficiently large and the separation distance
between adjacent mesocrystals sufficiently small. The dipolar
interaction energy in weak magnetic fields, where the magnetic
moments within each nanocube is only partially aligned, is
expected to be lower at lower magnetic field strength, which
suggest that the transition from 3D to 1D assembly should
occur for smaller sizes of the cuboidal mesocrystals at higher
magnetic field strengths. Indeed, we found that the diameter of
the fibers depends on the initial particle concentration and
magnetic field strength and increases from a diameter
equivalent to 80 nanocubes (1.3 μm) at 6 mT to 700
nanocubes (11 μm) at 1.5 mT (Figure S5). The estimates of
the vdW and dipolar interaction energies suggest that the size
dependence of vdW and magnetic field-driven assembly can be
used to tune the size and morphology of the anisotropic
mesocrystals.

In summary, we have shown that the assembly in weak
magnetic fields of oleate-capped superparamagnetic iron oxide
nanocubes into mesocrystalline fibers with a high degree of
positional order and crystallographic coherence occurs in two
stages. The first stage formation and growth of micrometer-
sized cuboidal mesocrystals is initiated when the particle
concentration becomes sufficiently high and was shown to be
unaffected by the weak magnetic field. The transition from 3D
growth of the primary cuboidal mesocrystals to the second
stage 1D assembly of the elongated fibers depends on the
initial particle concentration and the strength of the magnetic
field. The increase of the width of the fibers from a diameter
equivalent to 80 nanocubes (1.3 μm) at 6 mT to 700
nanocubes (11 μm) at 1.5 mT was related to the size and field
dependence of the isotropic van der Waals and directional
dipolar interactions. Controlled assembly of mesocrystalline
fibers with tunable diameters could have potential applications
for fabrication of spintronic components and for hyperthermia
cancer treatment.8,37
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