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Supplementary Materials 

Materials and Methods 

 
S1. Nanocrystal synthesis 
 
S1A. Preparation of monodisperse cubic Fe3O4 nanocrystals 
 
Fe3O4 nanocubes were prepared by thermal decomposition of iron (III) oleate in the presence of 
sodium oleate, according to a modified literature procedure (16). First, iron oleate was prepared 
as follows: iron (III) chloride hexahydrate (Alfa Aesar, 98%) (5.40 g; 19.98 mmol) and sodium 
oleate (TCI, >97%) (18.25 g; 59.95 mmol) were placed in a 250 mL round-bottom flask 
containing 30 mL of distilled water, 70 mL of hexane and 40 mL of ethanol. The mixture was 
vigorously stirred at T = 70 °C under nitrogen atmosphere for four hours. 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 to yield viscous, dark 
brown liquid. The product was kept frozen at T ≈ –5 °C. 

As-prepared iron oleate (1.57 g; 1.75 mmol), sodium oleate (TCI, >97%) (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. The reaction mixture was 
then heated to T = 325 °C with a heating rate of 3 °C / min under nitrogen atmosphere, and left at 
this temperature for 26 minutes with vigorous stirring. The heating source was then removed and 
the reaction mixture was cooled down to T = 80 °C. Nanocrystals were precipitated upon the 
addition of a mixture composed of 2 volumes of n-hexane and 3 volumes of ethanol (with respect 
to the original solution volume). 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. Re-precipitating with a magnet was repeated two more times. Finally, the 
solid product was dried under vacuum, and finally redispersed in toluene. Yield = 60-70 mg. The 
resulting nanocubes had an average side length, d = 13.37 nm.  
 

 
 
Fig. S1. TEM and SEM (inset) images of Fe3O4 nanocubes at various magnifications. All TEM 
images shown in this manuscript were obtained on a Philips CM120 Super Twin microscope 
operating at 120 kV unless noted otherwise. 



 

 
 
Fig. S2. High-resolution (HR) TEM images of Fe3O4 nanocubes at various magnifications. HR 
TEM images were taken using an FEI Tecnai F30 UT microscope operating at 300 kV. The 
micrographs were acquired by a Gatan Ultrascan 1000 CCD camera. 
 

 
Fig. S3. Blue: Powder X-ray diffractogram of as-prepared Fe3O4 nanocubes. Red: standard XRD 
data for Fe3O4 (JCPDS file 19-0629).  



 
S1B. Preparation of monodisperse spherical Fe3O4 nanocrystals 
 
Fe3O4 nanospheres were prepared by thermal decomposition of iron (III) oleate, according to a 
literature procedure (38). Iron oleate (1.600 g; 1.78 mmol) and oleic acid (0.6 mL; 1.89 mmol) 
were dissolved in 25 mL of 1-octadecene (Aldrich, 90%). The solution was heated with a 
constant heating rate of 3 °C / min to T = 310 °C under nitrogen atmosphere and vigorous 
stirring. The reaction mixture was kept at reflux for 30 min and then the heating source was 
removed. After cooling down to room temperature, the nanocrystals were precipitated with a 
mixture of solvents composed of hexane, isopropanol and acetone (v/v/v = 1:2:2 with respect to 
the original solution volume). The transparent supernatant was discarded, the solids were washed 
twice with a mixture composed of 0.5 volume of hexane and 1 volume of acetone (with respect 
to the original solution volume), collected by centrifugation, dried in vacuo and finally 
redissolved in toluene. The resulting nanospheres had an average diameter, d ≈ 12 nm.  
 

 
 
Fig. S4. TEM and SEM (inset) images of Fe3O4 nanospheres at various magnifications. 
 
 
S1C. Preparation of monodisperse octahedral Fe3O4 nanocrystals 
 
Fe3O4 nanooctahedra were synthesized from as-prepared spherical Fe3O4 NCs (Section S1B). 50 
mg of nanospheres were precipitated from a toluene solution with methanol, dried, and 
redispersed in 3 mL hexane containing 0.5 μL of oleic acid. The resulting solution was added to 
15 mL of 1-octadecene (Aldrich, 90%) containing sodium oleate (TCI, >97%) (65 mg; 0.22 
mmol). The temperature of the solution was raised to T = 140 °C with a constant heating rate of 
4 °C / min, and kept under high vacuum for 20 minutes to remove residual hexane. The reaction 
mixture was then heated to reflux (T = 318 °C) with a constant heating rate of 5 °C / min and 
kept at this temperature for 40 minutes under nitrogen atmosphere. After cooling down to room 
temperature, NCs were precipitated with a mixture composed of hexane, n-butanol and acetone 
(v/v/v = 1:2:2 with respect to the original solution volume) with centrifugation. The solids were 
redissolved in hexane and re-precipitated with acetone. This step was repeated two times, and 
dried solid product was dispersed in toluene.  
 
 
 



 
 
Fig. S5. TEM images of Fe3O4 nanooctahedra at various magnifications. 
 
 
S1D. Preparation of monodisperse Fe3O4 rounded cubes 
 
Iron (III) oleate (1.57 g) and sodium oleate (TCI, >97%) (0.53 g) were dissolved in 1-octadecene 
(7.5 mL) containing 4.5 g of n-docosane. The temperature of the vigorously stirred solution was 
raised to T = 120 °C with a constant heating rate of 10 °C / min, and kept under high vacuum for 
40 minutes. The reaction mixture was then heated to T = 325 °C with a constant heating rate of 3 
°C / min and kept at this temperature for 20 minutes under nitrogen atmosphere. The heating 
source was then removed and the reaction mixture was cooled down to T = 80 °C. Nanocrystals 
were precipitated upon the addition of a mixture composed of 2 volumes of n-hexane and 3 
volumes of ethanol (with respect to the original solution volume). The clear supernatant was 
discarded and the solids were redispersed in n-hexane and re-precipitated with ethanol. The solid 
product was dried under vacuum, and finally redispersed in toluene.  
 
 

 
 
Fig. S6. TEM images of Fe3O4 rounded cubes at various magnifications. 
 
 
S1E. Preparation of heterodimeric Ag-Fe3O4 nanoparticles 
 
Ag-Fe3O4 heterodimeric NPs were prepared based on a modified literature procedure (39). In a 
typical synthesis, silver acetate (20 mg; 0.12 mmol) was dissolved in 10 mL of toluene 



containing 730 μL (2.22 mmol) of oleylamine (Aldrich, 70%) and then Fe3O4 nanocubes (10 mg) 
were added. Following the addition of n-dodecanethiol (Aldrich, >98%) (0.44 µL; 1.83 µmol), 
the solution was heated at 70 °C under nitrogen atmosphere for 12 h. The solution was cooled 
down to room temperature and the resulting heterodimeric nanoparticles were purified by the 
addition of ethanol followed by centrifugation. The solids were carefully separated from the 
supernatant, washed with ethanol and redispersed in hexane containing 1-2.5 µL of oleic acid. 
 

 
 
Fig. S7. TEM images of Ag-Fe3O4 heterodimers at various magnifications. 
 
 
S2. Magnetic field-induced self-assembly of nanocrystals at the liquid-air interface 
 
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) placed between two 
neodymium magnets. The well was covered with a glass slide and left undisturbed until hexane 
has evaporated (up to 30 min). A small amount (~200 μL) of acetonitrile was very carefully 
applied onto the surface of DEG thereby lifting the NC film from the DEG-air interface to 
acetonitrile-air interface. Finally, the NC film was carefully transferred onto a desired substrate 
(silicon wafer, carbon-coated TEM grid, etc.). We emphasize that acetonitrile was introduced 
once the self-assembly process was completed in order to facilitate evaporation of residual 
solvent (acetonitrile vs. DEG) from the solid substrate. We verified that assemblies identical to 
those reported here were obtained following direct transfer from the DEG-air interface onto solid 
substrates, however the high boiling point of DEG (245 °C) made sample preparation 
cumbersome. We also emphasize that a complete evaporation of hexane in the presence of an 
applied magnetic field was critical for the formation of well-defined assemblies. No helical NC 
superstructures could be found, for example, when the magnetic field was removed before the 
solvent evaporated. 

It is important to emphasize the critical role of oleic acid (OA) in the formation of the 
highly ordered superstructures reported here; in its absence under otherwise identical conditions, 
the resulting assemblies were short and irregular (see Fig. S8G-I), similar to those reported 
previously (40, 41). As a non-solvent for our NCs (42, 43), OA induces attractive vdW (43) 
and/or depletion (29) interactions between the NC as hexane (the “good” solvent) gradually 
evaporates. In pure hexane, no attractive interactions beyond the magnetic dipole-dipole forces 



are induced until the volume fraction of the NCs is very high – at which point aggregation 
commences rapidly, giving rise to ill-defined assemblies (Fig. S8G-I).  

Because of a high boiling point (360 °C) of OA, the belts that formed were embedded in a 
thin film of OA (see, e.g., Fig. S12) and, interestingly, their structure could further be 
manipulated – e.g. Fig. S13A shows ensembles of belts wrapped together with their OA matrix. 
At the same time, the OA layer could be dissolved in methanol to leave behind OA-free belts on 
a solid substrate.  
 

 
 
Fig. S8. (A-F) SEM images of belts assembled from Fe3O4 nanocubes. The sample in (B) was 
intentionally mishandled while transferring from the liquid-air interface to the solid substrate 
(silicon wafer / carbon-coated TEM grid). (D) is an SEM image taken at a tilt angle of ~45°. 
Images in (G-I) SEM images showing the results of control experiments in which self-assembly 



of the nanocubes was performed under conditions identical to those used in (A-F), but in the 
absence of excess oleic acid. (J, K) TEM images showing the results of control experiments in 
which self-assembly of the nanocubes was performed under conditions identical to those used in 
(A-F) in the absence of an applied magnetic field. 
  

 
 
Fig. S9. TEM images of chains of cubic magnetite NCs formed by applying an external magnetic 
field to a solution of NCs. The samples were prepared by rapid evaporation the solvent (hexane) 
from the TEM grid in the presence of a magnetic field. 
 
 

 
 
Fig. S10. SEM images of structures obtained from Fe3O4 nanocubes under a sub-monolayer (χ = 
~0.2) surface concentration of the particles. All SEM images shown in this manuscript 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. 
 



   

Fig. S11. Effect of tilting the magnetic field away from the direction parallel to the liquid-air 
interface. (A) Schematic representation of the experimental setup. (B) SEM image of belts 
obtained from Fe3O4 cubes at θ ~ 20°. (C) SEM images of pillars obtained from the cubes at θ ~ 
90°. Image on the right shows an edge of the sample. (D) SEM images of pillars obtained from 
Fe3O4 rounded cubes at θ ~ 90°. Inset shows a fast Fourier transform (FFT) pattern of the SEM 
image on the left. We note that no helical assemblies were observed in these experiments, likely 
because the filaments didn’t comprise sufficient number of nanocubes for the effective magnetic 
field to induce the belt→helix transition. 
 



                 

Fig. S12. SEM images showing the presence of the oleic acid film. The area indicated in yellow in (A), 
left, is expanded as (A), right. The area indicated in yellow in (C) left, is expanded as (C), right. 
  
                

 

Fig. S13. SEM and TEM images showing folding of (A) belts and (B) helices along with the 
oleic acid matrix.  



 
 

 
 
Fig. S14. Additional SEM and TEM images of single-stranded helices. The bright portion of the 
SEM image on the left indicates the edge of the substrate (silicon wafer).  

 
 

 
 
Fig. S15. Additional SEM images of double-stranded helices taken at various magnifications. 
The area indicated in yellow in (H) is expanded as (I). 
 
 



 
 
Fig. S16. Additional TEM images of double-stranded helices. The image on the right shows a 
region where two belts fold to give a double helix.  
 
 

 
 
Fig. S17. Dependence of the self-assembled superstructure on the effective magnetic field. 
Central regions of small patches of filaments (prepared using microdroplets of hexane containing 
NCs and OA) comprise helical assemblies, which transform into one-dimensional belts at the 
peripheries of the patches. No helices were found at the terminal positions of the filaments (i.e. 
helical filaments always unfold at the ends). We attribute these results to varying effective 
magnetic field throughout the patch: the relatively high density of NC in the center gives rise to 
an effective field high enough to induce the belt→helix transition. These experiments highlight 
the importance of the effective magnetic field on the nature of self-assembled superstructures.      
 



         
 
Fig. S18. Additional SEM images of belts (A) and helices (B) assembled from Ag-Fe3O4 
heterodimeric nanoparticles. 
 

 
 
Fig. S19. Top row: SEM images of belts prepared from a mixture of ~13 nm Fe3O4 cubes and 
~11 nm Fe3O4 spheres, both functionalized with oleic acid. In this case, the cubes assemble 
selectively while the spheres will empty spaces between them. Bottom row: samples prepared 
from the same mixture of cubes and spheres but in the absence of an applied magnetic field. No 
long-range phase-separation is observed. 
 
 
S3. Monte Carlo simulations 

 



To better understand the nature of the NC superstructures, we model the self-assembly of NCs by 
separate semi-analytical and Monte Carlo (MC) simulations performed in a canonical ensemble 
(25). We model the self-assembly of nanocubes functionalized with oleic acid ligands and 
solvated in hexane with an additional oleic acid, in the presence of external magnetic fields. The 
nanocubes have coupled mechanical and magnetic degrees of freedom; they interact with each 
other by van der Waals (vdW) coupling, originating in the NC bulk material, the NC ligands, and 
the solvent; the super-dipoles, associated with the single magnetic domains of the nanocubes, 
interact with the external field by the Zeeman coupling, the dipoles of neighboring nanocubes by 
a dipole-dipole (dd) coupling, the spatial orientations of the nanocubes are defined by shape 
anisotropy and magnetocrystalline anisotropy (MA) (34–37, 42).  

The dynamics of a typical NC self-assembly experiment is controlled by varying 
competing forces due to changing composition of the system associated with hexane 
evaporation. Therefore, both thermodynamically and kinetically controlled processes take part in 
the self-assembly processes. Initially, the ligated nanocubes are well soluble in hexane, and form 
only short chains (Fig. S9) when the magnetic field is applied. As hexane evaporates, the 
nanocubes start to coagulate in the remaining OA (42, 43) due to vdW attraction and magnetic 
coupling. The coagulation is likely enhanced by depletion (entropic) forces and forces related to 
the gradient of hexane concentration (drying). Eventually, hexane evaporates completely and the 
self-assembled structures become frozen and partly fractured due to capillary forces from an OA 
film covering them.  

The total energy of NC assemblies, ET, is defined as the sum of energies related to the 
above named interactions (equations 1-5 in Section S4). The Zeeman coupling tends to align the 
dipoles along the field, but MA prefers them to be oriented along the NC body diagonals. The 
dd-coupling causes attraction between two parallel dipoles when they are within a cone with an 

azimuthal angle,  cos1(1 / 3)  54; otherwise, their repulsion takes part. The dd-coupling 
combines with the external field to form an effective magnetic field, B (magnetic susceptibility), 
which determines the outcome of the individual magnetic contributions and the types of formed 
structures: in the presence of a weak B, only short nanocube chains form (e.g. Fig. S10); when B 
is higher, the nanocubes form thin belts (belts100); at even higher B, wide, multilayered belts110 
are observed; finally, when B are the highest, the assemblies that form show helical features.  

First, we study orientations of the magnetic dipole moments in different spatially fixed, 
perfectly aligned nanocube lattices (see Fig. 1E in the main text). In thin belts100 under a 
relatively weak external magnetic field (H = 167 G), the (local) dipoles are on average largely 
oriented along the belts (Fig. 1E). Here, placing the dipoles above each other strengthens their 
parallel orientations (attractive dd-coupling). However, in wider belts (unfavorable side-by-side 
dd-interactions) under the same field, the dipoles tend to form a “zigzag” configuration, which is 
unlocked from the external field (as the effective field grows), and has an increasing the 
contribution of MA. Note that the dipoles positioned near belt boundaries	are aligned more 
vertically due to the dominant coupling to the external field. The effect of external field strength 
is illustrated in Fig. 1D, whereby a zigzag-to-parallel transition of dipoles in a relatively wide 
belt100 is observed under increasing (H = 167, 417, and 668 G) external field. In multilayered 
stripes, the zigzag arrangement occurs in two dimensions, which leads to the formation of an 
“onion-like” dipole configuration, with counter-propagating fluxes in neighboring flux-closure 
rings (44, 45) (see Fig. S20).  
 



 
 
Fig. S20. Averaged orientation of dipoles in a thick filament under relatively weak external field 
(H = 167 G). The top two layers are purposely separated from the structure (left) to better 
illustrate the dipole arrangement.  
 
 
Next, we compare the relative stability of belt100 vs. belt110 by MC simulations. In general, the 
outcome of this competition is determined by the interplay between vdW interactions (disfavor 
belt110 because of the its ridged sides), and magnetic interactions (favor belt110 because of the 
arrangement of individual NCs enabling easy magnetization; large thicknesses and heights of 
belts entail increasing induced magnetic field, and they favor belts110 as observed 
experimentally). Quantitative analysis of the two types of belts of different thicknesses is shown 
in Fig. S22.  

Despite the favorable arrangement of dipoles in the direction parallel to the long axis of 
belt110, the zigzag configuration is preserved in multilayered belts110 in the direction 
perpendicular to the liquid-air interface. A smooth (non-zigzag) connectivity of the dipoles 
following the nanocubes’ easy axis can be resolved if the structures are further reconfigured by 
“side-stepping” of the nanocubes, which eventually leads to helical structures.  
 

 

Fig. S21. (A) Typical configuration of two cubes in an external field, H = 167 G (vertical z-
orientation) at T = 300 K (bulk vdW coupling is reduced by ½ with respect to the nominal value). 
(B) View along the cube axis reveals that the nanocube pair is (transiently) chiral. Magnetic 
dipoles are represented by red arrows.  

 



Figure S21 shows the formation of a transiently chiral nucleus formed by two SPM 
nanocubes with vdW coupling in a magnetic field. The nanocubes spend most of the time in 
configurations that possess either left or right chirality, where the tilt angle between the cubes is 
around ~10-30 degrees. The chirality is the result of a competition between the magnetic and the 
spatial (nanocube) symmetries. We propose that the propagation of these transiently chiral 
structures in the presence of many cubes leads to the formation of globally chiral helices.  

 
 
 

 
Fig. S22. Potential energies of self-assembled belts as a function of belt thickness, arrangement 
of cubes, and strength of the external field. Total magnetic energy, Emag, is the sum of the 
Zeeman energy, Ez, dipole-dipole energy, Edd, and anisotropy energy, Ea : Emag = Ez + Edd + Ea. 
Total potential energy, Eall, is the sum of total magnetic energy and the van der Waals energy: 
Eall = EvdW + Emag. All values are in kcal/mol per nanocube. Averaged orientations of dipoles in 
different belts (left) are shown for weak external field (H = 167 G). The belts comprise the 



following numbers of nanocubes, from left to right: 300, 284, 600, 564, 900, 846. All of the 
energy values and dipole configurations shown in the figure are averaged over 10,000 MC steps.  
 

Figure S23 shows snapshots from MC simulations of nanocube assemblies during the helix 
formation, and the corresponding energies (Zeeman energy Ez, dipole-dipole energy Edd, 
anisotropy energy Ea, total magnetic energy Emag = Ez + Edd + Ea, van der Waals energy EvdW, 
and the total potential energy Eall = EvdW + Emag). The loss of vdW coupling and, to some extent, 
the Zeeman and dd coupling in helices is compensated by the gain in Ea and the growth of 
entropy of the looser and more randomly organized NCs (Fig. S23; also seen experimentally, e.g. 
Fig. 2D in the main text) (these simulations were performed with scaled parameters to yield 
helices despite the small widths of the filaments; helices formed by thick filaments should be less 
prone to entropic forces due to stronger effective magnetic fields).  
 

 
 
Fig. S23. Snapshots of nanocube assemblies during helix formation (left) and the contributing 
energies (right) (Ez, Zeeman energy; Edd, dipole-dipole energy; Ea, anisotropy energy; Emag = Ez 
+ Edd + Ea, total magnetic energy; EvdW, van der Waals energy; Eall = EvdW + Emag, total potential 
energy). The curves in the plots were obtained from smoothing (window = 500 steps) the original 
data (shown as thin lines). 
 
 
Having discussed the magnetic and spatial structures of individual belts and helices, we examine 
the formation of their ensembles. The formation of wide ribbons in weak fields signifies the NC 



attraction perpendicular to the field direction (46, 47). Simulations (Fig. S24) show that two 
parallel belts attract each other if their dipoles assume zigzag configurations, but they repel each 
other when the dipoles are largely parallel. Therefore, under weak fields, narrow belts repel each 
other (parallel dipoles) whereas the wide ones attract (zigzag dipoles). As the external field 
grows, belts switch their magnetic arrangements from zigzag (attraction) to parallel (repulsion) 
(Fig. 1D), which stops their widening at high fields, in agreement with the experiments. 
However, at low fields the “zigzag” belts would widen without limitation, contrary to 
observations. In reality, introduction of a disorder within the belts (observed experimentally; cf. 
Fig. S8E) causes the zigzag attraction to be overcome by a mean interfilament repulsion (Fig. 
S24, right). We also modeled a potential energy dependence of two helices as they approach one 
another to explain the observation of parallel helices (Fig. S15) – Fig. S25 shows that decreasing 
distance between the helices is associated with their mean magnetic repulsion. 
 

 
 
Fig. S24. Potential energy dependence on the distance between two perfectly aligned and slightly 
disordered belts100. In each case, total magnetic energy, Emag = Ez + Edd + Ea, was averaged at 
each distance over 5,000 MC steps of two belts approaching each other as a function of their 
separation. Emag of two isolated belts was set as zero. The cases of weak, intermediate, and strong 
external magnetic fields (H = 167, 417, 688 G, respectively) are shown for two n×n×100 belts, 
where n = 2, 3, 4, 5, and 6. 
 
 
 



 
 
Fig. S25. Potential energy dependence on the distance between two helices approaching each 
other. Zeeman energy, Ez; dipole-dipole energy, Edd; anisotropy energy, Ea; and total magnetic 
energy, Emag = Ez + Edd + Ea at each distance were averaged over 5000 MC steps. Colors 
correspond to different values of the applied magnetic field: 167 G (green), 417 G (yellow), 668 
G (red).  
 
 
Finally, we modeled the behavior of pairs of helices (the last one in Fig. S23) as a function of the 
phase angle (Fig. S26) and separation distance (Fig. S27), depending on their handedness (the 
same vs. opposite chirality). The calculations show that the most favorable configuration of two 
neighboring helices is when they are in phase (i.e., shift angle = 0), irrespective of their 
reciprocal handedness (Fig. S26). We also found that thin helices of the same handedness repel 
each other slightly stronger than helices of opposite handedness (Fig. S27).  
 
 
 
 



     
Fig. S26. Potential energy dependence of helices of the same (left panel) and opposite (right 
panel) handedness as a function of the phase angle. 
 
 

         
Fig. S27. Magnetic potential energy (in kcal/mol per particle) of helices of the same (left panel) 
and opposite (right panel) handedness as a function of reciprocal distance (the helices are 
parallel). The magnetic interaction energy at large distance is set as zero. 
 
 
 



S4. Details of the simulations 
 
At room temperature, small (d < 26 nm (48)) magnetite nanocubes are superparamagnetic (SPM) 
(no coercive fields) (49). Each nanocube possesses a super-dipole (associated with its single 
magnetic domain), whose orientation fluctuates at room temperature. In external magnetic fields, 
the dipole becomes partially locked to the field by Zeeman coupling, and its motion is further 
constrained by magnetocrystalline anisotropy (MA). For an isolated nanocube, the total energy 
of such a dipole with a given orientation is given by the sum of its Zeeman and MA 
energies, Ei  Ei

Z  Ei
A . The Zeeman energy is given by 

, (1) 

where Kz = 1.647·10–2 kcal/mol (= 2.77·10–2 kT at 300 K), is the external magnetic 

field vector (in Gauss units), and is the magnetic dipole unit vector. In the 
absence of MA and dipolar coupling with neighboring nanocubes, the field-induced average 
magnetization of such SPM nanocubes can be described by the Langevin formula, 

M  ms (coth( ) 1
 ), where  0msH

kBT , ms is the material-dependent saturation magnetization, 

H is the applied magnetic field,0 is the magnetic permeability of vacuum, kB is the Boltzmann 
constant, and T is the temperature (50). However, the MA and dipole-dipole coupling can 
significantly modify the magnetization. 

Bulk magnetite (Fe3O4) has an Fd3m crystal structure with quartic and sixth-order 
anisotropy constants of KA1 = –3.784 kcal/mol and KA2 = –0.963 kcal/mol, respectively (49, 51, 
52). The quartic term is about four times larger than the sixth order term. Therefore, we just use 
this term to describe the MA energy (48, 53), 

Ei
A  KA1[( Mix Miy )2  ( Mix Miz )2  ( Miy Miz )2 ],  (2) 

where Mix , Miy , Miz  are the x̂ , ŷ , ẑcomponents of the magnetic dipole unit vector in the 

reference nanocube coordinates. The quartic term generates “easy” and “hard” magnetization 
axes of the nanocubes, which are oriented along the cube body diagonals and edges, respectively. 
We neglect other corrections of the bulk magnetocrystalline anisotropy energy related to the 
cubic shape of the nanoparticles (52, 54).  

The nanocubes interact magnetically with each other by a dipole-dipole (dd) coupling. For 
simplicity, we represent in our modeling the super-dipole of a single magnetic domain as a point 
dipole located in the center of each nanocube (10). Then, the dd-coupling energy of dipoles in 
two cubes is given by 

 (3)	

where Kd  0ms
2 / 4  7.973 kcal/mol, when the distance between dipoles is measured in 

units of a, ms = Ms·V = 1.174·10–18 A·m2 is the intrinsic magnetic moment of a homogeneously 



magnetized nanocube, where Ms = 480 kA/m is the saturation magnetization of a bulk magnetite 
(45) andV  2a3

 
3( 7

6 )  0.9a3is the cube volume (a is a cuboid length). In reality, the 

magnetization of nanocubes is not homogeneous due to cubic shape factors (52, 54). Moreover, 
the saturation magnetization of magnetite nanocubes can be significantly smaller than bulk 
magnetite materials due to disordered spin-glass-like canting spins at the nanocube surface and 
imperfections in coordination number (51). We assume that the saturation magnetization of our 
nanocubes is ~10-20% smaller than in bulk magnetite due the existence of a disordered surface 
of an a ≈ 1 nm thickness (55, 56). 
 
 

 
  
Fig. S28. (A) Atomistic model of a single Fe3O4 nanocube functionalized with oleic acid ligands. 
The shape of the inorganic core is based on averaging of multiple TEM images of individual 
nanocubes. Corner bluntness, ρ, is defined as the ratio of the rounding radius to the side length, 
and varies between 0% for a perfect cube and 50% for a sphere. (B) Two superparamagnetic 
nanocubes with side length a positioned side by side and aligned face-to-face. (C) Atomistic 
model of two nanocubes coated with oleic acid ligands. (D) Field-dependent average magnetic 
energy E(R) of two nanocubes at temperature, T = 300 K. The magnetic energy of two isolated 

cubes is set as zero. Weak- and strong-field asymptotic dependencies are shown by dashed black 
lines. (E) The effective vdW potential associated with bulk nanocube coupling. Top inset: 
surface elements (color scale from blue to red corresponds to the increase of the surface area per 
element) used in the repulsive part of the vdW coupling energy ( EW

rep in Eqn. 4). Bottom inset: 



subdivision of a nanocube by 27 identical volume elements (colored for clarity) used in the 
attractive part of the vdW coupling energy ( EW

attr in Eqn. 4). 
 
 
Eqn. 3 gives the dd-coupling energy of two fixed dipoles. However, the average dd-energy can 
only be obtained by statistical averaging of Eqn. 3 over thermally accessible dipole orientations 
(in MC simulations averaging over trajectories), as schematically shown for two nanocubes in a 
face-to-face arrangement in Fig. S28B. Fig. S28D obtained in this way by semi-analytical 
simulations shows that the average dd-coupling energy between two fluctuating dipoles 
positioned side-by-side and affected by the MA and the Zeeman coupling (see Eqn. 6) changes 
with distance from1/ R6  (attraction) for randomly fluctuating magnetic dipoles (Keesom-like 
potential, weak-field regime of SPM nanocubes) to 1 / R3 (repulsion) for strongly coupled 
ferromagnetic dipoles (57) (strong-field regime of SPM nanocubes). At medium field strengths 
(200-500 G) the R-dependence is non-monotonic with explicit repulsion and attraction regions. 
When the same calculation is done for nanocubes rotated by 45° with respect to field (cube edge 
on top) (corresponding to a diamond-like arrangement in Fig. 1E, right), the field dependence is 
similar, except that the repulsion starts at much lower fields (~50-100 G). These results indicate 
that the simple-cubic lattice arrangement is more “reactive”, since neighboring nanocubes can 
help each other to minimize MA by tilting the dipoles (58) 

In the MC simulations, the nanocubes are modeled by rigid bodies with a cuboid shape, 
closely resembling the nanocubes used in experiments, described by a superellipsoid 
equation x6  y6  z6  (a / 2)6 , where a = 13.37 nm is the edge length (Fig. S28B). In order to 
estimate the surface vdW coupling energy of two nanocubes (vacuum), we build an atomistic 
model of the nanocubes coated with oleic acid (OA) ligands (see Fig. S28C. This ligand-ligand 
coupling results in a high vdW energy of ~700 kcal/mol per nanocube surface. However, this 
large surface vdW coupling can only take part upon a complete evaporation of excess OA used 
as a co-solvent. Since evaporation of OA does not take place under experimental conditions, we 
cannot use this surface vdW coupling in our MC simulations. 

Instead, we describe the non-magnetic coupling between our nanocubes by an anisotropic 
potential (see Fig. S28E) which includes bulk vdW attraction of the nanocube cores in the OA 
solvent and the steric repulsion between the surface ligands, 
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The attraction term is a pairwise Hamaker expression (with a scaling constant1), in which the 
integral is taken over volumes of two interacting nanocubes. Each nanocube is divided into 33 = 
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 nanocubes. 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 
nanocube and the surface element of the interacting nanocube. The shape of the vdW potential 
(Fig. S28E) is tuned by fitting parameters ε1 = 130, ε2 = 290, and β = 9.56 nm in 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 nanocubes, as in experiments (2.99 nm). The strength of the vdW 
coupling (depth of the potential curve) is defined by a constant of KW  1

A
 2 ( 0.9a3

27 )2  2.5 105nm6 

kcal/mol, which gives a maximum vdW interaction energy of 2.33 kcal/mol per nanocube. 

We add the above energy contributions to obtain the total energy of an ensemble of 
nanocubes, 
  

ET  Eii1

NP  (Eij
dd

ji1

NPi1

NP  Eij
vdW ) . (5) 

This energy is used in our simulations of the nanocube self-assembly performed with a Markov 
Chain Monte Carlo (MCMC) algorithm and the Metropolis scheme (25). The algorithm uses 
pseudo-random numbers (“random walks”) to generate configuration samples that form a 
Markov chain. The configuration chain represents a trajectory that should eventually converge to 
an equilibrium canonical ensemble of nanocube-structure configurations. The expectation values 
can be obtained by averaging over the equilibrated configurations in the stabilized trajectory. To 
elucidate magnetic structures for frozen nanocube positions (Fig. S28B), we performed separate 
semi-analytical simulations, where we averaged over the magnetic energies in a phase space 
associated with magnetic degrees of freedom, 

ET 
ET eET /kTi di

eET /kTi di
.  (6) 

Here, di  sinidid i , andi ,i are the spherical angles of individual magnetic dipoles in the 
lab system of coordinates.  

In the MC simulations, we compute the total energy difference, ΔET, between the system 
configurations before and after we perform the proposed nanocube or dipole movements. In the 
Metropolis scheme, a new configuration is accepted whenET  0or when a random number in 

the interval [0, 1) is smaller than eET /kT , otherwise the old configuration is kept and the MCMC 
algorithm proceeds to the next step. In one MCMC cycle, we first vary the values (position and 
orientation) associated with the mechanical degrees of freedom of every nanocube, and then we 
perform 10 magnetic steps (local magnetic dipole orientation sampled randomly) for all 
nanocubes in a random order. We introduce the nanocube translation by a randomly oriented 
vector and a random length shorter than δs. Likewise, nanocube rotation is performed by moving 
the nanocube around a randomly oriented axis by a random angle smaller than δa. During the 
simulation, δs and δa can be changed by 5% (up or down) every 10 cycles in the first 2000 MC 
cycles and every 1000 MC cycles thereafter to maintain a 50% acceptance rate of the proposed 
configurations. We achieve uniform sampling in the orientation space by choosing our randomly 
oriented vectors from a R3 unit sphere (59). This vector selection process is also used to prepare 
the randomized initial dipole orientation of our simulated systems.  

In the simulations, we use the Gilbert–Johnson–Keerthi (GJK) algorithm (60) to efficiently 
determine if two nanocubes overlap. The GJK algorithm can be applied to any convex shapes, 
once a support function for the particular shape is given. In order to find the support function for 
our nanocubes, we apply the Lagrange multiplier method with a constraint 



equation x6  y6  z6  (a / 2)6 . The support function for an axis-aligned cuboid-shaped nanocube 
is given by 

. (7)	

The support function returns a point on the nanocube that is furthest along the 
direction . gives a boundary point on the 

Minkowski difference of nanocube i and j, where and are d projected onto the coordinate of 

nanocube i and j, respectively. Tetrahedron (3-simplex) formed by four points on boundary of 
the Minkowski difference will enclose the origin if overlap exists and the enclosure check is 
done by only a few dot product operations. 
 

Despite the fact that only explicit forces acting on the particles and related energies are 
used in the MC simulations, the entropy is automatically treated as well. However, the MC code 
only deals with the configurational entropy of the particles and spins. Other sources of entropy 
associated with the atomistic nature of the system (solvent, ligands, depletion, etc.) (1, 61-68) are 
not considered in these coarse-grained simulations. Although it would be, in principle, possible 
to extract an analytical formula for some of these contributions (66, 69) such an expression 
describing two-particle interactions would be hard to implement practically on a model analytical 
level in the current many-particle system. Recently, entropy was reported as an important factor 
in the formation of helices under limited conditions [(70) and related studies based on colloidal 
spheres inside thin cylindrical channels]. Another mechanism discussed by Chaikin et al. (71) 
demonstrates that helical assemblies of asymmetric dumbbells can result from interplay of 
magnetic and steric interactions. 

 
S5. Differences and similarities to previously reported helical assemblies of nano- and 
microparticles 
 
The helical assemblies reported here are unique in that they are prepared from achiral building 
blocks – iron oxide nanocubes – in sharp contrast to the vast majority of helical assemblies of 
nanosized particles reported previously, which were made using pre-existing helical templates. 
These helical templates included peptide amphiphiles (72, 73), DNA (74, 75), lipids (76) and 
synthetic supramolecular templates (77), among others (78, 79). A notable exception was 
reported by Kotov et al., who described an interesting process whereby CdTe nanoparticles self-
assembled into complex superstructures, which further evolved into twisted ribbons as a 
consequence of light-promoted oxidation of telluride ions (31). Remarkably, the twist of the 
ribbons could be controlled by varying irradiation time, but the process led to a roughly equal 
mixture of right- and left-handed ribbons. Interestingly, as-prepared twisted ribbons could 
subsequently be converted into helical gold assemblies by the reaction with a gold salt in high 
yield (80). 

In larger systems comprising micron-sized colloids, helical assemblies can form when 
packing frustration is induced. Such frustration can result either from selecting tailor-made 
particles, or by confining spherical colloids inside thin cylindrical channels. The first strategy is 
best exemplified by Bibette et al. who studied heterodimeric colloidal particles, each comprising 



a small paramagnetic domain and a large diamagnetic domain (71). In the presence of an external 
magnetic field, the magnetic domains assembled into one-dimensional chains oriented along the 
lines of the applied field. The steric bulkiness imposed by the diamagnetic domains forced the 
assembly to assume a helical structure. The self-assembly of these (81) and disc-like ellipsoidal 
(82-84) colloids into helices was also studied theoretically. 

Another way to induce packing frustration is to perform inside one-dimensional cylinders 
having internal diameters not much larger than the diameters of spherical colloids (85-90). 
Notably, sharp transitions between disordered and ordered helical assemblies could be observed 
upon increasing the volume fraction of the spheres inside thin glass capillaries (91). 
Analogously, spheres confined to the outer surface of a cylinder assumed a helical arrangement 
in order to maximize the commensurability with the cylinder circumference (92). 
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