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The effect of clustering induced by albumin coating on the magnetic behaviour of ultra-small MnFe,O4
nanoparticles has been systematically investigated and compared with that in pure Mn ferrite
nanoparticle dense assembly, using a mesoscopic scale approach and numerical simulations

reproducing the experimental findings well. Our results provide evidence that in the coated system, the
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Introduction

The technological demand for biodegradable and ecological
nanostructured materials has promoted long ago the effective
strategy of the coverage of the surface of magnetic nanoparticles
(MNPs), during or after their preparation, with an organic coating
material.' There is a large number of studied coating materials
nowadays which allow the control of the strength of the inter-
particle interactions and the degree of colloidal stability in
liquid carriers.> It has also been demonstrated*** that these
materials can modify the intra-particle characteristics (e.g. mag-
netisation, surface charge, and anisotropy). In addition, there are
studies lately reporting the change of the assembly's morphology
during the coating process due to the formation of agglomerates
of magnetic nanoparticles.”*'* This fact has been proved to
generate additional modifications in the magnetic behaviour of
the nanoparticle system (e.g. decrease of the saturation magnet-
isation)."* Therefore, the organic coating can be used as a tool
that offers the ability to control and optimize those magnetic
properties of the nanoparticle system which are necessary to
achieve high-performance magnetic applications.

The study of ultra-small MnFe,O, nanoparticles has attrac-
ted a lot of scientific interest because of their peculiar magnetic
properties, such as high saturation magnetisation resulting in
strong inter-particle interactions responsible for collective
magnetic states, such as superspin glass (SSG). Moreover, the
ultra-small size induces strong surface/interface effects (e.g.
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temperature being similar in the coated and uncoated systems.

core/shell interface exchange coupling) which in turn are
responsible for the observed exchange bias (EB)
phenomenon.**

Albumin, a protein of the human blood, has been regarded
as a promising material to cover nanoparticles for bio-imaging
and drug delivery."®*>® In our recent study on the effect of the
albumin coating on the structural and magnetic properties of
an assembly of ultra-small (~2 nm) Mn ferrite nanoparticles, it
has been clearly demonstrated™ that the albumin coating
process induces some clustering between the nanoparticles that
decreases their magnetisation and the surface anisotropy. As
a result, the coercive field (H¢) decreases. It is worth pointing
out that the coated system exhibits SSG behaviour with
a freezing temperature (7%) similar to that of the uncoated one.
On the other hand, the irreversibility temperature is much
higher for the coated system, indicating large size distribution
of clusters. This outcome has been attributed to the interplay of
the inter-particle and intra-particle interactions in the albumin
coated system.™

There are still open questions concerning the role of the
clustering in the magnetic properties of the particle assembly,
in particular the H and the exchange bias field (H.y) values and
their temperature dependence. Therefore, a thorough investi-
gation of the effect of clustering on the magnetic properties of
ultra-small MnFe,0, nanoparticles, induced by the albumin
coating, is necessary. In addition, the fact that the characteris-
tics observed in the magnetic behaviour of clustered systems are
different from those observed in the single coated nanoparticle
systems'® opens new perspectives for the use of nanoparticles in
high performance applications. Indeed, the magnetic proper-
ties of such nanoparticle systems can be tailored by selecting
appropriate coating agents as well as appropriate coating
procedures.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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In view of this, we performed a systematic study of the
clustering effect on the magnetic properties of an assembly of
ultra-small MnFe,0, nanoparticles (~2 nm diameter) covered
with albumin molecules, and we compared it to that on the
uncoated assembly. We calculated the exchange bias properties
and their temperature dependence. We used for our study the
model and the simulation parameters which are based on
a combined DFT and Monte Carlo approach developed in ref. 14
and 15.

Experimental and theoretical
calculations

Synthesis, characterisation and magnetic measurements of
albumin coated MnFe,0, nanoparticles

The detailed synthesis and the chemical and physical charac-
terisation of MnFe,0, uncoated particles (labelled sample
MFO) and after their coating with albumin (labelled MFO_BSA)
have been reported in ref. 14, 24 and 25.

Field and temperature dependent magnetization measure-
ments were performed on selected samples by using a quantum
design superconducting quantum interference device (SQUID)
magnetometer, equipped with a superconducting coil
producing a magnetic field in the range of [-5 T, 5 T]. Powder
samples were immobilized in an epoxy resin to prevent any
nanoparticle movement during measurements. Hysteresis
loops were obtained in a —5/+5 T applied magnetic field at
temperatures from 5 K to 50 K after a field-cooling procedure
(Heoot = 10 kOe), and ZFC/FC magnetisation curves vs.
temperature for the applied field H,p, = 10 Oe were obtained.

Numerical calculations

In order to investigate clustering effects on the exchange bias
behaviour of the random assemblies of Mn ferrite
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nanoparticles, in the presence of the albumin coating, we have
used a multiscale modelling approach. Starting from the atomic
level, we performed DFT calculations to investigate the effect of
the albumin molecules attached on the Mn ferrite particle
surface, as described in ref. 14, where it has been demonstrated
that the coated nanoparticles have a smaller magnetic moment
per atom for both Mn and Fe atoms, resulting in a 3% reduction
of the total magnetic moment and a 7.6% reduction of the
magneto-crystalline anisotropy (MAE) with respect to the
uncoated system.

A mesoscopic model of a manganese spinel ferrite nano-
particle of a diameter of 2 nm was consequently developed for
the description of the core/surface morphology for each nano-
particle and the long range dipolar inter-particle interac-
tions.'*'*?%*” The parameters used for the magnetic moments,
the exchange coupling constants and the anisotropy for each
nanoparticle are calculated using input from the DFT calcula-
tions. In our simulation, the effect of clustering and the varia-
tion of the cluster sizes has been described in ref. 14. A
schematic representation of both models is shown below
(Fig. 1), and a short description of the models and the param-
eters is given in the ESLT

It is worth noting that clustering does exist even in the
uncoated system (as we reported in our previous work in ref. 15).
The albumin coating produces an extra clustering, i.e. changing
the cluster morphology and broadening their size and shape
distribution, as shown by the much larger irreversibility
temperature.” In the coated system, the clusters weakly
interact. They are separated by albumin molecules, and then
there are no exchange interactions between them, while the
nanoparticles in the clusters can be in physical contact and then
exchange coupled. The dipolar interaction between the total
moments of the clusters is weak, due to the random orienta-
tions of particle moments within a cluster that reduce the total
moment. The bonding between albumin molecules and the

surface

—
g

inter-particle

Fig. 1 Schematic representation of the nanoparticle assemblies before and after the addition of the albumin coating. The dipolar inter-particle
interactions (g) among all particles, the exchange inter-particle interactions (jinter-particie) between uncoated nanoparticles in contact forming
small clusters and the exchange intra-cluster interactions (jintra-custer) b€tween nanoparticles in contact — partially covered with albumin — inside
larger isolated clusters are selectively indicated. (Inset) The model of the core/surface morphology of each nanoparticle is presented.
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surface of particles, tending to restore missing bonds at the
particle surface, reduces the particle anisotropy. Such bonds
deal only with the particles at the external border of the clusters
surrounded by albumin, and then the reduction of the total
anisotropy of the nanoparticles within the cluster is smaller
than that in a single albumin coated nanoparticle.**

The above considerations have been taken into account in
the introduction of the mesoscopic parameters for the anisot-
ropy and exchange coupling strengths in our model (see the
ESI). ¥

Monte Carlo simulations with the implementation of the
Metropolis algorithm?® have been performed, and we calculated
the exchange bias properties at different temperatures and the
ZFC/FC magnetisation curves for the coated and uncoated
assemblies of the Mn ferrite nanoparticles. The hysteresis loops
were calculated after a field cooling process under Hepor = 2.5
along the z-direction. The ZFC/FC magnetisation curves were
calculated under a static magnetic field (H,p, = 0.03).

Results and discussion

In Fig. 2, we show the Monte Carlo simulation results and the
experimental results of hysteresis loops after the application of
a magnetic field (black lines) and without the applied field (red
lines) for the albumin coated Mn ferrite nanoparticle assem-
blies (Fig. 2(a and b)) and the uncoated (Fig. 2(c and d)),
respectively. The simulated curves reproduce the experimental
ones well.

We then discuss the temperature dependence of the
exchange bias field and the coercive field of the albumin coated
ultra-small Mn ferrite nanoparticle assembly, and we compare it
to that of the uncoated assembly.**

In Fig. 3(a) we show the Monte Carlo simulation results, and
Fig. 3(b) shows the corresponding experimental results
(MFO_BSA) for the temperature dependence of the coercive
field Hc and the exchange bias field H. after a field cooling
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Fig. 2 Monte Carlo simulation results at T = 0.01 (left panels) and
experimental results at T = 5 K (right panels) for the hysteresis loops
with (black lines) and without (red lines) a cooling field Hcoo for the
albumin coated system (a and b) and the uncoated system (c and d).
The insets show the enlarged loop area around the Hc.
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Fig. 3 Monte Carlo simulation results (left panel) and experimental
results (right panel) of the temperature dependence of the coercive
field (Hc) after a field cooling procedure (full squares) and the corre-
sponding exchange bias field (He,) (0pen squares) for dense assemblies
coated with albumin (@ and b) and uncoated (c and d) MnFe,O4
nanoparticles, respectively. The insets show the corresponding ZFC/
FC susceptibility curves.***®

procedure for the albumin coated Mn ferrite nanoparticle dense
assemblies. For comparison, Fig. 3(c) and (d) show the corre-
sponding Monte Carlo and experimental results for the
uncoated Mn ferrite nanoparticle (MFO) dense assemblies,
respectively. The insets of Fig. 3(a-d) show the temperature
dependence of the zero field and field cooled (ZFC/FC) mag-
netisation for the numerical and the experimental results,
respectively.'*'> We observe that the calculated curves repro-
duce the experimental findings well. In Fig. 3(a) and (b), we see
that the presence of the albumin coating reduces both the H,
and H¢ of the uncoated system. We observe that in the low
temperature regime, the experimental and calculated exchange
bias fields are about ten times lower than the H for both
albumin coated and uncoated nanoparticle assemblies. The
reduction of He, is due to the fact that the strong intra-cluster
exchange coupling reduces the spin disorder at the surface of
the nanoparticles in contact (then reduces Hg), affecting the
interface core/surface particle exchange coupling.

For both systems, we observe that Hs decreases exponen-
tially with the temperature and vanishes at around the freezing
temperature (maximum of the ZFC magnetisation curve). The
temperature at which He becomes negligible depends on the
cluster size distribution. Larger clusters in the coated sample
delay the H¢ decrease. It is noteworthy that the H., temperature
dependence of the coated system is different from the uncoated
one. In the case of the uncoated system, it decreases exponen-
tially with temperature, whereas in the presence of the albumin
coating, it shows weak temperature dependence in the low
temperature regime (0.01-0.1), and then a faster decrease with
temperature follows. This is due to the fact that the strong intra-
cluster exchange coupling, induced by the clustering, keeps the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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surface spins of the albumin coated nanoparticles tight and
masks the thermal fluctuations at low temperature.

In what follows, we study the factors that influence the
exchange bias effect and its relation to the SSG state in the
albumin coated nanoparticle system.

In order to investigate the effect of the clustering on the
exchange bias effect of the albumin coated Mn ferrite nano-
particle assembly, we first switch off in the Hamiltonian (see
eqn (S1) in the ESIT) the exchange intra-cluster interaction (fin¢ra-
cluster) D€tween nanoparticles in contact within each cluster;
next, we switch off only the dipolar inter-particle interactions
term (g), and then we switch off both. We have also investigated
the cases of switching off the intra-particle interactions together
with the intra-cluster or together with the dipolar interactions.
Finally, we switch off all the intra/inter-particle and the intra-
cluster interactions in the system. In Fig. 4, we show the
Monte Carlo simulation results for the hysteresis loops for these
six cases (Flg 4: (b),]’intra—cluster =0, (C) g=0, (d) g :jintrafcluster =
0, (e)jintra-particle :jintra»cluster =0, (f]jintra-particle =g=0, and (g)
Jintra-particle = Jintra-cluster = & = 0) together with the hysteresis
loops for the full system for comparison (Fig. 4(a)) at the two low
temperatures (T 0.01, 0.10). The magnetisation in the
hysteresis loops is normalised to the saturation magnetisation
of the full system.

In Fig. 4(b), we observe that when exchange intra-cluster
interactions are absent (finera-cluster = 0), we have a ~50%
decrease in the H., and a 233% increase in the Hg from their
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values in the full system (Fig. 4(a)) at T = 0.01. This shows that
the exchange coupling between particles within a cluster affects
the EB effect significantly, contributing to H,,. Indeed, the lack
of the intra-cluster coupling reduces H,,, and even a small
increase in the temperature causes H,, to vanish.

Turning to H, a similar enhancement has been observed in
the uncoated system in ref. 15 by switching off inter-particle
exchange interactions. In the coated sample, the effect on H¢
is much stronger because of the vanishing of the much stronger
exchange intra-cluster exchange interactions. In their absence,
nanoparticle's surface disorder is recovered, resulting in
a much larger increase of Hc.

In the absence of dipolar inter-particle interactions, i.e. g =
0 (Fig. 4(c)), Hex is not affected, but only H decreases by ~47%
from the corresponding values of the full system (Fig. 4(a)) at T
= 0.01. We see that dipolar interactions do not affect the EB.
Contrary to the decrease in H,, reported for the uncoated system
for g = 0 in ref. 15, in the presence of the albumin coating, the
strength of the exchange intra-cluster interactions is larger, and
this is the dominant contribution to the exchange bias field
even at higher temperature 7 = 0.1.

The contact between particles produces a thicker surface
layer with reduced anisotropy. The decrease of Hc is due to the
lack of the contribution of dipolar interactions to the effective
anisotropy of the nanoparticle assembly. However, because of
the existence of the intra-particle and intra-cluster coupling, the
nanoparticles are tightly bound, and they resist the change of
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Fig. 4 Monte Carlo simulation results for the hysteresis loops at two temperatures T = 0.01 (black line) and T = 0.1 (red line), after applying
a cooling field procedure, for the full albumin coated system (a) and the system without: (b) the intra-cluster interactions between particles in
contact in each cluster (jintra-cluster = 0), (€) the dipolar inter-particle interactions (g = 0), (d) both dipolar interactions and intra-cluster (g = jintra-
custer = 0), (€) all the exchange interactions (jintra-particle = Jintra-cluster = 0), (f) both the intra-particle interactions and the dipolar inter-particle
interactions (jintra-particle = 9 = 0) and (g) all the inter-particle and intra-particle and intra-cluster interactions (jintra-particie = jintra-cluster = 9 = 0). The

insets show the enlarged shifted loop area around the Hc.
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temperature. This accounts for the small temperature depen-
dence of H.

In Fig. 4(d), where both the exchange intra-cluster and the
dipolar inter-particle interactions are absent, the exchange bias
field is suppressed. The strong surface disorder is recovered in
the absence of intra-cluster exchange interactions, and as
a result, it masks the EB while the coercive field shows an
increase from g = 0. As the temperature increases, thermal
fluctuations mask Hc which decreases rapidly.

Finally, as can be seen in Fig. 4(e)-(g), we investigate the role
of the exchange intra-particle interactions and their interplay
with the inter-particle interaction terms. We observe that:

(1) When we remove both the intra-particle interactions (je;
= je» = Jorr = 0) (see the ESIt) between the macrospins of each
core/surface nanoparticle and the intra-cluster interactions
(Fig. 4(e)), the exchange bias vanishes, indicating that the EB
comes entirely from these interactions. The behaviour of Hc is
almost similar to the case of vanishing intra-cluster interactions
described above (Fig. 4(b)).

(2) In the case where we switch off the dipolar interactions
and the intra-particle interactions (Fig. 4(f)), the EB decreases by
50%, whereas in the absence of all interactions (inter-particle,
intra-cluster and intra-particle), the EB becomes negligible
(Fig. 4(g)). Therefore, the ensemble of simulations provides
a confirmation that intra-cluster exchange interactions strongly
contribute to the EB effect, which is very weakly affected by
dipolar interactions. In the presence of only the exchange intra-
cluster interactions (Fig. 4(f)), which tend to orient the macro-
spins, Hc becomes very small, but with weak temperature
dependence because of the presence of the strong intra-cluster
interactions, as we discussed above. Finally, in the absence of
all interaction energy terms (Fig. 4(g)), the non-interacting
assembly of randomly oriented anisotropic macrospins results
in a measurable H¢ but with high temperature dependence.

To further investigate the clustering effect on the interplay
between exchange intra-cluster and dipolar inter-particle
interactions and its contribution to the SSG state formation,
we have performed Monte Carlo simulations (Fig. 5) of the ZFC/

View Article Online

Paper

FC magnetisation temperature dependence curves, under a low
applied magnetic field, in the case of switching off separately
only the exchange intra-cluster interactions (fintra-cluster = 0)
(Fig. 5(b)) and only the dipolar interactions (g = 0) between the
coated nanoparticles (Fig. 5(c)) and in the case of switching off
both the dipolar interactions and the exchange intra-cluster
interactions (g = Jintracluster = 0) (Fig. 5(d)). We have also
investigated the effect of switching off the intra-particle inter-
actions together (a) with the intra-cluster ones or (b) together
with the dipolar interactions or (c) all the interactions (inter-
particle, intra-particle and intra-cluster) (Fig. 5(e)-(h)). The
ZFC/FC magnetisation curves for the full system are also pre-
sented for comparison in Fig. 5(a).

In Fig. 5(a), the ZFC/FC magnetisation curves of the full
system show a clear SSG behaviour. It's noteworthy that the
maximum of the ZFC magnetisation, indicating the freezing
temperature,™ is the same in the uncoated and in the albumin
coated system. As can be seen in Fig. 5(d) and (g), in the
nanoparticle assemblies without intra-cluster and dipolar
coupling and non-interacting particles, respectively, the SSG
behaviour is absent, as shown by the continuous increase of the
FC magnetisation with decreasing temperature. The same holds
for the case when the exchange intra-particle interactions are
removed together with dipolar inter-particle interactions
(Fig. 5(f)). The non-continuous increase of the FC magnetisation
for the cases where g is non-zero (Fig. 5(b) and (e)) reveals the
presence of interacting particles due to dipolar interactions that
tend to create disorder in the assembly.

In the case where only the dipolar interactions are switched
off (Fig. 5(c)), the SSG character is retained* being the disor-
dered collective freezing due to the interplay between the intra-
particle random anisotropy and the intra-cluster interactions.
Thus, it comes out that the SSG freezing is basically an intra-
cluster phenomenon, with the exchange coupling between
particles within clusters playing an important role. The second
peak that appears in the ZFC curve (Fig. 5(c) and (f)) at a lower
temperature, when dipolar interactions or both dipolar and
intra-particle interactions are removed, is attributed to the
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Fig.5 Monte Carlo simulation results for the ZFC/FC magnetisation curves as a function of temperature for the aloumin coated system* (a) and
for the cases where we switch off: only the exchange intra-cluster interactions among all the nanoparticles in a cluster (jintra-cluster = 0) (b), only
the dipolar inter-particle interactions among all the nanoparticles (g = 0) (c), the dipolar and intra-cluster interactions (g = jintra-ciuster = 0) (d), and
switching off all the exchange interactions (jintra-particte = Jintra-cluster = 0) (€) Or both the intra-particle and the dipolar interactions (jintra-partice =9 =
0) (f) and all the inter-particle, intra-cluster and intra-particle interactions (jintra-particte = Jintra-cluster = g = 0) (g).
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blocking of the moments of smaller clusters or isolated nano-
particles. This was also observed in weakly interacting binary
systems where two peaks for the two constituents are observed
in the ZFC susceptibility curve.®®

The results of Fig. 4 and 5 demonstrate that when the albumin
coating is added to the system, the intra-cluster interactions play
the most important role in both the exchange bias and superspin
glass phenomena. The same value of the freezing temperature in
the two systems indicates that the change of cluster morphology
and their size distribution, induced by the albumin coating, does
not affect the interplay between inter-particle and intra-particle
interactions, as also confirmed in ref. 14, by the analysis of the
remanence AM plots for the numerical and the experimental
systems, showing that the total strength of interactions is the
same in the two types of nanoparticle assembly.

Conclusions

This paper provides an analysis of the effects of the clustering
induced by the albumin coating on the magnetic behaviour of
ultra-small MnFe,O, nanoparticles and in particular on the
exchange bias effect, the anisotropy and the superspin glass
state. The results indicate that the difference in the H; and He,
values between the uncoated and albumin coated nanoparticle
assemblies is mainly determined by the type of clustering
induced by the coating. The exchange bias effect, intrinsically
an intra-particle phenomenon, due to the core/shell interface
coupling, is found to be strongly affected by the exchange
interactions between the particles within a cluster. Such inter-
play between intra-particle and intra-cluster effects plays
a major role on the H¢ value too, with the dipolar interactions
playing a minor role in the above values. Our findings show that
the thermal stability of the SSG phase, ie. the freezing
temperature, resulting from the interplay of both dipolar and
exchange inter-particle interactions, is not affected by the
albumin mediated clustering.

Our results contribute to gain a better insight into the
interplay between intra-particle and inter-particle effects and
provide evidence that the choice of an appropriate coating agent
and coating procedure can provide a tool to tailor the magnetic
properties of nanoparticle based materials and improve their
performance for technological applications.
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