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Measurement of the properties of magnetic nanoparticles is mandatory for their application and usually
this is accomplished using magnetometers, like SQUIDs or VSMs. However, these techniques require
amounts of materials that are not always available and do not allow exploration of new syntheses with
low production. The tiny quantity of nanoparticles obtained by laser ablation of strontium ferrite
necessitated the characterization of their magnetic properties using an alternative technique, optically
detected magnetophoresis, which exploits the motion of nanoparticles in a fluid under a magnetic field
gradient. Time dependent optical extinction of a colloidal solution of magnetic nanoparticles can be
used for recording the collective motion of the nanoparticles in a fluid. The optical extinction of
nanoparticles, with absorption and scattering contributions, depends on the particle material and on
their morphologies. We report a new implementation of a magnetophoretic model with the extinction
properties of nanoparticles calculated using the Boundary Element Method. The model is applied to
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estimate the magnetic properties of a challenging sample of mixed ferrite nanoparticles. The results
show that, especially for polydisperse samples, the explicit consideration of the size dependent
DOI: 10.1039/d1tc04796e extinction properties of the nanoparticles is needed to characterize magnetic nanoparticles by optically

detected magnetophoresis. The motion of magnetic nanoparticles in a fluid, exploited in many
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Introduction

Magnetic nanoparticles (MagNPs) attract increasing interest in
several technological applications like high density data
storage,’ ferrofluids,”® nanolubricants,” and waste water
treatment,” and in biomedical applications like remote cell
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applications, is provided with an appropriate description using the present approach.

manipulation®® or drug delivery,”'® multimodal SERS/MRI
contrast agents''™'® and magnetic hyperthermia."*"® Under-
standing the effect of an applied magnetic field on MagNPs
provides fundamental knowledge for improving their applica-
tions. The SQUID (Superconducting QUantum Interference
Device) is a magnetometer usually considered for the measure-
ment of the magnetic properties of materials. However, this
technique usually requires an amount of sample that is not
always available, in particular when new syntheses of MagNPs
are explored. Another magnetometer, a VSM (vibrating-sample
magnetometer), frequently used for characterizing magnetic
materials, suffers from the same problem.

The magnetic behaviour of nanoparticles can be also stu-
died through the direct or indirect observation of their motion
in a fluid under an external magnetic field gradient, a process
called magnetophoresis. The trajectories of single magnetic
particles in a liquid can be directly measured using an optical
microscope when particles have dimensions of at least several
micrometers,'®*® whereas the motion of an ensemble of nano-
particles can be indirectly recorded by recording the variation
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of the optical extinction of a solution under the influence of a
magnetic field gradient.">*° In particular, the last technique,
optically detected (OptD) magnetophoresis, is appropriate
when a small amount of nanoparticles are available. Based on
this approach, Helseth and Skodvin'® explored samples with
different degrees of dimensional polydispersity using micron-
sized iron oxide nanoparticles, whereas Andreu et al
considered the magnetophoretic behaviour of core (y-Fe,O3)
and core-shell (y-Fe,0;@85i0,) nanoparticles in studying aggre-
gation processes of nearly monodisperse nanoparticles, which
can be another source of polydispersity.*!

Nanoparticles of different dimensions have different
wavelength dependent extinction properties, namely absorp-
tion plus scattering properties, and knowledge about them is
important for fitting the OptD magnetophoretic data. A
model that includes these properties, exploiting the OptD
magnetophoretic experimental data, was not previously
considered.

In the present work we show the importance of including
the size dependent extinction properties of magnetic nano-
particles in a model for fitting the OptD magnetophoretic
experimental data. Boundary Element Method calculations
are used to obtain the extinction properties of nanoparticles
of different sizes.

After reporting how the magnetophoretic model can be
exploited, it is applied to the characterization of polydisperse
magnetic nanoparticles obtained by ablation of a strontium
ferrite target under water.

Experimental
Synthesis of magnetic nanoparticles

Laser ablated magnetic nanoparticles were obtained with
9 ns pulses of a doubled Nd:YAG laser (Quantel, model:
Q-smart 450) at 532 nm ablating a strontium ferrite target,
provided by Supermagnete (Fe-S-05-05, Y35), covered with
double distilled water. Ablation was conducted with a
2 J em 2 fluence at 20 Hz. The ablation used 5 mL of water
over the target and was continued for 12 minutes. The
colloidal sample was cleaned by acid treatment to dissolve
the hydroxides that are observed around the nanoparticles by
TEM images. This was obtained by dispersing the nano-
particles in dilute HCl at pH 1.3. After a brief sonication
for one minute, nanoparticles were magnetically attracted for
30 minutes. This procedure allowed nonmagnetic nano-
particles and very small nanoparticles that did not reach
the magnet within 30 minutes to be discarded. After this, the
attracted nanoparticles were redispersed in double distilled
water and a short (10 minutes) magnetic attraction was used
for discarding very big or aggregated nanoparticles, recover-
ing the nanoparticles that were present in the solution.

Raman spectra (see below) were used to verify that the
composition of the nanoparticles from different syntheses
was constant.
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Characterization of nanoparticles

The dimensional distribution of nanoparticles was evaluated
using an FEI TECNAI G2 transmission electron microscope
operating at 100 kV, while the hydrodynamic size was measured
using a Malvern Instrument Zetasizer Nano. UV-vis-NIR extinc-
tion spectra were acquired using a Cary 5000 spectrophot-
ometer (Agilent Technologies) with a 2 mm optical path
quartz cuvette. Raman measurements were recorded using a
Renishaw inVia micro-Raman spectrometer with a 514 nm
exciting laser beam focused on dried samples with a
20x objective. Atomic composition analysis was performed
using a Zeiss Sigma SEM microscope equipped with an EDX
from Oxford Instruments (x-act PentaFET Precision). The sam-
ple was deposited by drop casting on a Ge substrate. The
instrument was operated at 20 kV and the spectrum was
recorded up to an energy of 10 keV. The software used for the
analysis also considered ZAF correction. For the quantitative
analyses of Fe and Sr, the peak of Fe (K., K,») at 6.40 keV and
that of Sr (Ly1, Ly, Lg) at 1.83 keV were used, consistent with
the instrument calibration performed at the same accelerating
voltage of 20 kv.

Ellipsometry measurements were conducted using a V-VASE
(J. A. Wollman Co.) ellipsometer.

Experimental set-up for magnetophoresis

OptD magnetophoresis curves were recorded using a home-
made magnetophoretic cell, made of Teflon and two quartz
windows. The cell has a volume of 0.3 cm?, an optical path of 1
cm and a section area of 0.3 x 1.0 cm”. Fig. S9 (ESIT) presents a
scheme of the magnetophoretic cell and of the experiment. The
magnet (NdFeB, S-10-20-N, N45, Supermagnete) was incorpo-
rated in the Teflon side of the cell. The magnetic gradient was,
therefore, perpendicular to the optical path with the flat surface
of the magnet in contact with the liquid. The magnetic field of
the magnet was measured using a “400 series” Hall effect probe
coupled with a Lake Shore model 475 DSP gaussmeter. 300 pL
of colloidal solution completely covered the magnet face in
contact with the solution. As soon as the sample was intro-
duced in the magnetophoretic cell, the extinction of the
solution was recorded at a fixed wavelength as a function of
time. The magnetophoretic model for fitting the experimental
data was implemented using Matlab R2017b.

BEM simulations

The Boundary Element Method (BEM) was used to simulate the
extinction properties of the nanoparticles with the given shapes
and dimensions.”> A Matlab R2017b code based on libraries
written by Hohenester et al®>® was used for the BEM
calculations.

Results and discussion

In a magnetophoretic experiment the motion of magnetic
nanoparticles (MagNP) in a liquid under the influence of a
magnetic field gradient is recorded. Diluted colloidal solutions

This journal is © The Royal Society of Chemistry 2022
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avoid magnetic dipole-dipole interactions among nano-
particles and their motion is driven by the magnetic (Fy,) and
drag (Fgrag) forces.

The magnetic force F,, on a MagNP immersed in a fluid

i524726

Fm = Ve M(H)VB (1)

where Vynp is the nanoparticle magnetic volume and VB is the
gradient of the magnetic field. M(H) is the magnetization
of the nanoparticle, which is dependent on the applied
magnetic field.

The drag force Fq.q is determined by the liquid and counter-
acts the magnetic force. Its modulus is proportional to the
velocity of the nanoparticles according to the Stokes equation:

Fdrag = 37th'7V[Z) (2)

where Dy, is the hydrodynamic diameter of the nanoparticle, # is
the dynamic viscosity of the liquid and v(z) is the velocity of the
MagNP in the z direction, namely the magnetic axis.

The force on a nanoparticle very quickly becomes null when
Farag increases to the value of Fy,. The drift velocity becomes
constant when the two forces compensate to the value:

_ VMNPM(H)VB(Z)
3nDyn

v(2) 3)

The NdFeB magnet present in the magnetophoretic cell used
for the experiments (see Materials and Methods) creates a
magnetic field of 0.55 T at the surface of the magnet and of
0.24 T at a distance of 3 mm, whereas the gradient of the field,
along the z-direction, perpendicular to the magnet surface,
slightly increases towards the magnet with an average value
around 100 T m~" (see the ESIL,} Section 3). Since the gradient is
small, the model discretizes the z-axis in steps, considering it
constant in each step. The magnetophoretic curve, namely the
time dependent optical extinction of the colloidal solution, is
experimentally obtained using a UV-vis-NIR spectrophot-
ometer, recording the extinction at a given wavelength as a
function of time. The extinction of the colloidal solution is then
fitted by summing the contributions of all the nanoparticles
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initially distributed uniformly within the whole volume of the
sample.

The motion of the nanoparticles, especially at room tem-
perature and with smaller sizes, is also influenced by the
Brownian motion. A detailed discussion of its influence on
the magnetophoretic curve, considering the experimental set-
up of the present work, can be found in Section 1 of the ESL.¥
Brownian diffusion influences in particular small particles and
it is shown that, because of the compensation effect deter-
mined by the distribution of nanoparticles starting their
motion from different distances from the magnet surface, it
has a minor influence on the magnetophoretic curve.

Each nanoparticle shows an extinction spectrum, which
depends on the material of the nanoparticle, but also on its
size, and can be obtained by the sum of the scattering and
absorption contributions. Considering the UV-vis-NIR spectral
regions, particles with increasing dimensions from tens to
hundreds of nanometers can show a significant wavelength
dependent extinction.

The calculation of the optical extinction of the nanoparticles
can be made using the Boundary Element Method.””** The
calculations can be performed using the dielectric function or,
equivalently, the complex refractive index of the bulk material.

An example of the calculated extinction cross section of
magnetite nanoparticles dispersed in water and with increasing
diameters, from 10 to 500 nm, is shown in Fig. 1a and b. The
corresponding scattering and absorption contributions are
shown in Fig. S4 of the ESL.{ In particular, one can see that,
with increasing dimension of a nanoparticle, a shift in the
extinction spectrum toward longer wavelengths can be
observed.”’

These results underline the importance of considering the
extinction contributions of nanoparticles of different sizes.

Demonstration of the influence of the extinction of magne-
tite nanoparticles is shown in Fig. 2a with size distributions
presented in Fig. 2b. In these calculations the hydrodynamic
diameter is considered equal to the physical one, the magne-
tization is set at 80 A m> kg~ "*® and the nanoparticles, ran-
domly distributed in the whole solution volume, move under
the influence of the gradient of the magnetic field used in all
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Fig. 1 BEM extinction spectra calculated for magnetite nanoparticles with diameters from 10 to 100 nm (a) and from 100 to 500 nm (b).
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(a) Magnetophoretic curve of an ideal sample of magnetite nanoparticles with the size distribution shown in (b). The red line shows the simulation

without considering the extinction contribution of nanoparticles with different diameters, whereas the black line is obtained by including the extinction of

the nanoparticles shown in Fig. 1.

the magnetophoretic experiments, which is shown in Fig. S5b
(ESIt). The magnetophoretic curve is calculated by summing,
for all nanoparticle sizes, the extinction at 440 nm, which
accounts for both large and small nanoparticles. The difference
between the two curves in Fig. 2a underlines the importance of
considering the correct extinction of the nanoparticles. One can
also observe that the calculated total time to attract all the
nanoparticles without including the size dependent extinction
is almost doubled.

An application of the above model is reported below for
magnetic nanoparticles obtained by laser ablation under water
of a strontium ferrite sample (see Experimental). This sample
represents a double challenge, first because of the low yield of
the laser ablation synthesis, making it difficult to measure the
magnetic properties of the nanoparticles using usual magnet-
ometers, and second because its intrinsic properties, like poly-
dispersity and material composition, reflect the complexity of
the sample. After the ablation synthesis, the nanoparticles were
purified from hydroxides by acid treatment and selected with
double magnetic attraction (see Experimental).

Since laser ablation under water usually favours the
presence of oxides, we used Raman spectroscopy for the
qualitative evaluation of the composition of the nanoparticles,
whereas an EDX analysis was used for the evaluation of the
atomic ratio of Fe/Sr. XRD could not be used for the small
quantity of the synthesized sample.

The Raman spectrum of strontium ferrite is characterized by
a low intensity band at about 700 cm ™" where also a band of a
magnetic phase of iron oxide, namely magnetite, is present.>**°
However, magnetite transforms into hematite under the action
of the laser used for recording the Raman spectrum, if the
power is high, whereas this is not observed for strontium
ferrite. Fig. S6 (see the ESIt) shows the Raman spectra of the
ablated sample, pure magnetite and pure strontium ferrite
irradiated with a 514 nm laser beam, using a 20x objective,
at low (0.5 mW, black lines) and high levels of irradiation
(25 mW for 1 minute, red lines). For magnetite (Fig. S6c, ESIT),
a band at about 700 cm " is no longer present after irradiation
at a high power because the magnetite transformed into

3822 | J Mater. Chem. C, 2022, 10, 3819-3825

hematite, which is characterized by two intense bands at
210 and 270 cm ™', whereas the pure strontium ferrite spectrum
is stable also under high power irradiation (Fig. Sé6b, ESIT),
although with some frequency changes. From the spectrum of
the ablated sample (Fig. S6a, ESIT), one can recognize, after
high-power irradiation, the bands of both strontium ferrite and
hematite. The Raman spectra show, therefore, that the ablated
sample contains both magnetite and strontium ferrite.

EDX measurements (Fig. S8, ESIT) confirmed the presence of
Sr and the atomic ratio of Fe/Sr was found to be 27 + 1.
Considering that strontium ferrite and magnetite are present,
the Fe/Sr ratio is 1:5 between these two magnetic materials. It is
known that the atomic ratio obtained by the EDX measurement
can be affected by geometrical factors like the structure of
nanoparticles. For this reason we used (see below) the ratio to
calculate the extinction spectrum of the colloidal solution and
found a good agreement with the experimental spectrum, show-
ing that the EDX result can be considered reliable. EDX measure-
ments did not demonstrate the variation of the ratio of Fe/Sr in
different parts of the sample also for almost isolated particles
(see Fig. S8, ESIt). This strongly suggested that the nanoparticles
have mixed phases with an important transformation of the initial
ablated strontium ferrite material in the water environment.

The distribution of the diameters of the cleaned nano-
particles, obtained through TEM images (see Fig. 3b), is shown
in Fig. 3c. A lognormal distribution fitting shows that the
nanoparticles are characterized by a mean value of 80 nm
and a variance of 69 nm. Given the large dispersion, and
according to the manufacturer guidelines, the DLS measure-
ments of the hydrodynamic diameter of the nanoparticles were
not reliable. Therefore, the diameters of the nanoparticles were
set to the dimensions observed by TEM (see Fig. 3c), which can
be a sufficient approximation in particular for large nano-
particles with a clean surface like the ablated ones after the
acid treatment. The TEM images of these nanoparticles show,
in fact, that the hydroxides are no longer present on the surface
of the nanoparticles after the acid treatment (see Fig. 3b),
and cannot influence the hydrodynamic diameters of the
nanoparticles.

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 (a) The experimental magnetophoretic curve (red circles) with the fitting (blue circles) obtained with a magnetization of 11 Am? kg™, (b) TEM
images of the nanoparticles and (c) dimensional distribution of 400 nanoparticles synthesized by laser ablation of strontium ferrite.

The experimental magnetophoretic curve of a colloidal
solution at a concentration of 80 mg L', which allows
dipole-dipole interactions among nanoparticles to be avoided
(see the ESI,1 Section 4), is shown in Fig. 3a (red circles). The
curve was obtained by recording the extinction of the colloidal
solution at 440 nm, since at this wavelength both small and
large nanoparticles contribute to the extinction (see below).

As shown above, for the fitting of the magnetophoretic
curve, the extinction properties of the nanoparticles as a func-
tion of their dimensions need to be known. The extinction
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properties of the magnetite nanoparticles are shown in Fig. 1.
For strontium ferrite the real and imaginary parts of the
refractive index, needed for the calculation of the optical
extinction, were not available and we obtained them using an
ellipsometric measurement of a polished surface of one of the
magnets used for the laser ablation. Fig. 4a presents the
obtained real and imaginary parts of the refractive index of
strontium ferrite.

We performed BEM calculations for nanoparticles with
different dimensions and the composition determined for the
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(a) Real (n) and imaginary (k) parts of the refractive index of strontium ferrite. (b and c) BEM calculations of the extinction of nanoparticles with a

1:4.9 strontium ferrite and magnetite composition. Calculated spectra are reported for nanoparticles with sizes between 10 and 100 nm (b) and between
100 and 350 nm (c). (d) Experimental (red line) and calculated (blue line) extinction spectra of the nanoparticles with the dimensional distribution
presented in Fig. 4a.
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presence of magnetite and strontium ferrite suggested by the
EDX measurement. Fig. 4b and ¢ show the calculated extinction
spectra of the nanoparticles of different dimensions and the
fitting of the experimental extinction spectra of the colloidal
solution of the ablated nanoparticles based on the contribution
of the nanoparticles of different dimensions (see Fig. 4d). The
fitting can be considered satisfactory given the complex com-
position of the nanoparticles.

Given the calculated extinction at 440 nm of the nano-
particles of different dimensions, showing a contribution of
both small and large nanoparticles, and given their distribu-
tion, we obtained the fitting (Fig. 3a, blue circles) of the
magnetophoretic curve using the magnetization of the nano-
particles as a fitting parameter.

The fitting well reproduces the experimental data using a
magnetization of 11 A m* kg™ ' (the density of magnetite and
strontium ferrite is 5.18 g cm ™). Compared to pure magnetite,
this value is about seven times lower. Even considering the
presence of strontium ferrite, with a lower magnetization than
magnetite, the estimated magnetization is low. This can be
understood considering that the mixed phases of strontium
ferrite and magnetite are highly disordered with no well-
defined magnetic domains.

The characterization of the magnetic properties of the
nanoparticles obtained by the ablation of a SrFe;,0,9 magnet
shows that they can be used for magnetophoretic experiments,
but not for highly-demanding applications.

Conclusions

Magnetic nanoparticles are used in several fields and the
characterization of their magnetic properties is an important
step. Standard techniques require an amount of sample that is
not always available, in particular when new syntheses are
explored. The optically detected magnetophoresis, namely the
time dependent optical extinction of a colloidal solution of
nanoparticles under the influence of a magnetic field gradient,
can be a valid alternative for the characterization of the
magnetic properties of tiny amounts of nanoparticles. We have
shown the importance of considering the extinction of nano-
particles of different dimensions through BEM calculations.
The model was applied to a complex sample of magnetic
nanoparticles obtained by the laser ablation of a strontium
ferrite target. The magnetization of the ablated nanoparticles
was found to be weak.

The results show that the magnetophoretic measurement
supported by BEM calculations can be considered a valid
approach for characterizing the magnetic properties of small
amounts of magnetic nanoparticles.
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