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ABSTRACT 

 

The magnetic field-induced self-assembly of inorganic nanoparticles has been studied 

extensively for particles having different sizes and compositions. However, relatively 

little attention has been devoted to how the shape and surface chemistry of magnetic 

nanoparticles affects their self-assembly properties. Here, we undertook a combined 

experiment-theory study aimed at better understanding of the self-assembly of cubic 

magnetite (Fe3O4) particles. We demonstrated that, depending on the experimental 

parameters, such as the direction of the magnetic field and nanoparticle density, a 

variety of superstructures can be obtained, including one-dimensional filaments, 

helices, as well as C-shaped assemblies described here for the first time. Furthermore, 

we functionalized the surfaces of the magnetic nanocubes with light-sensitive ligands. 

Using these modified nanoparticles, we were able to achieve orthogonal control of 

self-assembly using a magnetic field and light. 

 

 

INTRODUCTION 

 

Inorganic nanoparticles (NPs) can be self-assembled
1, 2

 into nanostructured materials 

having emergent properties that differ from those of isolated NPs, or of the 

corresponding bulk phases.
3-10

 The characteristics of such self-assembled materials 

are determined by nanoscale interactions between NPs arranged in a specific fashion, 

giving rise to, for example, unique electrical,
3
 optical,

4
 or magnetic

5
 properties. 

Magnetic dipole-dipole interactions have been studied extensively as the driving force 

for NP self-assembly,
11, 12

 with the advantage that magnetic fields can be delivered 

remotely and instantaneously.
13, 14

 However, most of the research has focused on 

spherical magnetic NPs, while the potential benefits arising from the nanoparticle 

shape and magnetic anisotropies have remained largely unexplored. Moreover, the 

vast majority of the previous studies have focused on NPs free of any functional 

ligands that could actively influence the self-assembly process.  
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Recently, we have shown
15

 that competition between different nanoscale forces 

during the self-assembly of cubic NPs of magnetite could give rise to previously 

unknown helical assemblies. Specifically, we highlighted the critical importance of 

the competition between different nanoscale forces, each favoring a different 

arrangement of non-spherical NPs.  

 

Here, we examined both experimentally and theoretically how the self-assembly 

processes are influenced by the NP density. We used Monte Carlo (MC) simulations 

to better understand the principles of the magnetic field-induced self-assembly, and in 

particular the origin of the observed field-induced helicity. The critical role played by 

magnetic interactions during self-assembly was confirmed by our studies of the 

magnetic properties of the obtained structures. Moreover, by manipulating the 

direction and strength of the applied magnetic field, we identified novel, C-shaped 

assemblies of magnetic NPs. Finally, we decorated the surfaces of our magnetic NCs 

with monolayers of light-sensitive ligands, and demonstrated the ability to control the 

NC self-assembly using two types of external stimuli – magnetic field and light. 

 

 

METHODS 

 

Synthesis and functionalization of cubic Fe3O4 nanoparticles 

 

Fe3O4 nanocubes (NCs) were synthesized based on a modified literature procedure.
16

 

First, iron (III) oleate was prepared by reacting iron (III) chloride hexahydrate (Alfa 

Aesar, 98%) with sodium oleate (TCI, >97%) (note: the high purity of sodium oleate 

was essential in order to successfully synthesize high-quality NCs). Specifically, 

FeCl3·6H2O (5.40 g; 19.98 mmol) and sodium oleate (18.25 g; 59.95 mmol) were 

placed in a 250 mL round-bottom flask containing a biphasic mixture comprising 30 

mL of distilled water, 70 mL of hexane, and 40 mL of ethanol. The mixture was 

heated at T = 70 °C under a nitrogen atmosphere for four hours with vigorous stirring. 

After it was cooled down, the dark red organic phase was collected with a separatory 

funnel, washed three times with distilled water, and dried over magnesium sulfate. 

The solvent was evaporated in vacuo at 50-60 °C, yielding a viscous, dark-brown 

liquid. As-prepared iron oleate (1.57 g; 1.75 mmol), sodium oleate (0.53 g; 1.74 

mmol), and n-docosane (6.0 g; 19.32 mmol, Aldrich, 99%) were placed in a 50 mL 

round-bottom flask containing 11 mL of 1-octadecene (Aldrich, 90%). The reaction 

mixture was heated to 120 °C to dissolve all solids, and kept under high vacuum for 

40 minutes to remove any low-boiling solvents. The reaction mixture was then heated 

to T = 325 °C with a heating rate of 3 °C / min under a nitrogen atmosphere, and left 

at this temperature for 26 minutes with vigorous stirring (note: the controlled 

temperature rise was important for achieving high monodispersity of the resulting 

NCs). The heating source was then removed and the reaction mixture was cooled 

down to T = 80 °C. NCs were precipitated with a 2:3 (v/v) n-hexane-ethanol mixture 

(the overall volume was five times the volume of the reaction mixture). Next, the 

clear supernatant was discarded and the solids were redispersed in n-hexane and re-

precipitated with a small amount of methanol with the help of a neodymium magnet. 

Precipitation using a magnet was repeated two more times. Finally, the solid product 

(60-70 mg of NCs with an average side length, d ≈ 13.4 nm) was dried under vacuum 

and redispersed in hexane containing oleic acid. 
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Magnetic field-induced self-assembly experiments were carried out using as-prepared 

NCs, or NCs surface-functionalized with a photoresponsive azobenzene ligand (see 

Fig. 11b). The ligand was synthesized as reported before.
17

 The NCs were purified 

from excess of the oleic acid stabilizer by precipitation and washing with ethanol, 

followed by redissolution in pure toluene. The NCs were then incubated with the 

azobenzene-terminated ligand (Fig. 11b), which was used in ca. ten-fold excess with 

respect to the number of binding sites on Fe3O4 NCs.
17

 After 24 hours of incubation, 

the NCs were purified from excess ligand by precipitating and copious washing with 

methanol. The resulting black powder was dissolved in pure toluene.  

 

Self-assembly experiments 

 

Magnetite NCs were self-assembled in a setup shown in Fig. 1a. In a typical 

experiment, a hexane solution of NCs (V = 20 µL; c = 2.5 mg/mL) containing oleic 

acid (1.25 µL/mL) was placed on the surface of diethylene glycol (DEG) (Aldrich, 

99%) (~2 mL) inside a polyethylene well (diameter ≈ 2 cm, height ≈ 1.8 cm; 

ChemGlass CG-3021-04) placed between two neodymium magnets. The direction of 

the magnetic field lines with respect to the liquid-air interface was manipulated by the 

position of the magnet (Fig. 1a; typically, θ = 0°). The setup was left undisturbed until 

hexane was evaporated (typically, 15 min). Thereafter, a small amount (~200 µL) of 

acetonitrile was very carefully applied onto the surface of DEG, thereby transferring 

the NC film from the DEG-air interface to the acetonitrile-air interface. Finally, the 

NC film was carefully transferred onto a substrate of choice (silicon wafer and 

carbon-coated TEM grid, among others). Self-assembly of photoresponsive NCs was 

carried out similarly, except that toluene was used as the solvent for NCs, and the 

particles were exposed to UV light during the self-assembly experiment (see Fig. 11). 

For the light source, we used a 4 W hand-held UV lamp (λ = 365 nm) (UVP, LLC; 

Upland, CA; model number UVGL-25). The intensity of UV light was controlled (in 

the range of ~0.1 to ~1 mW/cm
2
) by modulating the distance between the NCs and the 

light source.  

 

Characterization 

 

Self-assembled materials were characterized by scanning and transmission electron 

microscopy (SEM and TEM, respectively). SEM images were obtained on a SUPRA 

55VP field-emission SEM (Carl Zeiss Microscopy, LLC), or on an ULTRA 55 field-

emission SEM (Carl Zeiss Microscopy, LLC), both operating at 5 kV. All TEM 

images were obtained on a Philips CM120 Super Twin microscope operating at 120 

kV. The magnetic properties of the self-assembled structures were investigated using 

a Quantum Design superconducting quantum interference device (SQUID) 

magnetometer MPMS XL-5 equipped with a superconducting coil that produces 

magnetic fields in the range –50 to +50 kOe. Following the self-assembly experiment, 

the superstructures were transferred onto a silicon wafer (Fig. 1a). M-H curves were 

recorded at room temperature (300 K) at an external magnetic field, H, ranging from 

–10 to +10 kOe. The temperature dependence of magnetization was investigated by 

performing zero field-cooled (ZFC) and field-cooled (FC) measurements. 

Specifically, the samples were cooled from room temperature to ~5 K in zero 

magnetic field and a small (200 Oe) static magnetic field was applied. MZFC was 

measured during a slow warm-up from 5 K to 300 K, and MFC was recorded during 

subsequent cooling down to 5 K. 
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Computational studies 

 

We modeled the self-assembly of superparamagnetic (SPM) nanocubes (NCs) (edge 

length ~13.7 nm) interacting at room temperature with the external magnetic field and 

with one another by van der Waals (vdW) and magnetic forces. The vdW coupling 

was adjusted to mimic (i) the shape anisotropy, (ii) the presence of NC surfaces 

functionalized with oleic acid ligand, solvated in hexane in the presence of excess 

oleic acid, and (iii) the NC bulk magnetite vdW coupling. The magnetic coupling 

includes the Zeeman coupling with the external field, the magnetocrystalline 

anisotropy (MA), and the dipole-dipole coupling between superparamagnetic dipoles 

associated with the single magnetic domains of the NCs. 

 

The total energy of an ensemble of NCs is given by 

 

ET = Eii=1

NP∑ + Eij

dd + Eij

vdW( )
j=i+1

NP∑i=1

NP∑ ,         (1)  

where Ei
is the total energy of an isolated NC in a given orientation defined as the sum 

of its Zeeman and MA energies, Ei = Ei

Z + Ei

A . The Zeeman energy is given by 

,          (2)  

where  is the 

external magnetic field vector (in Gauss units), and is the magnetic dipole unit 

vector. Magnetocrystalline anisotropy of a nanocube was approximated by a quartic 

term
18, 19

 of the bulk magnetite (Fe3O4) with a Fd3m crystal structure and is given by 

Ei

A = KA1 ′M ix ′M iy( )2

+ ′M ix ′M iz( )2

+ ′M iy ′M iz( )2




,      (3)  

where the quartic-order anisotropy constant, KA1 = −3.784 kcal/mol,
20-22

 and ′M ix
,

′M iy
, ′M iz

are the x̂ , ŷ , ẑcomponents of the magnetic dipole unit vector in the 

reference NC coordinates. We neglected other corrections of the bulk MA energy 

related to the cubic shape of the NPs.
22, 23

 The quartic term generates the easy and the 

hard magnetization axes of the NC, which are oriented along the cube body diagonals 

and edges, respectively. 

 

In the local dipole approximation, the superdipole of a single magnetic domain is a 

point dipole located in the center of each NC.
24

 Then, the dipole-dipole coupling 

energy of dipoles in two cubes is given by 

,       (4)  

 

where Kd = µ0ms

2 / 4π = 7.973 kcal/mol, when the distance between dipoles, , is 

measured in the units of a (cuboid edge length), ms = M s ⋅V = 1.174 ⋅10−18  A ⋅m2 is 

the intrinsic magnetic moment of a homogeneously magnetized nanocube, where 

M s = 480 kA/m is the saturation magnetization of a bulk magnetite, andV ≈ 0.9a3
is 

Page 4 of 26Faraday Discussions

Fa
ra

da
y

D
is

cu
ss

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t



the cube volume. Saturation magnetization of magnetite nanocubes can be 

significantly smaller than bulk material due to the presence of non-collinear (canted) 

spins showing a spin-glass-like behavior.
20, 25, 26

 We assumed that the saturation 

magnetization of our nanocubes is ~10-20% smaller than in bulk magnetite because 

of the existence of a disordered surface having a thickness of ~1 nm.
27, 28

 

 

We describe the vdW coupling between the NCs by an anisotropic potential that 

includes bulk vdW attraction of the NC cores in OA solvent, and the steric repulsion 

between the surface ligands, 

Eij

vdW = Eij

attr + Eij

rep
, EW

attr = −ε1

A

π 2

dViVj

r1
6Vi ,V j

∫∫ , EW

rep = ε2KW

dSi

(r2 + β )8Si
∫ .   (5) 

The attraction term is a pairwise Hamaker expression (with a scaling constant ε1
), in 

which the integral is taken over volumes of two interacting NCs. Each NC is divided 

into 3
3
 = 27 identical volume elements over which the integral (sum) is performed, 

A = 3 kcal/mol is the Hamaker constant of magnetite in hexane, and r1
is the distance 

between the centers of two volume elements in different NCs. The repulsion term is 

expressed as an integral (sum) over 386 surface elements that subdivide the cube’s 

cuboid surface (the elements have different surface areas). Here, r2
is the distance 

between the center of a surface element of a chosen NC and the surface element of the 

interacting NC. The shape of the vdW potential is tuned by fitting parametersε1 = 130 ,

ε2 = 290 , andβ = 9.56 nm in such a way that the energy minimum of the effective 

vdW potential is located at the average surface-to-surface distance of two face-to-face 

NCs, as in the experiments (2.99 nm). The strength of the vdW coupling (the depth of 

the potential curve) is defined by a constant of

KW = ε1

A

π 2

0.9a3

27








2

= 2.5 ⋅105  nm6  kcal/mol  , which yields a maximum vdW 

interaction energy of 2.33 kcal/mol per NC. The total energy, ET
, is used in 

simulations of the NC self-assembly performed with a Markov Chain Monte Carlo 

(MCMC) algorithm and the Metropolis scheme along with the Gilbert-Johnson-

Keerthi (GJK) algorithm
29

 to determine the overlapping of the NCs.
15, 30

  

 

We also performed semi-analytical simulations of systems comprising a small number 

(2 or 3) or NCs for frozen NC positions to elucidate how magnetic interactions favor 

specific NC orientations. Towards achieving this goal, we evaluated the magnetic 

energies averaged over magnetic degrees of freedom,  

 

ET =
ET e−ET /kT∫ ΠidΩi

e−ET /kT∫ ΠidΩi

.         (6) 

Here, dΩi = sinθidθidϕ i
, andθi , ϕ i

are the spherical angles of individual magnetic 

dipoles in the laboratory’s system of coordinates.  

 

 

RESULTS AND DISCUSSION 

 

Small magnetite nanoparticles (e.g., our 13.4 nm nanocubes, Fig. 1b) are in the 

superparamagnetic regime at room temperature: they have low barriers for magnetic 
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anisotropy-controlled dipole flipping. Magnetic dipole moments of these 

nanoparticles are randomized unless an external magnetic field is applied, in which 

case the dipoles tend to align themselves along the lines of the field, so that magnetic 

dipole-dipole interactions between the NCs can be controlled.  

 

When a hexane solution of these small NCs (stabilized with excess oleic acid) is 

placed on the surface of a non-miscible liquid and hexane is allowed to evaporate in 

the presence of an applied magnetic field (Fig. 1a), the NCs self-assemble into long, 

one-dimensional filaments.
15

 The process begins with the formation of short chains, 

one-NC-thick, in which NCs are held together by dipolar forces. As the solvent 

gradually evaporates, these short chains further aggregate by the vdW interactions, 

ultimately giving rise to very long assemblies, typically 10-20 NCs in thickness, and 

up to several hundred µm long (Fig. 1c, d). Interestingly, we found that the nature of 

these assemblies strongly depends on the concentration of the NC building blocks: 

whereas simple one-dimensional filaments were obtained at low NC densities and 

filaments featuring a “diamond-type” arrangement of the NCs were observed at 

intermediate densities, high NC loadings resulted in the formation of helical 

assemblies (Fig. 2).
15

  

 

Modeling the self-assembly of nanocubes 

 

To better understand the self-assembly of magnetic NCs, we studied the effect of 

particle density (the number of NCs per unit volume) by MC simulations. 

Specifically, we considered two systems containing 600 and 900 NCs (Fig. 3a and b, 

respectively) randomly distributed within a cylindrical boundary with a radius of 150 

nm and a height of 800 nm. Both mechanical and magnetic degrees of freedom were 

treated statistically within the MC method, and the NCs interacted with each other by 

vdW and magnetic dipolar coupling in the presence of external magnetic fields 

(oriented vertically) of different strengths. Figure 3a, b shows snapshots of our 

simulations after more than 150,000 MC steps in the presence of increasing applied 

fields (from left to right, H = 167, 417, and 668 G). Depending on the strength of the 

applied field and the particle density, different self-assembled structures emerged: in 

the 600-NC system, we observed the formation of short chains of several NCs tilted 

with respect to the applied field, as well as patches with a “diamond-type” 

arrangement of NCs (Fig. 3a, right). The presence of larger numbers of particles in the 

900-NC system led to the formation of elongated structures that spanned across the 

entire length of the simulation box, and showed an increased tendency toward 

twisting, in agreement with experimental observations (Fig. 2). In general, all the 

structures that self-assembled in weaker fields were more tilted with respect to the 

field direction. These results are in agreement with our experimental findings: for 

example, the Fe3O4 NC building blocks comprising one-dimensional filaments, shown 

in Fig. 3c, are assembled in a “diamond-type” fashion. At higher densities of NCs, we 

observed the formation of helical superstructures, such as the ones shown in Fig. 2. 

Interestingly, our results can also rationalize the observations reported previously 

regarding significantly larger, ~900 nm cubes of hematite (α-Fe2O3).
31

 Similar to 

magnetite NCs, the cubic particles of hematite exhibit preferential magnetization 

along the body diagonal (i.e., the corner-to-corner direction). When these large 

hematite cubes sedimented onto glass slides in the presence of a magnetic field, they 

assumed mutual arrangements analogous to those obtained in our experiments with 

NCs nearly two orders of magnitude smaller (Fig. 3d). Similarly, competition 
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between dense packing and anisotropic magnetic interactions was found to influence 

the assembly of giant silica-coated magnetite cubes.
32

 

 

We have also analyzed the average orientations of magnetic superdipoles in the 

simulated structures. Specifically, we considered representative short chains 

comprising several NCs, such as those shown in Fig. 4. In this representation, 

magnetic dipoles are colored based on the tilt angle with respect to the applied field, 

with the color intensity proportional to the dipole alignment with the field. We can 

clearly see that under weak fields (e.g., 167 G, Fig. 4, left), the dipoles within the 

chains assume a zigzag arrangement, whereas in stronger fields they follow the 

chain’s vertical direction. Therefore, the resulting tilt angle of the self-assembled 

structures is clearly correlated with the mutual orientation of the neighboring 

magnetic dipoles.  

 

Next, we considered mutual configurations of two interacting NCs in the presence of 

a magnetic field with the goal to understand the origin of the chirality observed in the 

helical superstructures. We simulated the system using the MC method and took into 

account all the mechanical and magnetic degrees of freedom, and including both the 

magnetic and the vdW coupling. We modeled the NC superdipoles both in local and 

non-local approximations. In the latter case, the NC superdipole is split into a certain 

number
29

 of equal-size components, placed at different positions of the NC, in a way 

similar to bulk vdW coupling. The split dipoles of each NC have the same orientation 

and they interact independently with all split dipoles of other NCs. We performed 

statistical averaging over NC configurations when their center-to-center distance was 

less than 20 nm (the average distance was 16 nm). The averaging results were 

obtained from 500 runs, where each run consisted of about 12,000 MC steps. We 

found that the pair of NCs as a whole (center-to-center) is tilted by about 23° (167 G), 

17° (417 G), and 15° (668 G) with respect to the applied magnetic field (Fig. 5), 

whereas individual NCs are tilted with respect to their center-to-center axis by about 

11°. These tilt angles, φ, are approximately the same in both the single and the 

distributed magnetic dipole models.  

 

On the origin of chirality 

 

In order to determine the tendency of NCs to exist in chiral configurations, we 

realigned their nearest faces (by rotating them to the same plane and placing them on 

top of each other) and then measured their mutual rotation angle, θa, such that positive 

and negative values of θa indicate clockwise and counterclockwise rotations of one 

NC with respect to the other. Figure 6a, b (top) shows the results of sampling obtained 

in the two models. From the relatively large fluctuations and the asymmetry of the 

plots, we concluded that the system shows relatively poor averaging (convergence), 

which can be attributed to a large configuration phase space and its partly biased 

sampling (repositioning of the two NCs after their separation). To obtain at least a 

qualitative measure of the NC pair’s chirality, we averaged the original and the x = 0 

axis-mirrored solutions. We can see that practically all the symmetrized curves 

presented in Fig. 6a, b (bottom) exhibit features (local maxima at θa different from 0° 

and 45°) indicating preferential chiral arrangements of the NCs. Moreover, the 

obtained distributions also depend on the magnetic dipole model used. In order to 

examine the role of the vdW interactions in the formation of chiral configurations 

(mutual shifting and alignment of the NC faces), we have analyzed the arrangements 
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of two NCs interacting solely on vdW forces. As expected, the plots of probability vs. 

θa showed a pronounced peak at θa = 0°, indicating the importance of magnetic dipole 

interactions in the emergence of chiral assemblies.  

 

In order to confirm the link between magnetic interactions and the emergence of 

chirality, we studied the same problem by semi-analytical averaging over the dipole 

configurations in fixed NCs. We considered two NCs positioned one on top of the 

other, which were tilted as a rigid body with respect to the direction of the external 

field. Then, the top cube was allowed to rotate around the common axis without 

taking the vdW coupling into account. Figure 7 shows a typical average magnetic 

energy profile as a function of the rotation angle θa (spanning from 0 to 90°) for 

different tilt angles φ in a weak field (167 G). As one can see, there are sets of local 

energy minima signifying chiral configurations. For example, for φ = 30° (the green 

curve) there are prominent minima around 25° and 65°. For higher tilt angles (φ > 

30°) the local minima are more prominent at θa ≈ 45°. These conclusions are in 

agreement with the results of MC simulations within local dipole approximation. 

 

These results, and the reasons for the emergence of chirality can be rationalized as 

follows: in an applied magnetic field, the NCs’ dipoles tend to fluctuate less and 

prefer to be oriented along the NC diagonal that points mostly along the field 

direction. For two such cubes, the dipoles tend to follow each other, ideally pointing 

along two parallel body diagonals positioned above each other. In contrast, the vdW 

coupling tends to align the cube facets to the greatest extent possible. A compromise 

between those two extreme cases is a configuration where the two cubes are not in 

close contact, and are somewhat twisted in 3D with respect to each other. The dipole-

dipole interaction is favored more in the twisted configuration (the two dipoles are to 

a greater extent parallel). 

 

Another intriguing aspect is that of chirality propagation: we found that ensembles of 

helical superstructures feature large patches of enantiopure helices (Fig. 2, top panel). 

At the same time, we observed that helices having opposite chiralities are oriented at 

opposite angles (e.g., +α and –α) with respect to the applied field. This dependence of 

helix direction on its handedness is best observed in samples containing defects (helix 

inversions), such as those shown in Fig. 8a (interestingly, these helix inversions 

entailed the formation of defects analogous to those found in so-called tendril 

perversions
33-37

 (Fig. 8b); in both cases, helix inversions are accompanied by a change 

in the direction of the helix’s main axis). The effective chirality propagation is 

probably a consequence of the tendency to maximize packing and to minimize the 

unfavorable dipole-dipole repulsion between individual helices,
38, 39

 whereby all 

helices within a given area must be oriented parallel with respect to one another. One 

could also see a parallel with the Baumgarten’s theory of ferrochirality,
40, 41

 which 

demonstrated that helical chains of polymers, such as poly(hexyl isocyanate), interact 

with one another preferentially if they are homochiral.  

 

Magnetic properties of nanocube assemblies 

 

Interestingly, we have only observed helical superstructures in experiments whereby 

the applied magnetic field was oriented parallel to the liquid-air interface (i.e., θ = 0° 

in Fig. 1a). For θ ≠ 0°, the long axes of the filaments followed the direction of the 

field, and their lengths were limited by the thickness of the solvent layer up to several 

Page 8 of 26Faraday Discussions

Fa
ra

da
y

D
is

cu
ss

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t



microns. We hypothesize that the short lengths of these vertically grown 

superstructures give rise to only weakly induced magnetic fields, whose strengths are 

not high enough to induce the orientation of NCs with their body diagonals parallel to 

the lines of the applied field. To obtain an insight into the strength of the magnetic 

dipole-dipole interactions between assembled NCs, and in particular into the magnetic 

anisotropy of the assemblies, we performed magnetic measurements on one-

dimensional filaments (see Fig. 1c for a SEM image), with the applied magnetic field 

oriented perpendicular or parallel to the main axes of the filaments (see cartoons in 

Fig. 9b and 9c, respectively).  

 

First, we investigated the dependence of magnetization (M) on the applied magnetic 

field (H) recorded at 5 K (Fig. 9a). Measurements performed parallel to the filaments 

direction showed considerable hysteresis of the M-H loops (with high a coercivity 

(Hc) value; compare ≈ 500 Oe with ≈ 0 Oe), and a non-saturating character 

of magnetization at high values of H. In addition, we observed a large difference in 

reduced remanent magnetization, (where Mr is remanence and Ms is saturation 

magnetization) depending on the direction of the applied field: ≈ 0.4 and

≈ 0.1. These results indicate a higher tendency of the NCs’ superdipoles to 

undergo superparamagnetic relaxation in the presence of a field perpendicular to the 

filaments.  

 

Next, we studied the temperature dependence of magnetization in the presence and 

absence of an applied field (field-cooling (FC) and zero-field-cooling (ZFC), 

respectively). In the 300-250 K range, the FC and ZFC curves are superimposed; 

below 250 K, MZFC displays an abrupt fall, whereas MFC does not change substantially 

(Fig. 9b, c). The MFC trends clearly indicate the presence of a highly correlated 

structure of strongly interacting nanoparticles: when NCs are in close proximity, they 

can interact with one another by anisotropic dipolar forces and short-range exchange 

interactions, with the contribution of the latter most likely negligible in the presence 

of the insulating oleic acid monolayers.
42, 43

 Again, the results depended on the 

direction of the measurement: we found, for example, that the peak in the ZFC curve 

recorded parallel to the long axes of the filaments (Tmax ≈ 225 K) is located at a 

significantly higher temperature than the one in the perpendicular configuration (Tmax 

≈ 200 K) (Fig. 9a, b), indicating that NCs magnetized in a direction parallel to the 

long axes of the filaments sustain magnetization at higher temperatures. The 

difference in Tmax (with Tmax proportional to the blocking temperature) can be related 

to the increase of i) magnetic anisotropy (as shown in the M vs. H curves), and ii) 

interparticle dipole-dipole interactions.
44

 We also note that the ZFC curve in Fig. 9a 

has a somewhat narrower peak compared with that in Fig. 9b. The width of the ZFC 

peak is related to the distribution of energy barriers involving anisotropy energy (Ea = 

KaV, where Ka is the anisotropy constant and V is the NC volume), and the dipole-

dipole interaction energy, which depends on the NC concentration, the interparticle 

separation, and the geometrical arrangement of the particles. Since both parallel and 

perpendicular measurements were recorded using the same samples, the change in 

width of the ZFC peak does not result from a change in the size distribution of the 

NCs (i.e., anisotropy energy barrier), and must therefore be attributed to the higher 

dipolar interactions along the long axes of the self-assembled superstructures. By 

contrast, NCs along the short axis of the filaments experience relatively weak dipolar 

interactions because of the high demagnetizing field along this direction (for earlier 

H c, ⊥

M r / M s

(M r / M s )⊥
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examples of the strong directional dependence of dipolar magnetic forces, see, e.g., 

ref. 45 and 46).  

Overall, our magnetic measurements show a strong magnetic anisotropy of our 

filaments, and they point to the existence of high induced magnetic fields developing 

along the long axes of the filaments during the self-assembly process. These results 

are also supported by MC simulations, which show large magnetic polarization along 

model helices.
15

 

 

Vertical growth of nanocube assemblies 

 

Next, we considered the consequences of magnetic frustration within filaments grown 

perpendicular to the liquid air-interface (θ = 90° in Fig. 1a). Self-assembly conducted 

at θ = 90° results in the formation of large arrays of hexagonally packed pillars.
15

 

Within these pillars, or any filaments more than one-NC thick, NCs lying side-by-side 

and magnetized along the same direction exhibit unfavorable interactions owing to 

repulsive magnetic dipole-dipole interactions
38, 39

 (for filaments assembled at θ = 0°, 

this property makes it possible to readily control the thickness of the filaments by 

controlling the strength of the applied field
15

). We report on an interesting 

transformation in the morphology of the pillars under increased (H > 1,000 G) 

magnetic fields. As Fig. 10 shows, the superstructures obtained under these conditions 

were separated by relatively large distances, and they assumed non-spherical profiles, 

which can be explained by the tendency to minimize the unfavorable magnetic dipole-

dipole repulsion. Specifically, we found that ~50% of the assemblies were C-shaped, 

and ~15% of them were circular (Fig. 10). Interestingly, these assemblies are 

analogous to the flux-closure rings reported before;
47-52

 however, the formation of 

regular arrays thereof is most likely unprecedented. An interesting challenge will be 

to prepare uniform arrays of pure C-shaped or O-shaped assemblies under optimized 

conditions of applied magnetic field, NC concentration, and evaporation rate.  

 

Using light to modulate the structures of nanocube assemblies 

 

All of the self-assembly studies described below were carried out with NCs protected 

with a monolayer of a “dummy” (non-functional) oleic acid layer. We believe that 

interesting opportunities will emerge when NCs decorated with ligands capable of 

participating in the self-assembly process in a controllable fashion are used instead. 

For example, we have previously demonstrated
10, 53-55

 the ability to control the self-

assembly of azobenzene-functionalized NPs using light. This concept is based on the 

photoinduced modulation of NP surface polarity, originating from the monolayers of 

switchable ligands. Specifically, exposure of the hydrophobic trans-azobenzene to 

UV (λ = 365 nm) light triggers its isomerization to the metastable cis isomer, which is 

significantly more polar (Fig. 11b) (the reverse reaction can be accomplished with 

visible light). When this transformation takes place on the surface of NPs initially 

solubilized in nonpolar solvents, it is typically accompanied by the loss of the 

solvation layer, initiating NP self-assembly. To this end, we functionalized the 

surfaces of our NC with the previously reported
17, 56

 photoresponsive ligand for oxide 

NPs (Fig. 11b). Similar to the oleic acid-capped NCs, these modified nanocubes self-

assembled into one-dimensional filaments of up to several hundred µm long when no 

UV light was applied. In the presence of UV, however, we observed the formation of 

short (here, ~500 nm), disconnected assemblies oriented along the lines of the field. 

The aspect ratios of these structures could be controlled by the intensity of UV light: 
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higher intensities gave rise to roughly spherical assemblies (aspect ratio ≈ 1), 

indicating that the effect of light could overwhelm that of the magnetic field. These 

results indicate the possibility of incorporating additional types of interactions to fine-

tune the dimensions of the self-assembled structures, while having them separated 

evenly due to repulsive magnetic interactions. The advantage of using light as the 

stimulus is that it can be “turned on” and “off” at will – here, an intriguing idea is to 

reversibly switch between short and long filaments by alternating the wavelength of 

incident light. Could a very long filament be split into multiple short segments when 

exposed to UV light? 

 

 

CONCLUSIONS 

 

We have combined experimental-theoretical efforts to study the self-assembly of 

magnetic nanocubes. Depending on the experimental conditions, including the 

particle density, the direction of the applied magnetic field, and the NC surface 

chemistry, we observed the formation of a variety of NC superstructures, including 

one-dimensional filaments, double helices, flux-closure rings, as well as C-shaped 

assemblies. Monte Carlo simulations provided valuable insights into the self-

assembly process, and some of the conclusions were supported by subsequent 

magnetic properties measurements.  

 

Despite this progress, much more remains to be accomplished: one direction will be 

to study the self-assembly of binary and ternary mixtures of nanoparticles having 

different sizes, shapes, and compositions, including mixtures of superparamagnetic 

and diamagnetic NPs. A largely unexplored path is to control the self-assembly of 

magnetic NPs by controlling their surface chemistries (Fig. 11).  

 

The methodology we described should be readily applicable to magnetic 

nanoparticles having other compositions. Let us consider, for example, metallic iron: 

in contrast to magnetite, iron is preferentially magnetized along the [100] 

crystallographic direction.
57, 58

 It follows that Fe nanocubes would favor face-face 

interactions to maximize both the vdW and the magnetic dipole interactions, whereas 

competition between these two types of forces could be “encoded” in differently 

shaped Fe NPs, such as octahedra. Next, it would be interesting to consider the 

oxidation of Fe NPs, which gives rise to a shell of Fe3O4. What would be the 

minimum thickness of this shell necessary to observe behavior analogous to Fe3O4-

only nanocubes? 

 

Another exciting avenue is to study the properties of the self-assembled structures. 

For example, how would the mechanical properties change if proceed from simple 

one-dimensional filaments to single- to double- and to triple helices? These 

assemblies, with their helical pitch typically on the order of the wavelength of light 

(Fig. 2), should also exhibit interesting optical properties. A thought-provoking 

hypothesis is one linking the emergence of homochirality on Earth with chiral 

inorganic nanostructures such as the assemblies described in this work – in fact, 

nanocrystals of magnetite have recently been shown to exist long before the origin of 

life on Earth.
59

 In an ongoing project, we are investigating the potential of chiral 

nanostructures (free of chiral organic molecules) for inducing enantioselectivity in 

reactions generating quaternary carbon atoms.  
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Figure 1. a) Experimental setup used to assemble magnetite nanocubes (NCs) into 

well-defined superstructures. The symbol θ indicates the angle between the lines of 

the applied magnetic field, and the plane of the liquid-air interface. b) Transmission 

electron micrograph of the building blocks: individual magnetite NCs. c) Scanning 

electron micrograph showing an array of one-dimensional filaments obtained at θ = 

0°. d) Magnified image of an individual filament.  

 

 

 

 

 

Page 13 of 26 Faraday Discussions

Fa
ra

da
y

D
is

cu
ss

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t



 

 

Figure 2. Scanning (top panel) and transmission (bottom panel) electron micrographs 

showing NCs assembled into helical superstructures.  
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Figure 3. a, b) MC simulations of NC self-assembly in different applied magnetic 

fields. a) and b) show systems comprising 600 and 900 particles, respectively. Left to 

the right: initial configurations of the two systems, and configurations obtained under 

167 G, 417 G, and 668 G. c) SEM image showing a diamond-type arrangement of 

NCs within a one-dimensional filament. d) Optical micrograph of an ensemble of 0.9 

µm Fe2O3 cubes deposited on a glass slide in the presence of an applied magnetic 

field. Reprinted with permission from ref. 31. Copyright 2012 American Chemical 

Society. In all simulations and experiments shown in this figure, the applied magnetic 

field was oriented vertically.  
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Figure 4. Dependence of the magnetic dipole orientation on the strength of the 

applied magnetic field in short NC chains. The chains are extracted from the MC 

simulation shown in Fig. 3.  
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Figure 5. Tilt angle (φ) distributions under various applied magnetic fields for a pair 

of two interacting cubes (weak vdW case). The symbol φ is defined as the angle 

between the line connecting the centers of the cubes and the direction of the applied 

field.  
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Figure 6. Distribution of the mutual rotation between two re-aligned NPs (see θa in 

Fig. 5) in external magnetic fields of 0 G (dark blue), 167 G (green), 417 G (dark 

yellow), and 668 G (red). a) Results obtained from the single local magnetic dipole 

model. b) Results obtained from the distributed dipole model. c) Results obtained 

when no magnetic interactions were considered (vdW-only case). The top plots show 

the original statistically averaged data, and the bottom plots show symmetrized data. 
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Figure 7. Average magnetic energies of two cubes tilted with respect to the external 

magnetic field (167 G) as a function of the mutual rotation of cubes around a common 

axis, θa, at different tilt angles, φ. Energies are given in units of kT (T = 298 K).  
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Figure 8. a) SEM images showing sites of handedness inversion in self-assembled 

helices. b) Examples of tendril perversion in plants (sources, from left to right: 

http://www.kleptography.com/dl/fm/tendril1.jpg; http://www.flickr.com/photos/erick-

rebaya17; http://www.visualphotos.com/image/1x5535597/liana_tendril; 

http://www.ijon.de/bild-der-woche/2005.06.23.html; 

http://www.flickr.com/photos/mrclean) (all accessed December 1, 2014). 
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Figure 9. a) Hysteresis loops of one-dimensional filaments (Fig. 1c) deposited on a 

silicon wafer, with the applied magnetic field oriented parallel to the plane of the 

substrate, perpendicular (solid markers; see cartoon in b) and parallel (empty markers; 

see cartoon in c) with respect to the long axes of the filaments. The loops were 

recorded at 5 K. b, c) ZFC-FC curves recorded on a sample of one-dimensional 

filaments and their dependence on the orientation of the applied field. 
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Figure 10. SEM images of solid, C-shaped, and O-shaped assemblies of NCs 

prepared in the presence of magnetic fields perpendicular to the liquid-air interface. 

Like all assemblies prepared in this study, these structures are embedded in a thin film 

of oleic acid, which can be seen in the left and center micrographs.  
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Figure 11. Initial attempt to self-assemble surface-functionalized NCs. a) Schematic 

representation of a modified experimental setup equipped with a UV irradiation 

source. b) Structural formula of a photoswitchable ligand used for preparing light-

responsive NCs. c) TEM images of short filaments assembled under the combined 

influence of a magnetic field and UV light.  
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