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A B S T R A C T

Single-core iron-oxide nanoparticles with nominal core diameters of 14 nm and 19 nm were analyzed with a
variety of non-magnetic and magnetic analysis techniques, including transmission electron microscopy (TEM),
dynamic light scattering (DLS), static magnetization vs. magnetic field (M-H) measurements, ac susceptibility
(ACS) and magnetorelaxometry (MRX). From the experimental data, distributions of core and hydrodynamic
sizes are derived. Except for TEM where a number-weighted distribution is directly obtained, models have to be
applied in order to determine size distributions from the measurand. It was found that the mean core diameters
determined from TEM, M-H, ACS and MRX measurements agree well although they are based on different
models (Langevin function, Brownian and Néel relaxation times). Especially for the sample with large cores,
particle interaction effects come into play, causing agglomerates which were detected in DLS, ACS and MRX
measurements. We observed that the number and size of agglomerates can be minimized by sufficiently strong
diluting the suspension.

1. Introduction

There is a wide field of applications of iron oxide magnetic
nanoparticles (MNPs) with sizes from a few nm up to several micro-
meters in biomedical diagnosis, therapy and imaging [1,2]. Central
objective of the current research is the standardization of MNP
characterization methods [3]. MNPs can be classified into single- and
multi-cores [4]. This contribution deals with the analysis of single-core
nanoparticles. Single-core MNPs in biomedical applications consist of a
single magnetic core, typically magnetite, maghemite or a mixture of
both, surrounded by mostly an organic shell. In contrast, multi-core
nanoparticles consist of several nanocrystals (magnetic cores) either
densely or loosely packed within the multi-core structure and em-
bedded in a matrix [3,4].

There is a variety of analysis methods which can be applied to
estimate the core's magnetic moment, its size, anisotropy energy and
the hydrodynamic size of the whole particle. Among them are

transmission (TEM) and scanning electron microscopy (SEM), dy-
namic light scattering (DLS), asymmetrical flow field-flow fractionation
(A4F) in combination with light scattering, X-ray and neutron scatter-
ing techniques as well as magnetic techniques such as static magneti-
zation vs. magnetic field (M-H), ac susceptibility (ACS), magnetore-
laxometry (MRX) and magnetic particle spectroscopy (MPS) measure-
ments. Other analysis techniques such as Mössbauer spectroscopy
provide information on the elementary composition. Most of the
techniques require models to derive one or more of the listed
nanoparticle parameters. In addition, since most methods measure
the response of an ensemble of MNPs, the quantification of magnetic
interactions between particles is an important issue.

In this paper, we summarize the analysis results of single-core iron
oxide nanoparticles with nominal core diameters of 14 nm and 19 nm
coated with dimercaptosuccinic acid (DMSA) applying static M-H, ACS
vs. frequency, MRX, TEM and DLS measurements. As a consequence of
the variety of analysis methods, there is some redundancy in para-
meters which helps one to verify and refine models.
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2. Experimental

2.1. Materials and methods

Both samples, CSIC-11 and CSIC-12, are composed of maghemite/
magnetite nanoparticles synthesized by thermal decomposition of iron
oleate. The samples were transferred to aqueous media via ligand
exchange with DMSA. Details can be found in [5]. An increase in size
was obtained by reducing the oleic acid content in the reaction media.

Measurements were mostly carried out in suspensions. In some
cases, samples with MNP immobilized by freeze-drying were studied.
Iron contents of samples were determined by inductively coupled
plasma-optical emission spectrometry (ICP-OES, PerkinElmer
Optima 2100 DV ICP) after dissolving the samples in HNO3:HCl 1:3
mixtures and diluting them with doubly distilled water.

Static magnetization measurements were performed with a
Magnetic Property Measurement System (MPMS-XL, Quantum
Design).

ACS vs. frequency measurements were carried out with different
setups: The commercially available DynoMag system from Acreo which
operates in a frequency range from 1 Hz to 500 kHz as well as custom-
built systems at Acreo (up to 10 MHz) and the TU Braunschweig
systems covering a frequency range from 2 Hz to 1 MHz. All systems
were calibrated with Dy2O3 powder samples.

MRX measurements were performed with a fluxgate-based system
at TU Braunschweig. The relaxation signal was recorded after applying
a magnetizing pulse of 2 mT magnitude and 2 s duration. As a
consequence of the finite switch-off time of the magnetic field and
the bandwidth of the utilized fluxgate sensors of 3 kHz, characteristic
relaxation times below about 300 μs are not accessible.

TEM images were acquired with a FEI Tecnai F20 equipped with a
LaB6 electron gun and operated at 200 kV. The system was calibrated

from μm to atomic scale by using a standard TEM cross grating sample
(Au nanoparticles on amorphous C film).

A Malvern Zetasizer Nano ZS was used for DLS measurements. The
autocorrelation function was recorded in the 173° backscatter mode.
The data analysis was performed either with the 2nd cumulant method
or the general-purpose model (nonlinear-non-negative least square
(NNLS) method).

2.2. Experimental results

In Fig. 1(a), a TEM image of samples CSIC-11 is shown. The MNPs
of CSIC-11 were found to be octahedral, which is a consequence of the
synthesis process [5], and 70% of the 147 analyzed particles are single-
core; the remaining 30% occur in the form of small agglomerates. The
histogram of core diameters – assuming spherical shape – is depicted
in Fig. 1(b). The arithmetic mean diameter amounts to (14.1 ± 1.3) nm.
A TEM image of CSIC-12 is shown in Fig. 2(a). Analyzing a total of 187
particles, it was found that they have a truncated octahedral shape (h/w
ratio of 1.2) and that about 85% of them are present as isolated single-
core particles. The arithmetic mean core diameter was determined as
(21 ± 3) nm.

DLS measurements on suspensions with 0.1 mg(Fe)/mL – applying
the 2nd cumulant method – provided Z-averages of 25 nm and 46 nm
as well as polydispersity indices (PDI) of 0.21 and 0.35 for CSIC-11 and
CSIC-12 suspensions, respectively. Assuming a lognormal distribution
of hydrodynamic diameters, number-weighted mean diameters of
14 nm and 25 nm were calculated. Fig. 3 shows the intensity-, volume-
and number-weighted distributions of hydrodynamic diameters of
CSIC-12 obtained by applying the NNLS method on the analysis of
the autocorrelation function. Apparently, there is a second peak at
hydrodynamic diameters between 100 nm and 300 nm which is most
pronounced in the intensity-weighted distribution. This second peak is

Fig. 1. (a) TEM images of individual single-core nanoparticle of CSIC-11. (b) Histogram of core size distribution of 147 particles.

Fig. 2. (a) TEM image of CSIC-12. (b) Histogram of core size of 187 particles.
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attributed to agglomerates. Due to the weighting of the DLS signal
proportional to the nanoparticle volume squared, this maximum is not
discernable in the number-weighted distribution. Whereas the max-
imum at around 30 nm in the intensity-weighted distribution is the
same for the explored dilutions, thus originating from light scattering
on individual single-core nanoparticles, both the amplitude and the
position of the second maximum were found to depend on MNP
concentration and pH value of the suspension. The presence of larger
agglomerates presumably explains the difference in polydispersity
between TEM and DLS data.

Fig. 4 depicts the static M-H curves measured at 300 K on CSIC-11
and CSIC-12 suspensions. Although the measured signal was corrected
for that measured on an empty sample container, there remains a tiny
residual slope at large magnetic fields (CSIC-11: 1.75·10-6 m3/kg;
CSIC-12: 1.6·10-6 m3/kg). This effect can be ascribed to the spin
arrangement at the particle surface where very high fields are needed to
saturate the surface spins [6] and it is supported by the fact that the
slope for the larger CSIC-12 MNPs is slightly smaller than for CSIC-11.
Since the saturation field is unknown where all spins are aligned in field
direction, we determined the saturation mass magnetization from the
measured magnetic moment of the sample at the largest field (4.9 T)
and the determined Fe content of the sample. For CSIC-11 and CSIC-
12 it amounts to 118(3) A·m2/kgFe and 128(3) A·m2/kgFe, respectively.
This reaches almost the value of bulk magnetite (130 A·m2/kgFe [7]).
Thus we assume the core material to be magnetite with an iron density
of 3763 kgFe/m

3 and a resulting saturation magnetization Ms of the
CSIC-11 core material of 444 kA/m; for CSIC-12 Ms equals 482 kA/m.

The measured curves were fitted with the Langevin function
extended by a lognormal distribution of core volumes f V V σ( , , )c c –
assuming that all MNP have the same saturation magnetization Ms [8]:

∫M H T
V c

f V V σ m V L V H T dV( , ) = 1
⋅

( , , )⋅ ( )⋅ ( , , )
Fe

V

c c c c c
0

max

Here m V M V( ) =c s c is the magnetic moment of a single MNP with an
effective core volume Vc, and L(Vc,H,T) is the Langevin function. The
measured M-H curves could be well fitted for both samples with a
single lognormal distribution of core volumes. Assuming spherical
cores, arithmetic mean diameters and standard deviations of 12.3 nm
and 1.1 nm were determined for CSIC-11 whereas 17.6 nm and 4.5 nm
were found for CSIC-12. It has to be noted that model deviations in
terms ofMs, core material and core anisotropy will all have an influence
on the size distribution that is estimated from M-H curves.

Real and imaginary parts of the ac susceptibility measured on the
CSIC-11 suspension are depicted in Fig. 5. Basically the same spectra
were measured on a freeze-dried reference sample, indicating that the
dynamics are dominated by the internal Néel mechanism. Therefore,
no information on the hydrodynamic nanoparticle size can be obtained
from the ACS analysis. However, replacing τeff in Eq. (2) with the Néel
relaxation time

τ τ
KV
k T

= expN
c

B
0

⎡
⎣⎢

⎤
⎦⎥ (1)

and assuming τ0 =10-10 s, a median core diameter of about 10 nm is
estimated from fitting the model to the measured susceptibility spectra.
For the anisotropy constant K, a value of about 22 kJ/m3 is found. It
should be noted that the accuracy of these parameters is not very high
since the relaxation maximum is outside the measurement window and
the Néel relaxation time provides a measure of the anisotropy energy,
i.e., the product of K and Vc.

Fig. 6 shows real and imaginary parts measured on CSIC-12
suspensions with varying Fe content (i.e. varying MNP concentration).
Apparently, at high iron concentrations, a second relaxation maximum
in the imaginary part evolved below 10 Hz (see Fig. 6). Both relaxation
maxima are caused by Brownian rotation: the maximum at around
30 kHz by that of individual MNPs and the one below 10 Hz by that of
particle agglomerates. With increasing dilution the latter relaxation
maximum gradually vanishes. Since the volume susceptibility is

Fig. 3. Intensity-, volume- and number-weighted distribution of hydrodynamic dia-
meters of CSIC-12 (0.1 mg(Fe)/mL) obtained from the NNLS analysis of DLS data.

Fig. 4. Mass magnetization vs. magnetic field (M-H) curves of (a) CSIC-11 and (b) CSIC-12 suspensions at 300 K. Inset: Larger magnetization field up to 3.9 MA/m.

Fig. 5. Real and imaginary part of ac susceptibility measured on CSIC-11 suspension.
Solid lines show experiment, dashed ones fit with extended Debye model.
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plotted, the maximum at around 30 kHz also decreases with increasing
volume dilution. Since a significant portion of particles contributes to
the low-frequency maximum at high concentrations, the scaling of the
amplitude of the maximum, which is attributed to the Brownian
rotation of single-core nanoparticles, with the Fe concentration is not
strictly linear.

To fit the measured spectra, a generalized Debye model is applied
[9,10]. Then the complex susceptibility is given by

∫ ∫χ ω χ f d d f d
iωτ

dd dd χ( ) = ** ( ) ( ) 1
1 +

+h c c
eff

c h0 0

∞

0

∞
6

∞
(2)

with χ V** = μ nM
k T c0 3

2s

B

0
2

.

Here the effective relaxation time is given by τeff =τBτN/(τB+τN))
with the Brownian relaxation time

τ
ηV

k T
=

3
.B

h

B

Furthermore, ω=2πf is the angular frequency, χ∞ the susceptibility
at high frequencies, n the concentration of MNP, Vc the mean core
volume, Vh the hydrodynamic volume, and T the thermodynamic
temperature. For the distributions of core diameters f(dc) and hydro-
dynamic diameters f(dh) lognormal functions are assumed:
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with μ and σ being mean and standard deviation of the diameter's

natural logarithm. Indices “c” and “h” stand for core and hydrody-
namic, respectively. The analysis of ACS data with Eq. (2) contains
information on the hydrodynamic size distribution f(dh) (via the
Brownian relaxation time τB) and the core size distribution f(dc) (via
the Néel relaxation time τN). To limit the number of free parameters, it
is recommended to determine the core parameters μc, σc, and K from
ACS or MRX measurements on an immobilized sample.

If the MNP magnetic moments are thermally blocked, all MNP
follow the applied ac magnetic field via the Brownian mechanism. Then
Eq. (1) simplifies to

∫χ ω χ f d
iωτ

dd χ( ) = ** ( ) 1
1 +

+ .h
B

h0 0

∞

∞ (3)

Fitting the susceptibility spectra of the CSIC-12 suspension with
0.79 mg(Fe)/mL with Eq. (3) provides a hydrodynamic diameter of
(29.5 ± 3.5) nm. Including Néel relaxation (Eq. (2)), a slightly larger
value (37.6 ± 5.1) nm) is obtained.

Replacing the hydrodynamic diameter dh by dh = dc +2dsh with shell
thickness dsh, Eq. (2) modifies for spherical particles to
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Here, cFe is the iron concentration in the sample, ρ the density of
iron-oxide in the magnetic core, and ε is a mass conversion factor
between iron and the actual iron-oxide in the core. Thus, including the
calibrated AC susceptibility of the sample in the fitting procedure
provides a method of determining the core diameter, shell thickness
and magnetic anisotropy constant K (via the Néel relaxation time in
τeff).

Fig. 7 depicts the susceptibility spectra measured on a diluted CSIC-
12 suspension (0.51 mg(Fe)/mL) and the best fit with Eq. (4). The
following parameters were obtained: a median core diameter (number-
weighted) of 19.4 nm, a shell thickness of 8 nm and an anisotropy
constant K =11 kJ/m3. As can be seen in Fig. 7 there is some
discrepancies from the fitting result and data at low frequencies below
1 kHz. This is due to that the MNP system has a low frequency process
(even if the system is diluted) and the model in Eq. (4) does not take
this into account. The low frequency relaxation can be seen as a non-
zero imaginary part and a slope in the real part at lower frequencies
(see Fig. 7).

To fit the susceptibility spectra measured on more concentrated
samples, a bimodal distribution of hydrodynamic and core diameters
can be implemented in Eqs. (2)–(4), respectively.

MRX measurements on CSIC-11, either on suspended or on
immobilized particles, show a very fast decay of the relaxation signal
with a characteristic time outside the measurement window. This
finding is consistent with the ACS results which indicated that
characteristic frequencies are well above 1 MHz. Fig. 8 shows the
relaxation curves measured on a suspension and a freeze-dried CSIC-
12 sample, each having a concentration of 0.79 mg(Fe)/mL.

The MRX curves can be described by the moment superposition
model assuming non-interacting nanoparticles [11–13]. Here the
decay of the effective magnetic moment of the sample can be described
by

∫m t M f V V L V H
t
τ

t
τ
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(5)

for immobilized particles and by

Fig. 6. Real and imaginary part of ac susceptibility measured on different volume
dilutions of CSIC-12 suspension.
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Fig. 7. Real and imaginary part of CSIC-12 suspension with 0.51 mg(Fe)/mL. Solid lines
show best fit with Eq. (4).
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for suspended ones. Here the subscript “H” denotes that this is the
corresponding relaxation time in the presence of the magnetizing field.
For f(dh) and f(dc) lognormal distributions are assumed. For the Néel
relaxation time in zero magnetic field, Eq. (1) is used with τ0 =1 ns.
Since in Eq. (6) for fitting MRX curves on MNP suspensions Brownian
and Néel relaxation must be considered, it is recommended to first fit
the relaxation curve measured on an immobilized sample with Eq. (5),
thus determining the core size distribution parameters and anisotropy
constant, and then to fit the relaxation curve for the suspended MNP.

As can be seen in Fig. 8, the measured curves can be very well fitted
with Eqs. (5) and (6). The determined MNP parameters are the
following: core diameter (20.0 ± 5.9) nm, , hydrodynamic diameter
(732 ± 620) nm (standard deviation of logarithm of hydrodynamic
diameter σh =0.74). Additionally, from fitting the MRX curve measured
on the immobilized sample, an effective anisotropy constant K =12 kJ/
m3 was obtained, in excellent agreement with the value from the ACS
analysis.

3. Discussion

The size distribution parameters determined for CSIC-12 are
summarized in Table 1. As can be seen there is quite good consistency
in the core size parameters. Whereas the TEM data are obtained
without applying models, all magnetic methods require physical
models. The analysis of M-H, ACS, MRX and DLS data is based on
the assumption of lognormal distributions of diameters (assuming
spherical particles). The core size estimated from static M-H measure-
ments relies on the Langevin function, thus primarily estimating the

distribution of magnetic moments f(m). Knowing the saturation
magnetization which can be estimated from the measured magnetic
moment of the sample at high applied magnetic fields and from the
determined Fe content, the distribution of magnetic core volumes can
be calculated. The core diameter as estimated by applying Eq. (2) to
analyze the ACS spectra also relies on the knowledge of the Fe content
which determines the static susceptibility χ0. In addition, this analysis
provides the effective thickness of the MNP shell.

The analysis of ACS spectra measured on suspended thermally
blocked nanoparticles with Eq. (1) directly provides the distribution of
hydrodynamic size, proposed that the dynamic viscosity is known.
There is some scatter in the mean hydrodynamic diameter obtained
from DLS, ACS and MRX measurements. In MRX – as a consequence
of the restricted measurement window – the measurable decay is
dominated by agglomerates/clusters, i.e., the signal decay caused by
the single-core nanoparticles is too fast. Interestingly, the mean
hydrodynamic size of agglomerates is comparable to that estimated
from ACS spectra but much large than that from DLS measurements.
One possible explanation might be that the presence of the 2 mT
magnetizing magnetic field in MRX and the sinusoidal excitation
magnetic field in ACS strengthen the agglomeration.

As shown in Figs. 3 and 6, the contribution of agglomerates
depends on MNP concentration. With increasing dilution the mean
size and number of agglomerates decrease, e.g., causing a vanishing of
the low-frequency maximum in the ACS imaginary part. This particle
interaction is much weaker for CSIC-11 as a consequence of the smaller
magnetic moments/core sizes. Due to the comparably small core size,
the Néel relaxation time of these single-core nanoparticles is shorter
than the Brownian relaxation time, so that the magnetic dynamics are
dominated by the internal Néel mechanism. Therefore, neither ACS nor
MRX measurements using the current setups provide information on
their hydrodynamic size.

One important difference between analysis techniques is their
different weighting by the particle and/or core size. Whereas TEM
directly provides a number-weighted core size distribution, the DLS
signal is weighted by intensity, i.e., by the hydrodynamic volume
squared. Thus, converting the intensity-weighted size distribution into
a number-weighted one, can cause quite large errors (as can be seen in
Fig. 3). The net magnetic moment of the whole sample in M-H and
MRX measurements is the sum of single particle magnetic moments m,
i.e., the curve directly reflects a volume-weighted moment distribution.
If all MNPs in a suspension are thermally blocked, the analysis of the
ACS spectrum directly provides a number-weighted distribution of
hydrodynamic size. In contrast, for Néel relaxation dominated nano-
particles as well as by applying Eq. (4) for the analysis of ACS spectra
measured on suspended MNP, the number-weighted distribution is
weighted with the core volume squared, resulting – similarly to DLS –

in a volume weighted core size distribution.

4. Conclusions

We determined the distribution of core and hydrodynamic dia-
meters of single-core iron oxide nanoparticle samples with nominal
core diameters of 14 nm and 19 nm applying different non-magnetic
and magnetic analysis techniques. TEM, static M-H, ACS and MRX
measurements provided roughly the same core diameter for CSIC-12
although the determination of the core size from the respective
measurand is based on different models:

– in TEM a number-weighted distribution is directly obtained by
plotting the diameters of a sufficiently large number single nano-
particles into a histogram

– static M-H curves provide the distribution of magnetic moments by
applying the Langevin function

– a novel model to analyze the ac susceptibility spectra measured on
suspensions provides the core diameter via the estimation of the

Fig. 8. MRX curves measured on suspended and immobilized CSIC-12 sample with
0.79 mg(Fe)/mL along with best fits with Eqs. (5) and (6) respectively.

Table 1
Derived MNP parameters from various analysis techniques on suspended and
immobilized particles of CSIC-12. dc and dh are arithmetic mean core and hydrodynamic
diameters, respectively, and σc and σh are the corresponding standard deviations. Values
in brackets are caused by particle agglomerates/clusters.

TEM DLS M-H ACS MRX

dc / nm 21 17.6 19.4 20.0
σc / nm 3 4.5 2.5 5.9
dh / nm 25.0 29.5 (Eq. (3))

35.4 (Eq. (4))
(≈150) (≈650) (≈730)

σh / nm 3.5 (Eq. (3)) (≈620)
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Brownian relaxation time and the analysis of the static susceptibility
– MRX measurements on immobilized MNP provide a distribution of

Néel relaxation times which depend on the core volume

Interestingly, the mean core diameter determined from M-H
measurements was found to be somewhat smaller than the values
obtained from the other analysis techniques.

For CSIC-11, having a mean core diameter of 14 nm, the dynamics
are dominated by the internal Néel mechanism so that no information
on the hydrodynamic size via the Brownian relaxation time is contained
in dynamic magnetic measurements. The Néel relaxation time is found
to be well below 1 μs, i.e., outside the measurement window of the
utilized ACS and MRX systems.

Since the determined hydrodynamic diameters from DLS and ACS
are close to the determined magnetic core diameters from M-H, MRX
and ACS analysis, we conclude that the investigated MNP systems are
single-core MNP systems.

For concentrated suspensions of CSIC-12, a bimodal distribution of
hydrodynamic sizes was found in ACS, MRX and DLS measurements.
This contribution was found to diminish if the suspension was
sufficiently diluted. The hydrodynamic diameters of individual single-
core nanoparticles estimated from DLS and ACS measurements were
found to be in fair agreement.

The findings presented in this paper were supported by other
measurement techniques (not shown here) and represent an important
step towards a standardization of the analysis of magnetic nanoparti-
cles. The good agreement of structural properties determined by
different magnetic and nonmagnetic methods proves the applicability
of these techniques and their related models for the characterization of
single-core nanoparticles.
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