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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Magnetic capsules synthesized from M 
(AOT)2 surfactant containing Fe3O4 
nanoparticles have superparamagnetic 
properties.

• Magnetic anisotropy interaction plays 
an essential role in the formation of 
magnetic capsule structures containing 
Fe3O4 nanoparticles.

• Magnetic surfactants on the capsule 
surface play a vital role in the interac
tion of anisotropy and the formation of 
single-domain structures.

• The distribution of nanoparticles within 
a capsule affects its saturation magnetic 
values.
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A B S T R A C T

Investigating the magnetic nanoparticle size and the effective magnetic interactions that form the magnetic 
domain can lead us to nanoparticles with targeted applications, such as targeted drug delivery and higher res
olution MRI imaging. In this study magnetic susceptibility and coercive field properties, and the structure size 
range of single-domain magnetic capsules with high magnetization were obtained by structural analysis of 
volumetric DLS properties. In this regard, the role of exchange, anisotropy, and magnetostatic interaction was 
investigated in the structure of a magnetic capsule containing Fe3O4 nanoparticles (MCap-NPs). The stable 
capsules were synthesized in an emulsion solution with magnetic surfactants M(AOT)2 (M = Co, Ni). Vibrating 
Sample Magnetometer (VSM) and capsule relative volume (CRV) of Dynamic Light Scattering (DLS) were used to 
determine the magnetic properties of the single-domain (SD) structure. The produced emulsion samples were 
found to have superparamagnetic properties property with saturation magnetization in the range of 2–6 ×
10− 3emu/g for NiCap-NPs, and 5-13 × 10− 3emu/g for CoCap-NPs. The results show that nanoparticles have the 
most significant effect on magnetization. The coercive field, the anisotropy energy values, and the SD of M(AOT)2 
were determined using magnetic susceptibility distribution. The outcome results show that the surface of the 
magnetic capsule plays an essential role in forming a single-domain structure. It was also found that the 
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saturation magnetization of the samples in the emulsion solution is proportional to the nanoparticle density and 
not to the mass of nanoparticles. All produced samples have distinct peaks in CRV versus capsule size, and each 
peak follows a log-normal distribution. For both samples, except for the samples with molar ratios ω of 23 (Co3 
and Ni4 samples), the positions of the second and third relative volume peaks were constant at 269 ± 3 nm and 
424±6 nm, respectively. The behavior of the CRV function normalized to the peak size showed a proportionality 
between the coercive field and the CRV.

1. Introduction

The main issue for the application of magnetic nanoparticle (MNPs) 
in biomedicine is their size, high saturation magnetism, and long-term 
solubility. The high saturation magnetization values of MNPs, together 
with their long-term solubility properties, enable easy drug delivery to 
cancer cells, increased image resolution in magnetic resonance imaging 
(MRI), and improved heat dissipation in malignant hypertension (MHT) 
[1]. Superparamagnetic or single-domain magnetic materials with very 
high saturation magnetization have very good capabilities, especially in 
biomedical applications. Many studies have been conducted to investi
gate the magnetic interactions in single-domain magnetic nanoparticles. 
The various collective properties such as superparamagnetism [2,3], 
superferromagnetism [4,5], and super-spin glass [6,7] have been 
observed. The superparamagnetic nanoparticles, with many applica
tions in medicine [8–11], are an excellent example for further magnetic 
interactions study. The stability of colloidal solutions without aggrega
tion of magnetic nanoparticles [12] is controlled by the balance between 
attractive interactions (electric dipole, van der Waals, and magnetic) 
and repulsive interactions (electrostatic and steric). However, the effect 
of magnetic interactions on general magnetic properties of the stable 
colloidal solutions, with targeted applications, is still under extensive 
investigation. The magnetic properties of these nanoparticles are based 
on the competition between the magnetostatic (dipole-dipole) [13–17] 
and exchange interactions [18–20], and the anisotropy interaction 
[21–23].

The micro-magnetism theory provides a correct description of static 
magnetization far from the ideal homogeneous approximation and the 
coherence limit of the Stoner-Wohlfarth model [24] for single-domain 
structure (SD). This theory was developed by Landau and Lifshitz 
[25], Brown [26], and Kittel [27]. The stationary local magnetization at 
any point of the sample is the result of minimizing the internal magnetic 
energy EM [26]: 

EM =Eex + EA + Ems (1) 

where Eex is the exchange energy, EA is the anisotropy energy, and Ems is 
the magnetostatic energy [28]. According to the various change of 
anisotropy and magnetostatic energy, the balance of these two magnetic 
energies will be decisive in the stability of the magnetic structure [29]. 
Minimizing internal magnetic energies leads to the formation of mag
netic domains without external magnetic fields [29]. The theory of 
micro-magnetism introduces the magnetic index of the exchange length 
lex [30] and the hardness index κ [31], which represents the ratio of 
exchange energy and anisotropy energy to magnetostatic energy, 
respectively. The internal magnetic energy of particle distribution with 
different characteristics such as size, shape, volume, anisotropy, and 
clustering [31] is vast. The particle properties of the wide distribution 
can be described by the narrow and limited distribution approximation 
of the Stoner-Wohlfarth model. One of the measurable characteristics of 
magnetization is the coercivity field, which includes the relationship 
between particle size and magnetic structures [32,33]

Fe3O4 magnetic nanoparticles (MIONPs), with a superparamagnetic 
critical size of 20 nm [34], are among the most widely used nano
particles in various environments. An emulsion or a colloidal solution 
[35,36], and microfluid [37,38] of these nanoparticles have many ap
plications. Synthesis of properly coated nanoparticles leads to better 
colloidal stability. The stable colloidal nanoparticles with ionic [3,39,

40] and organic [41,42] coatings are used in various polar and non-polar 
solvents, respectively. The particle size distribution in a stable colloidal 
is usually relatively broad (mainly log-normal distribution [43]) and 
may extend from SD or superparamagnetic to multi-domain structure 
[44]. One of the stability methods of colloidal solutions is using the 
self-assembled surfactants by controlling the size and shape of particles.

Many surfactants have been studied in recent years such as the 
investigation of magnetic surfactant materials [45]. These types of 
surfactants carry magnetic atoms or molecules in their polar heads. 
Therefore, when they are placed in the capsule structure, they show 
magnetic properties. In other words, they are a particle-free ferrofluid 
solution. By synthesizing and performing SQID analysis, Brown et al. 
[46] found that AOT stable surfactant capsules have superparamagnetic 
properties at room temperature by adding magnetic atoms such as Ni, 
Fe, and Co to their polar head.

Investigating the effect of the capsule surface and nanoparticle 
density dispersed in the emulsion solution is useful considering the in
ternal energy interactions. However, the effect of exchange and 
magnetostatic interactions in the aggregation and clusters of colloidal 
solution particles and their magnetic properties have been determined 
to some extent [47]. Nevertheless, the effect of internal magnetic in
teractions on single or multi-domain structure of particle aggregation is 
still a question.

The present work focuses on investigating the magnetic properties 
and volume changes of MIONP encapsulation by M(AOT)2 magnetic 
surfactants. The novelty of encapsulating MIONPs with M(AOT)2 mag
netic surfactants is that it allows to control of the capsule size and vol
ume to achieve high magnetization in superparamagnetic or magnetic 
single-domain materials. The magnetic structure of MIONPs in M 
(AOT)2 spherical capsules (where M = Co, Ni) was investigated to 
determine the role of influential interaction. Encapsulation of MIONPs 
helps prevent aggregation by reducing the exposed surface area. Stable 
capsules containing iron oxide nanoparticles (MCap-NPs) were synthe
sized by changing the capsule size in the emulsion environment, using 
the control indices of molar ratio ω and the capsule mass fraction ratio 
mfc. The effect of nanoparticles and magnetic surfactants on the mag
netic properties of the capsule was investigated using VSM and volu
metric DLS characterization. Structural analysis of volumetric DLS 
properties (as a new experimental method), magnetic susceptibility and 
coercive field properties, and the structure size range of single-domain 
magnetic capsules with high magnetization were obtained.

2. Experimental procedure

The Solvothermal Method was used to synthesize the MIONPs, which 
was reported in Ref. [48]. The results of X-ray diffraction analysis, which 
was showed that the MIONPs were crystallized in the cubic Fe3O4 
structure with a cubic structure and average size of 4 nm [48], were 
previously given in Ref. [48].

Magnetic surfactant M(AOT)2 (M = Co, Ni) and MIONPs with citrate 
ion coating were synthesized by ionic liquid method [45] and one-step 
solvothermal [2], respectively. FTIR characterization given in 
Ref. [48] was also performed to investigate new bonds. The FTIR results 
showed that the bond between magnetic metals (Co and Ni) and the AOT 
surfactant is well formed.

An emulsion solution with a magnetic capsule containing MIONPs 
(MCap-NPs), with a core (MIONPs) and a shell (magnetic surfactant 
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reverse micelle) was synthesized [48]. Two control factors, molar ratio ω 
and capsule mass fraction mfc, were used to investigate the size changes 
of the capsules: 

ω=ωadd +
n
2

where ωadd =
[D2O]add

[AOT]
(2) 

where n is the number of water molecules per magnetic surfactant 
molecule, and ωadd is the amount of water added to the emulsion solu
tion. The capsule mass fraction is defined as follows: 

mfc =
mcap

mhep + mcap
(3) 

where mcap and mhep are the capsule and n-heptane mass, respectively. 
For mfc = 0.2, both NiCap-NPs and CoCap-NPs capsules were prepared 
with different molar ratios of ω = 15, 19, 23 and 27, which were named 
Ni1 (Co1), Ni2 (Co2), Ni3 (Co3) and Ni4 (Co4), respectively. The sam
ples synthesized with magnetic surfactants have nano to micrometer size 
distribution. Finally, the stabilized mass of the nanoparticle in the 
capsule was calculated by subtracting the deposited mass of the MIONPs 
from the initial mass.

The size and shape of the capsules were analyzed by dynamic light 
scattering (DLS) (VASCO™ nanoparticle size analyzer) and the magnetic 
properties were measured by vibrating sample magnetometer (VSM, 
MDK CO) with maximum field strength of 20 kO.

3. Experimental results

The magnetic properties of the capsules were examined using VSM 
measurement. The experimental data of magnetization are depicted in 
Fig. 1 for three states: powder, colloid solution of nanoparticles with 
density of 25.4 mg/cm3 and 23.1 mg/cm3, equivalent to a MIONPs 
concentration of 110 mM and 100 mM, in deionized water), and n- 
heptane. The results show that MIONPs in both powder state and 
colloidal solution have superparamagnetic behavior, while n-heptane 
solvent is non-magnetic.

Fig. 2 shows the magnetization as a function of magnetic field for 
magnetic capsules containing MIONPs (MCap-NPs with M = Ni and Co) 
at mfc = 0.2, i.e., Nin and Con with n = 1–4 in n-heptane. The results 
show that MCap-NPs have superparamagnetic behavior. Since n-hep
tane solvent does not show magnetic property, the superparamagnetic 
behavior of the other samples is related to the MCap-NP samples. As can 
be seen in Fig. 2a, a change in magnetization trend was observed with 
increasing field for NiCap-NP samples at fields higher than 10 kOe. In 
comparison no trend change is observed in CoCap-NP samples. These 
results suggest that at a field above 10 kOe, the NiCap-NP capsules are 
unstable. Therefore, agglomerated Fe3O4 nanoparticles are released 
from the capsule separately and participate in the total magnetization, 
while CoCap-NP capsules remain stable, Fig. 2b.

The superparamagnetic magnetization as a function of magnetic field 

is usually expressed as [1]: 

M(H)=MsL(x) + χuH (4) 

where Ms is saturation magnetization, χu is magnetic susceptibility of 
unknown mass, i.e. paramagnetic and diamagnetic materials, and L(x) =
cosh x − 1/x is the Langevin function, that x = m(H − HC)/kBT, T is the 
temperature, kB is the Boltzmann constant, m is magnetic moment of the 
particle, and HC is the coercivity field [2]. The magnetization experi
mental data at room temperature were fitted by Eq. (4), shown by the 
solid curves in Figs. 1 and 2, and the inferred parameters are given in 
Table 1.

The saturation magnetization and magnetic moment of MIONPs in 
powder and colloid solution values are also presented in Table 1 for 
comparison. As can be seen in Table 1, at a magnetic field of 10 kOe, 
NiCap-NPs and CoCap-NPs have saturation magnetization in the range 
of 2–6 × 10− 3emu/g and 5-13 × 10− 3emu/g, respectively. In compari
son the saturation magnetization of MIONPs in powder and colloidal 
nanoparticles in deionized water forms were approximately 10 emu/g 
and 0.01 emu/g (1 mg of nanoparticles per gram of colloidal solution), 
respectively. These results show that the saturation magnetization of the 
colloidal solution has changed in proportion to the mass of the 
nanoparticles.

The value of Hc at fields H < 100 Oe for MCap-NPs samples was 
obtained from magnetization experimental data. The results of the 
coercivity field versus the mean volume size of capsules, Dm, are shown 
in Fig. 3. As can be seen in Fig. 3, the Hc values of CoCap-NPs are higher 
than those of NiCap-NPs, but a linear behavior was observed in both Nin 
and Con (with n = 1–3) samples with different slopes. The sudden 
change in Hc values of Co4 and Ni4 samples can be the direct effect of 
nanoparticles on the total coercive field due to the instability of the 
capsule and the release of nanoparticles from the capsule. The values of 
Hc(Oe) for nanoparticles and colloidal solution of nanoparticles were 
about Hc ≈ 10 Oe, which is smaller than that of capsule’s value.

The capsule relative volume (CRV = V/Vtotal, where V is the relative 
volume of each capsule size and Vtotal is the total volume of capsules) was 
extracted by DLS analysis and the results are shown in Fig. 4. In the 
capsule size increases in most cases, as for the Ni3 and Co1 samples, 
three clear peaks are observed in the CRV curve as a function of the 
capsule size. For NiCap-NPs as ω increases, the width of the first peak of 
capsule size distribution becomes narrower and the CRV increases, in 
contrast the second peak changes inversely except for the Ni4 sample, 
which has a sudden increase. However, the trend of changes in CRV of 
CoCap-NPs is different so that it decreases in the first peak but increases 
in the second peak. Furthermore, a third CRV peak appears in CoCap- 
NPs samples. For both NiCap-NPs and CoCap-NPs samples, the posi
tions of the second and third peaks are constant at the capsule sizes of 
269 ± 3 nm and 424±6 nm, respectively, except in the Co3 sample 
where the second peak is not completely formed and the Ni4 sample is 
bicontinuous with the formation of the emulsion phase [48].

Each peak in CRV as a function of capsule size corresponds to a stable 

Fig. 1. Magnetization versus magnetic field for (a)- MIONPs in a powder form, (b)- Their colloidal solution and n-heptane. The solid curves illustrate the fitted data 
to Eq. (4) to the experimental data.
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energy structure. To investigate the relationship between capsule size 
and energy stability, a log-normal distribution function was fitted to the 
CRV curve assuming that each peak follows the same energy and size 
distribution. The fitted log-normal distribution function is shown by 
solid curves in Fig. 4. The results of Fig. 4 show that the size distribution 
of nanoparticle is a log-normal distribution. The results show that the 
mode of the log-normal distribution function can represent the capsule 
size at the minimum energy of each CRV peak.

4. Discussion

The change of molar ratio, ω, is directly related to the average 
capsule size and, thus, to capsule stability. Therefore, by determining 
the critical limit of ω, the capsule can achieve a stable structure and 
establish its relationship with the maximum saturation magnetism. 
Fig. 5 shows the saturation magnetization values of MCap-NPs with the 
nanoparticle density in the emulsion solution (bottom axis). The satu
ration magnetization of capsules increases linearly with increasing 

nanoparticle density. The maximum saturation magnetization with the 
maximum density of MIONPs is 24.37 mg/cm3 and 20.36 mg/cm3 in 
Co3 and Ni3 samples, respectively. The results of Fig. 1 showed that the 
saturation magnetization in colloidal solutions depends on the mass of 
MIONPs. By comparing the saturation magnetization of the emulsion 
and colloidal solution with the same mass as MIONPs, the effective role 
of the magnetic capsule can be understood. Therefore, the saturation 
magnetization values of colloidal solution of MIONPs in deionized water 
were calculated with the mass of nanoparticle similar to MIONPs in 
emulsion samples. The results are shown in Fig. 5 (top axis). As shown in 
Fig. 5, the amount of saturation magnetization in the emulsion solution 
has a noticeable drop compared to the colloidal solution with the same 
mass of nanoparticles, except for sample Co4. The increase in saturation 
magnetization in the Co4 sample may be attributed to the formation of 
hollow spherical shells [47] of MIONPs inside the capsule [48]. The 
minimum and maximum reduction of saturation magnetization in the 
two emulsion and colloid states are related to Co3 and Ni3 samples, 
respectively.

The saturation magnetization of MCap-NPs is affected by the mass of 
nanoparticles, so it is expected that the change in magnetization of 
MCap-NPs is proportional to the nanoparticles mass. However, the 
saturation magnetization of MCap-NPs experiences a significant reduc
tion compared to the colloidal solution with the same nanoparticle mass. 
Therefore, encapsulating nanoparticles reduces the magnetization of 
them. Now the question is, what is the reason for the decrease in 
magnetization per gram of nanoparticles in these capsules? The starting 
point for further discussion can be the answer to this question.

Emulsion solutions are dynamic systems in which capsules join and 
separate to reach thermodynamic equilibrium. This thermodynamic 
process leads to the formation of different size of capsules. The capsules 
will be stable at minimum electrical and magnetic energy. With the 
increase of molar ratio ω, the radial electric attraction force (the force 
between the surface charge of nanoparticles and the surfactant polar 
head) reaches its maximum value in Co3 and Ni3 samples. Nevertheless, 
in Co4 and Ni4 samples, the tangential electrical repulsion force (the 
force between the polar heads of neighbor surfactants on the capsule 
surface) prevents the increase of the radial force. On the other hand, the 
radial electric force is inversely proportional to the average capsule size 
and directly proportional to the nanoparticle mass density trapped in the 
capsule. The balance between two electrical forces leads to 

Fig. 2. Magnetization versus magnetic field for (a)- NiCap-NPs and (b) CoCap-NPs with different molar ratios, ω. The solid curves illustrate the fitted data to Eq. (4)
to the experimental data.

Table 1 
Saturation magnetization Ms and the particle magnetic moment m of MIONPs and MCap-NPs (with M = Ni and Co) at room temperature.

NPs NiCap-NPs CoCap-NPs

powder 110 mM 100 mM Ni1 Ni2 Ni3 Ni4 Co1 Co2 Co3 Co4

Ms

(
emu
g

)
10.641 0.0131 0.0126 0.0023 0.004 0.006 0.0016 0.0053 0.0075 0.0133 0.0119

m(μB) 3.81 2.43 2.64 5.66 6.15 2.45 10.25 2.25 1.69 1.26 1.56

Fig. 3. Coercivity field versus mean volume size of the capsules, Dm. The 
numbers near each data correspond to Nin and Con samples with n = 1–4.
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encapsulation, preventing precipitation, and controlling the agglomer
ation of nanoparticles in the emulsion solution. In addition, the mag
netic properties of the capsules in the equilibrium state are influenced by 
the agglomeration of nanoparticles. Therefore, the balance of the mag
netic structure will be by minimizing the exchange, anisotropy, and 
magnetostatic interactions between the spin of the surfactant counterion 
and the nanoparticle surface.

Although the exchange interactions between particles are effective in 
nanoparticles aggregation [46], the capsule is assumed to be a single 
particle. Vaz et al. [49] and Hergt et al. [50] deduced the indices of 
magnetic (such as hardness index, exchange length, and anisotropy 
energy) and structural properties of Co, Ni, and MIONPs. Their results 
show that exchange energy all three materials are roughly the same. 
Nevertheless, the anisotropy energy, K1, of the cobalt atom is very 
different from that of the other two substances. According to Brown’s 
criteria [44] and hardness index, κ, values [49,50], Ni atom and MIONPs 
are soft materials, while the Co atom is a hard magnetic material.

Exchange energy and magnetostatic energy order the magnetic di
poles, while anisotropy energy opposes the order of dipoles. However, 
the exchange energy is low and almost the same in all samples. 

Therefore, the alignment of magnetic dipoles (single-domain magneti
zation) is achieved by increasing the magnetostatic energy compared to 
the anisotropy energy.

In low magnetic fields, the anisotropy energy based on Stoner- 
Wohlfarth model is obtained from the following relation [24]: 

Hk =
2keff

ms
,ms =

Ms

vn− mean
(5) 

where keff ,ms, and vn− mean (n= 1, 2) are effective uniaxial magnetic 
anisotropy constant, volumetric saturation magnetization, and mean 
volume contribution of each CRV peak, respectively. The Stoner- 
Wohlfarth model predicted the anisotropy energy as Hk = 0.48Hc. 
Fig. 3 shows that Hc has a linear behavior within the Dm in the overall 
distribution. The positive slope of linear behavior for CoCap-NPs in
dicates the stability of the capsule and the increase in anisotropy energy 
with increasing the Dm. While the negative slope for NiCap-NPs is due to 
the instability of the capsule in larger sizes and the independent effect of 
MIONPs with lower Hc values in the overall anisotropy energy.

Fig. 6 shows the effective uniaxial magnetic anisotropy constant keff , 
versus Dm in the distribution of the total capsules for CoCap-NPs and 

Fig. 4. CRV versus capsule size. top: MIONPs, left: NiCap-NPs samples, right: CoCap-NPs samples. The inset Figures and the fitted curves show the log-normal 
function to each peak. As can be seen in the main parts of the Figures, the fitted curves show the similarity of the CRV function and the coercive field by fitting 
Eq. (8) to the first and second peaks.
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NiCap-NPs samples. The keff in the first CRV peak, unlike the Dm, has an 
uncertain behavior and higher values than the second CRV peak, in 
contrast to the Dm. While in the second CRV peak, keff has a linear 
behavior, which indicates a SD according to the Stoner-Wohlfarth 
model.

In this work, an attempt will be made to discuss the role of effective 
interactions in the internal magnetic energy and volume distribution of 
the capsule using the range of changes in magnetic susceptibility and 
CRV. Due to the dependence of saturation magnetization on experi
mental skill and accurate mass measurement, saturation magnetization 
measurement is not a suitable method to describe the magnetic distri
bution of capsules. In contrast, magnetic susceptibility as a function of 
inherent cumulative distribution and removing the unknown mass error 

will have a more appropriate and complete description of the super
paramagnetic behavior of the capsule distribution [51].

For all NiCap-NPs and CoCap-NPs samples, the magnetic suscepti
bility was calculated using the equation of χ = dM

dH − χu, where M is the 
saturation magnetization, and χu is the magnetic susceptibility of un
known mass. Fig. 7 shows the results of magnetic susceptibility versus 
magnetic field. As can be seen in Fig. 7, the magnetic susceptibility 
follows a normal distribution. The maximum magnetic susceptibility of 
Eq. (4) will be at H = Hc, and magnetic structures with different vol
umes also have different reactivity to the magnetic field. Therefore, the 
distribution with the highest response to the field can characterize the 
superparamagnetic behavior and the SD.

The full width at half maximum (FWHM) of the magnetic suscepti
bility peak is a measure of the magnetic structure distribution in cap
sules [52]. In Fig. 8, the right and top axes, show the FWHM of the 
magnetic susceptibility peak versus coercive field; And the left and 
bottom axes, show FWHM for the relative capsule volume v, versus the 
size of the mean capsule volume within each peak. In both samples, the 
behavior of FWHM in the distribution of magnetic susceptibility versus 
the coercive field in Nin and Con with n = 1–3 has a linear trend with a 
positive slope. Also, in Fig. 8, the FWHM of the first and second CRV 
peaks is plotted versus the size of capsule d (shown in Fig. 4). Each CRV 
peak is a function fn of the values of the relative volume of the capsules 
inside each peak, which is defined as follows: 

vn = fn

(
V

Vtot

)

in the range of Sin to Sfn (6) 

where n = 1–2 is the peak number, the Sin and Sfn are respectively the 
size of the beginning and end of the log-normal distribution of each CRV 
peak. The results in Fig. 8 show that the change trend of the second CRV 
peak of the Co1(Ni1) to Co3(Ni3) samples is almost linear based on the 
sample order, while no such behavior is observed in the first CRV peak.

Here, the FWHM in each distribution is examined with respect to the 
independent distribution of each CRV peak. The changing trend of the 
FWHM of the magnetic susceptibility versus the coercive field and the 
FWHM of the second CRV peak versus d are both linear in Nin and Con 
with n = 1–3. This shows that the capsule magnetic structure inside the 
second CRV peak is in the SD structure.

MIONPs with the highest magnetic susceptibility are present in both 
capsule samples. Therefore, the difference in magnetic susceptibility is 
related to the shell and size distribution of the capsules. Apart from that, 
the surface of the magnetic capsule plays an essential role in forming of 
an SD. Therefore, in the first CRV peak, the capsule surface has pre
vented the superparamagnetic behavior of MIONPs. In other words, they 
are unstable in a non-single-domain magnetic structure.

Due to the effective role of the capsule in the formation of SD and 
non-SD magnetic structures, some capsules do not exhibit super
paramagnetic properties. Therefore, according to the super
paramagnetic behavior of the samples, it can be concluded that the 
nanoparticles in the first CRV peak do not contribute in magnetization. 
We can now answer the question of the disproportion of the total satu
ration magnetization with the mass of the nanoparticle: the total 
magnetization loss due to nanoparticle encapsulation is attributed to the 
presence of non-single-domain capsules, which is determined by the 
capsule surface (magnetic surfactants).

Single domine (SD) was determined according to the results of 
anisotropy energy, FWHM of magnetic susceptibility, and the second 
peak of CRV. The second peak of CRV shows the nanoparticles distri
bution of different sizes with SD magnetic structure. Hergt et al. [50] 
obtained the relationship between the coercive field and the size of 
different nanoparticles in an SD as follows: 

HC= HD

(
D
DC

)− 0.6
[

1 − exp
(

−
D
DC

)5
]

(7) 

Fig. 5. Saturation magnetization versus MIONPs mass density in stable capsule 
within emulsion solution (bottom axis), and nanoparticle mass in colloidal so
lution (top axis). The numbers near each data correspond to Nin and Con 
samples with n = 1–4.

Fig. 6. The effective uniaxial magnetic anisotropy constant keff versus the mean 
volume size of capsule, Dm, in the total distribution. Indexes p1 and p2 corre
spond to the CRV inside peaks of first and second.
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where DC is the critical size of SD, and HD is the fitting parameter. Fig. 3
shows the variation of the coercive field versus the values of the mean 
volume size of the capsule, Dm. While Dm is the mean volume size of 
capsule distribution. Similarly, the magnetic coercive field depends on 
the nanoparticle volume distribution and the SD critical size. It was also 
shown that the second CRV peak is related to SD capsules. Therefore, the 
second peak of CRV is in the form of a self-consistent distribution with 
different sizes of capsules, assuming that the maximum size of the sec
ond peak of CRV can be considered as the critical size of SD.

Due to the similar distribution of magnetic coercive field and CRV as 
a function of nanoparticle size, a similar relation as the Hergt’s relation 
(Eq. (7)), was fitted to the first and second peaks of CRV. The following 
relation was used for each relative volume: 

vn =AD

(
D
Dn

)− 0.6
[

1 − exp
(

−
D
Dn

)5
]

(8) 

where Dn (n = 1 and 2) is the maximum size of the vn, obtained from log- 
normal distribution as shown in the inset of Fig. 4, and AD is the fitting 
parameter. Table 2 shows the results of fitting equation (8) to CRV peaks 
in Fig. 4 with red and blue curves for the first and second peaks, 
respectively. The fitting results of the similar Hergt’s relationship in 
Fig. 4 also showed that the second CRV peak has a single-domain 
magnetic structure, and the first CRV peak has a non-single-domain 
magnetic structure. Therefore, it can be suggested that the maximum 

values of the second peak, D2, are equivalent to the critical size of the 
single domain structure.

5. Conclusions

The results showed that the magnetic capsules synthesized from M 
(AOT)2 surfactant containing MIONPs have superparamagnetic proper
ties. MIONPs have the most significant effect on the saturation magne
tization of capsules. The size of synthesized capsules varies from micro 
to nanometer. Relative volume data have distinct peaks, and each CRV 
peak follows a log-normal distribution. Here, the magnetic anisotropy 
interaction plays an essential role in forming the magnetic capsule 
structure containing MIONPs (MCap-NPs). The Stoner-Wohlfarth model 
was used to analyze the magnetic susceptibility behavior of the capsules 
and the anisotropy energy distribution to determine the single domain 
(SD) structure in the second peak of CRV. Magnetic surfactants as 
capsule surface plays a vital role in anisotropy interaction and SD for
mation. It was found that the range of the SD structure can be under
stood from the analysis of the FWHM parameter in the CRV distribution 
versus the capsule size and the magnetic susceptibility values versus the 
magnetic field. Part of the distribution of nanoparticles in the non- 
single-domain capsule causes the saturation magnetic values of the 
capsules to be proportional to the density of the nanoparticles, not the 
mass of the nanoparticles. It was shown that the experimental Hergt’s 
relationship for coercive field values is in good agreement with the 

Fig. 7. Magnetic susceptibility versus magnetic field for a) NiCap-NPs and b) CoCap-NPs.

Fig. 8. FWHM for the relative volume of capsule v, versus the size of the mean capsule volume inside each peak, d, (left and bottom axes). Each CRV peak is 
calculated separately, and indices 1 and 2 correspond to the first and second CRV peaks, as shown in Fig. 4. FWHM of magnetic susceptibility peak versus coercive 
field (right and top axes) for a) NiCap-NPs. b) CoCap-NPs. The numbers near each data correspond to Nin and Con samples with n = 1–4.

Table 2 
Maximum value of the first and second CRV peaks.

NPs in D2O Ni1 Ni2 Ni3 Ni4 Co1 Co2 Co3 Co4

D1(nm) 6.67 95.3 76.4 61.8 114.4 92.7 113.6 112.7 106.9
D2(nm) – 267.8 273.6 229.8 265.6 264.1 269.9 271.8 271.8
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experimental data of the second CRV peak, indicating that the second 
peak capsules are in the SD structure. It is suggested to use volumetric 
DLS analysis as a new experimental method in determining the size 
range of capsules in structures with high magnetization (single-domain 
structure) in suspension and colloidal solutions.
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