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1. Introduction

Biocompatible iron oxide nanoparticles 
(IONPs) are well suited for in vivo appli-
cations such astargeted drug delivery, 
contrast agents for magnetic resonance 
imaging (MRI), or hyperthermia treat-
ment.[1–7] The IONPs in the size range 
between 10 and 100  nm are considered 
optimal for intravenous injection and 
prolonged blood circulation.[8] Control 
and manipulation of IONPs with applied 
magnetic fields are essential for those 
applications. IONPs can assemble into 
extended structures when magnetic field 
is applied. Assemblies of IONPs are more 
appealing for in vivo applications than 
single particles because of their larger 
magnetic moment, which are better con-
trolled by smaller magnetic fields. For 

Self-assembly of iron oxide nanoparticles (IONPs) into 1D chains is appealing, 
because of their biocompatibility and higher mobility compared to 2D/3D 
assemblies while traversing the circulatory passages and blood vessels for in 
vivo biomedical applications. In this work, parameters such as size, concentra-
tion, composition, and magnetic field, responsible for chain formation of IONPs 
in a dispersion as opposed to spatially confining substrates, are examined. In 
particular, the monodisperse 27 nm IONPs synthesized by an extended LaMer 
mechanism are shown to form chains at 4 mT, which are lengthened with 
applied field reaching 270 nm at 2.2 T. The chain lengths are completely revers-
ible in field. Using a combination of scattering methods and reverse Monte 
Carlo simulations the formation of chains is directly visualized. The visualiza-
tion of real-space IONPs assemblies formed in dispersions presents a novel 
tool for biomedical researchers. This allows for rapid exploration of the behavior 
of IONPs in solution in a broad parameter space and unambiguous extraction 
of ​the parameters of the equilibrium structures. Additionally, it can be extended 
to study novel assemblies formed by more complex geometries of IONPs.
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example, IONPs conjugated with virus assemble are used as 
magnetic viral nanosensors for selective detection of viruses.[9] 
In the presence of a magnetic field spherical IONPs are shown 
to self-assemble into a 1D, 2D, or 3D structures.[10–13] However, 
1D chains offer a number of advantages for in vivo applica-
tions. They have a better mobility while traversing through 
circulatory passages, as well as a higher targeting accuracy 
for drug delivery.[14] Flexible 1D chains with an active propul-
sion system are shown to have an enhanced contrast for MRI 
applications, which is easier to interpret as compared to 2D/3D 
assemblies.[14,15] 1D chains have become more and more critical 
not only for medical applications, but for fabricating of nano-
circuits, waveguides, and logic computations devices.[15–17] Yet, 
many studies are devoted to complex 2D/3D structures, while 
experimental studies of “simpler” 1D structures are somewhat 
limited.[18–20]

The self-assembly of IONPs is driven by a delicate balance 
between attractive (e.g., magnetic dipolar, van der Waals) and 
repulsive (e.g., electrostatic, steric) interactions.[21] The strength 
of these interactions depends on several parameters such as 
size, particle geometry, concentration, composition, ligand shell 
thickness, temperature, and magnitude of the applied magnetic 
field. The theoretical foundation for 1D chains was developed 
as early as the 1970s in the pioneering work by de Gennes and 
Pincus.[22] They predicted formation of chains in zero mag-
netic field in solution. But it was not until late 1990s, when the 
first numerical studies of chain formation using Monte Carlo 
simulations revealed that the chains formed by nanoparticles 
are flexible and may bend, break, and recombine making them 
similar to “living polymers.”[23] Nearly 40 years later successful 
direct imaging of chains in zero field in dried magnetite col-
loid was possible by using transmission electron microscopy at 
cryogenic temperatures (cryoTEM).[11,24,25] Moreover, template-
assisted chains were reported by various groups using con-
ventional microscopy techniques.[26,27] Several transmission 
electron microscopy (TEM) studies have provided experimental 
evidences of chain formation; however, the spatial confinement 
of chains on a TEM grid or a substrate does not replicate the 
actual environment of IONPs for in vivo applications. Chain 
formation was also studied in solutions by X-ray and neutron 
scattering methods. Klokkenburg et  al., showed that IONPs 
formed 3D-ordered structures in dispersions in an applied 
field of 1 T via intermediate chain formation.[10] In some cases, 
no chain formation was observed at all and single crystal-
like 3D assembly of IONPs was formed in magnetic field of  
2.2 T.[12] Barrett et  al., demonstrated presence of short chain 
segments 3–4 particles for cobalt nanoparticles dispersions.[28] 
In this work, we use scattering methods to study chain forma-
tion by spherical IONPs in a dispersion at room temperature, 
simulating an environment which is more relevant for in vivo 
applications. Investigations were carried out on both commer-
cial and specifically synthesized IONPs with various diameters 
(5–27 nm) and concentrations (0.66–44 mg mL−1) subjected to 
magnetic fields of 0–2.2 T. We combine scattering data with 

advanced Reverse Monte Carlo (RMC) simulations to provide 
real-space distributions of self-assembled IONPs at various 
applied magnetic fields, including zero-field for IONPs in dis-
persion. Our method is akin to direct visualization of IONPs 
deposited on a substrate using electron microscopy.

2. Results and Discussion

An overview of the samples used in this study (Table 1) includes 
commercially synthesized particles from NNlabs (F05, F10), 
OceanNanotech (F24), Sigma-Aldrich (F50) and specifically 
synthesized samples (F20, F27). F20 and F27 samples were 
synthesized at Center for Integrated Nanotechnologies, Sandia 
National laboratories and Los Alamos National Laboratory 
(LANL) using an extended LaMer mechanism.[29] This is a 
method of choice for synthesizing monodisperse nanoparticles 
of bigger sizes in large quantities suitable for in vivo applica-
tions. The crystal planes are clearly visible in the representative 
high resolution TEM images of F20 and F27 (Figure 1a,b) indi-
cating the high crystalline order of the specifically synthesized 
IONPs. TEM images of other samples are shown in Figure S1 
in the Supporting Information. We carried out synchrotron 
X-ray PDF measurements on selected IONPs in order to probe 
their composition and local crystal structure. The best model 
for F20 assumes a mixed composition of 23% maghemite and 
77% magnetite (mass fractions), while the model for F27 is a 
mixture of 48% maghemite and 52% magnetite. We observe 
some evidence of local disorder or antiphase boundaries in the 
F20 and F27 samples, manifested by considerable deviations 
of the model from experimental data at r  <  12 Å (Figure S2, 
Supporting Information). The size and composition dependent 
magnetic properties of IONPs are characterized with field- and 
temperature-dependent DC magnetization measurements and 
compared with a reference (F50).

Field-cooled (FC) and zero-field-cooled (ZFC) magnetiza-
tions as a function of temperature were used to measure the 
blocking temperature (TB) of our particles for different concen-
trations (Figure 1; Figures S3–S5, Supporting Information). F10 
sample (Figure  1e) shows TB of about 18 K, while TB for F27 
sample is above 300 K (Figure 1f). Despite the magnetite phase 
present in our IONPs as shown with xPDF, only F50 sample 
revealed a kink in M(T) which we interpret as Verwey transition 
at around 100 K in ZFC magnetization (Figure S3c, Supporting 
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Table 1.  Summary of samples used in this work, where D is diameter 
and ΔD is polydispersity; TB is blocking temperature. Exchange bias 
(HEB) and coercive (HC1) fields are obtained at 5 K. Standard deviation 
for both values is 15 Oe. N* is the aggregation parameter calculated for 
concentration 22 mg mL−1 in saturation magnetic field.

Sample ID D [nm] ΔD [%] TB [K] HEB [Oe] HC1 [Oe] N*

F05 5.2 ± 0.6 12 10 0 16 0.07

F10 9.5 ± 0.8 9 18 27 70 0.22

F20 20 ± 1.8 9 250 43 513 ≈103

F24 24 ± 2 9 300 90 561 ≈106

F27 27 ± 2 8 >300 11 523 ≈1010

F50 (ref) 50 ± 25 50 >300 0 220 ≈1070
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Information), lower than the nominal temperature of 125 K. A 
visible Verwey transition is suppressed in IONPs with diame-
ters smaller than 50 nm, in agreement with previous report.[30] 
The measured saturation field was around the bulk value of  
0.2 T for all samples, and 0.5 T for F24 at 300 K (Figure  1g). 
M–H curves revealed the finite exchange bias field for all sam-
ples at 5 K, when cooled down in 1 T from 300 K (top inset 
Figure  1g). The experimental TB is higher than the theoretical 
one for noninteracting IONPs of the same size and composi-
tion (Figure S6, Supporting Information). The increased TB 
is due to dipole–dipole interactions between IONPs, which 
become stronger for larger particles.[30] These dipole–dipole 

interactions are dominant in F27 due to a large size and are vital 
driving forces in formation of chains. Using scanning electron 
microscopy (SEM), chain formation can be directly observed for 
F27 IONPs drop cast and spin coated on a substrate at ambient 
conditions. Drop-cast samples indicates the presence of chains 
even in zero field for F27 sample (Figure 1c) in agreement with 
previous observations of zero-field chains with cryoTEM.[24] 
The chains are aligned and disentangled by a combination of 
centrifugal forces and surface tension when the sample is spin 
coated (Figure 1d).

Simulations employing Langevin approximations have 
shown that the aggregation parameter eo

1N φ= γ∗ − , which is 
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Figure 1.  a,b) epresentative TEM images of F20 (a) and F27 (b) nanoparticles. The insets show high resolution images and derived size distributions. 
c,d) SEM images of F27 nanoparticles drop cast (c) and spin coated (d) on a silicon substrate. e) ZFC/FC curves of F10 measured at 0.01 T. f) ZFC/
FC curves of F27 at 0.01 T. g) M–H curves of IONPs at 300 K. The insets show the same M–H curves at low H, at 5 K (top) and at 300 K (bottom).
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a combination of dipolar coupling strength γ and the volume 
fraction Φo, is the main parameter controlling chain formation 
in dilute systems.[31] Three cases can be distinguished: (i) N* ≤ 
1 results in no chain formation; (ii) a N* > 1 describes an equi-
librium state with a finite chain length, or (iii) non-equilibrium 
state with a power-law increase of chain lengths when magnetic 
field is applied. N*is calculated in Table 1 for the concentration 
of 22 mg mL−1 for all samples. The concentration dependence 
of N* is depicted in Figure S7 in the Supporting Information.

We used small-angle X-ray scattering (SAXS) and small-
angle neutron scattering (SANS) measurements to study self-
assembly of the particles in dispersion at room temperature. 
The experimental setup for SAXS and SANS measurements 
is depicted in (Figure 2a). In this geometry, we detect the scat-

tering along the magnitude of the scattering vector 
4 sin

Q
π θ

λ
=  

where 2θ is the angle between the incident and scattered neu-
tron beam, and λ is the incident X-ray or neutron wavelength.

SAXS measurements experimentally probe the effect of size, 
concentration and applied field in self-assembly of IONPs at 
room temperature (Figure S8, Supporting Information). SAXS 
measurements of F05 and F10 IONPs at 0.9 T show no self-
assembly even at the highest concentration, in agreement with 
N* < 1 (Figure S9, Supporting Information). The radially aver-
aged SAXS data at 0 T (Figure  2c) for F20 and F24 samples 
are well described by a model of spherical form factor F(Q) 
(schematic in Figure  2b top) for noninteracting IONPs. The 
diameter, shape and size distribution obtained from SAXS 
data refinements agree well with TEM results. However, F27 
IONPs at 0 T (Figure  2c) cannot be properly described by 
spherical form factor, due to the correlation peak in radially 
averaged data. This indicates that F27 IONPs aggregates even at  

0 T. In order to quantify self-assembly of F27 IONPs we fit the 
data to a linear pearl model (schematic in Figure  2b bottom). 
The model describes N spheres of radius R linearly joined by 
straight strings of negligible thickness.[33] The fitting parame-
ters are diameter D and edge separation parameter ℓ = dctc − D, 
where dctc is the center-to-center distance between the IONPs. 
D = 27(2) nm is obtained from this fit, which agrees well with 
TEM and SEM results, with ℓ = 9.7 nm for 0 T data. This result 
suggests that self-assembly of F27 IONPs is best described by 
formation of chains even at zero field. When 0.9 T magnetic 
field is applied, the correlation peak becomes more intense 
compared to 0 T (Figure 2d). We further investigate the effect of 
varying concentration at 0.9 T for F27 IONPs (Figure 2e). Even 
when the dispersion is diluted by a factor of 10, the correlation 
peak is clearly visible, meaning that dilution did not disinte-
grate chains once they are formed. Since the applied field of 
0.9 T used in SAXS experiments is above the saturation field, 
the magnetic moments of IONPs are aligned along the field. 
Analogous to the spinning forces that aligned the IONPs on a 
substrate (Figure 1d), the magnetic interactions between IONPs 
and applied field drive formation of chains. Surprisingly, SAXS 
experiments found no self-assembly for F20 IONPs at 0.9 T, 
despite N* > 1 (Figure 2b).

We used SANS measurements to explore magnetic inter-
actions between IONPs and to unambiguously determine 
the ligand shell thickness using selective isotope substitution  
(Figures S10 and S11, Supporting Information). A core–shell 
form factor was used to fit the data. The core size was fixed 
to the value obtained from SAXS and TEM, while shell thick-
ness was refined. The shell thickness of 1.3(4) and 1.7(1) nm 
was obtained for F20 and F27 samples at 0 T, respectively. Both 
values are smaller than the nominal length of fully stretched 

Adv. Mater. 2021, 33, 2008683

Figure 2.  a) Schematic of the SAXS/SANS setup. The dotted lines on the detector indicate the annulus in which the data were radially averaged. b) 
Schematic of the spherical form factor and linear pearl model. c,d) Radially averaged SAXS data collected at 0 T (c) and 0.9 T (d) for F20, F24, and F27 
samples. e) SAXS data collected at 0.9 T for F27 sample in concentrations ranging from 1.98 to 22 mg mL−1.
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oleic acid (OA) ligand, due to the bending conformity of the OA 
shell. Similar to SAXS patterns the 2D SANS patterns of F20 
sample is isotropic even in the highest field of 2.2 T, indicating no 
self-assembly, despite N* ≫ 1 (Figure S12, Supporting Information).

Thermogravimetric analysis (TGA) of F20 and F27 samples 
(Figure S13, Supporting Information) indicates that F20 sample 
has an 80% mass fraction of organic materials as compared to 
only 50% in F27 sample. The excess of organic materials in F20 
sample, presumably in the form of micelles attached to shell or 
free radicals, can induce large repulsive forces competing with 
attractive dipolar ones. In an actual in vivo environment, the 
IONPs could be subject to various forces like electrostatic inter-
actions, and additional repulsive forces which were not consid-
ered in Langevin simulations.

2D SANS pattern of F27 sample show intensity peaks 
around Qy ≈ ±0.02 Å−1 even at low field of 0.004 T (Figure 3a). 
Increasing the magnitude of the applied magnetic field changes 
the 2D SANS pattern of F27 IONPs from curved and diffuse 

horizontal stripes at low fields into sharp straight stripes at 
high fields (Figure  3a–f). Importantly, the field-induced pat-
terns revert back to their original state by removing the mag-
netic field. The radially averaged data shown in Figure 2 indi-
cates the presence of chains, thus 2D anisotropic SANS data is 
divided into sectors parallel to the applied field H to reveal the 
structural details of these chains.

The correlation peak observed in the integrated intensity of 
the sector parallel to H is modelled with a Gaussian function in 
order to obtain the peak position and width (Figure 3g).

The peak position corresponds to the projection of the 
center-to-center distance between the IONPs on the field axis 

2


Q

π=








⊥ . The width of the peak describes the correlation 

length given by ζ
2

W

π= , where W is the width of the correla-

tion peak, related to the chain length. The dependence of both 
parameters on field magnitude is depicted in Figure 3h,i. With 
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Figure 3.  a–f) 2D SANS patterns of F27 from 0 to 2.2 T. g) 2D SANS patterns are divided into sectors of width 15° with sector centers at α  =  0°, where 
α is the angle between scattering vector Q and field direction H. The fits to Gaussian function are in solid black lines. h) Projection of the center-to-
center distance (ℓ⊥) between the IONPs and i) correlation length ζ as a function of field. The solid lines are guide for eyes. The schematics show the 
bending of chains at low and high fields.
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increasing field, the projected distances are found to lengthen 
as the chains straighten. The distance eventually becomes a 
constant at H ≥ 0.5 T, because the straight chains are in their 
most energetically favorable configuration.

The effective correlation length obtained at 2.2 T is ≈270 nm and 
contains about 8–9 individual IONPs. Despite the intense attrac-
tion, there is no continuous growth of chains as predicted by the 
Langevin simulations. A similar equilibrium state was previously 
observed for Co NPs with chain lengths of ≈65 nm containing 3–4 
particles.[28] Indeed, the chain lengths in solution of F27 IONPs are 
much shorter than those observed for the same particles deposited 
on a substrate (Figure 1c,d). The flexibility of chains in dispersion 
can be controlled by tuning the magnetic field. At higher applied 
fields, the strong interaction of the dipoles with magnetic field 
overcomes the dipole–dipole interactions between IONPs and dis-
entangle the dipolar chains into straight chains.

SANS data sector analysis and radially averaged SAXS/SANS 
data modelling using a linear pearl model both indicate the for-
mation of tortuous chains induced by field that lengthen and 
straighten with increasing field. In order to gain insight into 
the real-space distribution of IONPs in solution, we employed 
RMC simulations to analyze 2D SANS data. The core and 
shell parameters obtained from SAXS and SANS were used 
for defining the size of the particles in the box. The number 
of particles in the box was limited to 300. We match the experi-
mental concentration by changing the size of the box. Thus, 
we compared RMC simulated and experimental 2D patterns by 
clipping the latter and putting both on the same scale. The 2D 
experimental and simulation patterns (Figure 4) are shown for 
50% d-toluene contrasted data at a sample-to-detector distance 
of 14 m. At this distance, we have access to low Q, which con-
tains high-resolution data of the structure factor. At zero field, 
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Figure 4.  a–f) D experimental SANS and simulated patterns with corresponding real-space positions of IONPs at 0 T (a,b), 0.006 T (c,d), and 2.2 T 
(e,f). The field direction is along the vertical direction, as shown by an arrow.
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the small clusters of F27 IONPs are clearly visible (Figure  4). 
The direction of the effective dipolar field experienced by a 
single IONP is determined by random orientation and arrange-
ments of its neighbors. On application of a field H ≤ 0.5 T, the 
direction of the IONPs dipolar field is in competition with the 
effective dipolar field from the clusters forcing more particles to 
align with the field and extend into ordered chains. As seen in 
Figure 4d, when H = 0.006 T there are linear chains bent along 
the field axis and some chains bent along the chain axis. When 
the field is above 0.5 T which is larger than the saturation field, 
straight chains are formed (Figure  4f). In agreement with the 
1D SAXS/SANS analysis, we found an equilibrium state with 
finite chains and no exponential or power law increase in chain 
lengths with concentration.

3. Conclusion

The use of IONPs for specific in vivo applications depends 
on accurate determination of their control parameters for 
manipulation in applied magnetic field. Experimental meas-
urements of size, composition, local crystal structure of IONPs 
and their interaction with the field, indicated the vital role of 
dipole–dipole interactions. In particular, we studied forma-
tion of flexible nanochains by 27 nm IONPs and their behavior 
in magnetic field. The length of the chains is ultimately con-
trolled by a magnitude of applied magnetic field and it can be 
reversed. A powerful combination of scattering methods and 
RMC simulations enables studies on field-driven self-assembly 
of IONPs with more complex geometries than spherical par-
ticles. Real-space visualization of self-assembly of IONPs in 
solution provided by this combination is a key component for 
facilitating the development of novel biomedical applications. 
Future experiments using phosphate-buffer saline in a micro-
fluidics device driven by pulsatile flow could be a step towards 
approaching a more realistic biomedical environment.

4. Experimental Section
Samples: Monodisperse IONPs with a diameter of 20 nm (F20) and 

27  nm (F27) were synthesized using an extended LaMer mechanism 
described elsewhere.[29] Commercially synthesized IONPs in solution 
with a diameter of 5 nm (F5) and 10 nm (F10) were obtained from NN 
labs and 24  nm (F24) from Ocean Nanotech. All IONPs were further 
coated with a shell of the oleic acid surfactant to prevent agglomeration. 
Reference powder of IONPs (F50) with a wide size distribution of 
50–100 nm was obtained from Sigma Aldrich.

Microscopy: TEM measurements were carried out in the Ernst Ruska-
Centre at Forschungszentrum Jülich with a Philips CM20 TEM and FEI 
Tecnai G2 F20 using an accelerating voltage of 200 kV.[32]

The SEM studies were performed on dried and spin-coated IONPs 
using a Hitachi SU8000 instrument at 20  kV of accelerating voltage. 
About 25 µL of highly diluted solution of F27 IONPs was deposited on a 
n type (111) silicon substrate. The drop-cast samples were allowed to dry 
out at ambient conditions. The spin-coated samples were prepared by 
coating IONPs with speed of 30 rps in 1 min.

Magnetization Measurements: DC magnetization measurements were 
carried out at temperatures from 5 to 350 K and in fields as large as 7 T 
using a Physical Property Measurement System (PPMS). The samples 
were dispersed in paraffin and sealed inside plastic capsules, which were 
inserted into PPMS using a brass rod. The standard field-cooled (FC) 

and zero-field-cooled (ZFC) measurements at 0.01 T were used to define 
TB.

X-ray and Neutron Scattering: SAXS measurements were performed 
at GALAXI beamline in Forschungszentrum Jülich.[33] The samples 
were dispersed in toluene and filled in borosilicate capillaries of 2 mm 
in diameter with a wall thickness of 0.05  mm. The wavelength was 
1.34 Å and sample-to-detector distance of 3.5 m was used in order to 
cover Q-range of 0.004–0.3 Å−1. The samples were studied in different 
concentrations ranging from 0.07 to 25  mg mL−1. All samples were 
measured in a magnetic field of either 0 or 0.9 T, perpendicular to the 
incoming beam. SAXS data was analyzed using the SASView software 
package.

The synchrotron X-ray pair distribution function (PDF) measurements 
were carried out at the beamline MS-X04SA at Swiss Light Source (SLS), 
Paul Scherrer Institute in Switzerland,[34] and at P02.1 beamline at DESY 
in PETRA III facility in Hamburg, Germany.[35] The following wavelengths 
were used: 0.432 Å (SLS) and 0.207 Å (DESY). The standard LaB6 and 
Ni bulk powders were measured to estimate the resolution of each 
instrument.

SANS experiments were carried out at the KWS-1 instrument operated 
by the Jülich Centre for Neutron Science (JCNS) at Heinz Maier-Leibnitz 

Zentrum (MLZ) in Garching, Germany.[36,37] The incident neutron 

wavelength, λ was fixed to 5 Å ( 10%)λ
λ

∆ = . The IONPs in solutions were 

filled in 1 mm thick quartz Hellma cells of type 110 for room temperature. 
The sample-to-detector distances were 14, 8, and 2 m and thus provided 
a wide Q-range coverage of 0.007–0.5 Å−1.

Reverse Monte Carlo Simulations: RMC simulations were used to 
model 2D SANS data collected with unpolarized neutrons. Initially, an 
ensemble of N particles were distributed randomly within a box with 
dimensions, L  =  2π/Qmin where Qmin is the minimum Q value on the 
detector, outside the beamstop. The simulated intensity is calculated as

∑) )( (= −
=

− exp .sim
1

c shell

2

I Q F iQ r
j

N

j
� (1)

where, rj is the position of the jth particle.
Periodic boundary conditions were assumed for particle-wall 

interactions and particle collision detection was accounted for. Each 
Monte Carlo step was performed by choosing a random particle and 
moving it randomly by one of three processes: linear move, jump, and 
orbital motion. The movement is accepted only if it resulted in decrease 
of discrepancy between the experimental and simulated 2D SANS data. 
The number of IONPs in simulations was set for N =  300 and the total 
number of Monte Carlo cycles was 100 steps per particle. The 2D RMC 
results were smeared with the instrument resolution function for a given 
sample-to-detector distance.
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