Smart Tools
for Smart
Applications

New Insights into
Inorganic Magnetic Systems
and Materials

Edited by
Francesca Garello, Roberto Nistico and Federico Cesano

Printed Edition of the Special Issue Published in Inorganics

=z
www.mdpi.com/journal/inorganics rM\D\Py



Smart Tools for Smart Applications:
New Insights into Inorganic Magnetic
Systems and Materials






Smart Tools for Smart Applications:
New Insights into Inorganic Magnetic
Systems and Materials

Editors

Francesca Garello
Roberto Nistico
Federico Cesano

MDPI e Basel o Beijing ¢ Wuhan e Barcelona e Belgrade ¢ Manchester e Tokyo e Cluj e Tianjin



Editors

Francesca Garello Roberto Nistico Federico Cesano
University of Torino Polytechnic of Torino University of Torino
Italy Italy Italy

Editorial Office

MDPI

St. Alban-Anlage 66
4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal
Inorganics (ISSN 2304-6740) (available at: https://www.mdpi.com/journal/inorganics/special_

issues/Inorganic_.Magnetic_Systems).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

LastName, A.A.; LastName, B.B.; LastName, C.C. Article Title. Journal Name Year, Volume Number,
Page Range.

ISBN 978-3-0365-0234-2 (Hbk)
ISBN 978-3-0365-0235-9 (PDF)

Cover image courtesy of Federico Cesano.

© 2021 by the authors. Articles in this book are Open Access and distributed under the Creative
Commons Attribution (CC BY) license, which allows users to download, copy and build upon
published articles, as long as the author and publisher are properly credited, which ensures maximum
dissemination and a wider impact of our publications.

The book as a whole is distributed by MDPI under the terms and conditions of the Creative Commons
license CC BY-NC-ND.




Contents

Aboutthe Editors . . . . . . . . . . ..

Francesca Garello, Roberto Nistico and Federico Cesano

Smart Tools for Smart Applications: New Insights into Inorganic Magnetic Systems
and Materials

Reprinted from: Inorganics 2020, 8, 56, d0i:10.3390/inorganics8100056 . . . . .. ... ... ...

Roberto Nistico, Federico Cesano and Francesca Garello

Magnetic Materials and Systems: Domain Structure Visualization and Other Characterization
Techniques for the Application in the Materials Science and Biomedicine

Reprinted from: Inorganics 2020, 8, 6, d0i:10.3390/inorganics8010006 . . . . ... ... ... ...

Panagiota S. Perlepe, Diamantoula Maniaki, Evangelos Pilichos, Eugenia Katsoulakou and
Spyros P. Perlepes

Smart Ligands for Efficient 3d-, 4d- and 5d-Metal Single-Molecule Magnets and Single-Ion
Magnets

Reprinted from: Inorganics 2020, 8, 39, d0i:10.3390/inorganics8060039 . . . . .. ... ... ...

Irene Fernandez-Barahona, Maria Mufioz-Hernando, Jesus Ruiz-Cabello, Fernando Herranz
and Juan Pellico

Iron Oxide Nanoparticles: An Alternative for Positive Contrast in Magnetic Resonance Imaging
Reprinted from: Inorganics 2020, 8, 28, d0i:10.3390/inorganics8040028 . . . . . .. .. ... .. ..

Anastasiia A. Kozlova, Sergey V. German, Vsevolod S. Atkin, Victor V. Zyey,
Maxwell A. Astle, Daniil N. Bratashov, Yulia I. Svenskaya and Dmitry A. Gorin
Magnetic Composite Submicron Carriers with Structure-Dependent MRI Contrast
Reprinted from: Inorganics 2020, 8, 11, d0i:10.3390/inorganics8020011 . . . . . .. .. ... .. ..

Fabio Carniato and Giorgio Gatti

'H NMR Relaxometric Analysis of Paramagnetic Gd>O5:Yb Nanoparticles Functionalized with
Citrate Groups

Reprinted from: Inorganics 2019, 7, 34, d0i:10.3390/inorganics7030034 . . . . .. .. ... .. ..

Marcos E. Peralta, Santiago Ocampo, Israel G. Funes, Florencia Onaga Medina,

Maria E. Parolo and Luciano Carlos

Nanomaterials with Tailored Magnetic Properties as Adsorbents of Organic Pollutants
from Wastewaters

Reprinted from: Inorganics 2020, 8, 24, d0i:10.3390/inorganics8040024 . . . . .. ... ... ...

Lisandra de Castro Alves, Susana Yafiez-Vilar, Yolanda Pifieiro-Redondo and José Rivas
Efficient Separation of Heavy Metals by Magnetic Nanostructured Beads
Reprinted from: Inorganics 2020, 8, 40, d0i:10.3390/inorganics8060040 . . . . ... ... ... ..






About the Editors

Francesca Garello obtained her Ph.D. in Pharmaceutical and Biomolecular Sciences in 2015
at the Department of Molecular Biotechnology and Health Sciences of the University of Turin,
Turin, Italy. She is currently working in the group of Professor E. Terreno at the molecular and
preclinical imaging center in Turin as a member of the research team in the development and
testing of innovative molecular imaging probes. Her interest is mainly focused on the visualization
and monitoring of inflammatory processes using 1H and 19F magnetic resonance and optical and
photoacoustic Imaging. Most of her research activities deal with the active targeting and tracking of
the immune system cells in vivo, the visualization of the inflamed endothelium, and cell surveillance

after transplantation using newly synthesized nano- and microsystems.

Roberto Nisticd obtained his Ph.D. in Chemical and Materials Sciences at the University
of Torino (Department of Chemistry, Italy). His research is focused on several aspects at the
interface between nanotechnology and materials science, always looking for novel and appealing
solutions for a sustainable future. His principal fields of interest are magnetic and/or metallic
nanomaterials, functional/porous coatings, plasma treatments, biomaterials (for biomedical
applications), valorization of natural resources, (bio)polymers and carbons, nanomaterials for
photocatalysis, and AOPs.

Federico Cesano received his Degree in Chemistry in 1999 at the University of Torino. After
spending two years at the Italian National Research Council (2000-2002), he completed his Ph.D.
in Material Science and Technology in 2005. Since 2006, he has been working at the Chemistry
Dept. of the University of Turin. He is co-author of more than 70 papers and several book chapters
published in the main journals of chemistry and materials science. His main research interests are
1D, 2D, and 3D nanostructured materials (including oxides, carbon nanomaterials, transition metal

dichalcogenides, polymers), either alone or combined to form hybrid structures and composites.

vii






inorganics MBPY

Editorial
Smart Tools for Smart Applications: New Insights
into Inorganic Magnetic Systems and Materials

Francesca Garello !, Roberto Nistico >t and Federico Cesano 3*

1

3

*

+

Department of Molecular Biotechnology and Health Sciences, Molecular and Preclinical Imaging Centers,
University of Torino, Via Nizza 52, 10126 Torino, Italy; francesca.garello@unito.it

Department of Applied Science and Technology DISAT, Polytechnic of Torino, C.so Duca degli Abruzzi 24,
10129 Torino, Italy; roberto.nistico0404@gmail.com

Department of Chemistry, University of Torino, Via P. Giuria, 7, 10125 Torino, Italy

Correspondence: federico.cesano@unito.it; Tel.: +39-011-6707548

Current address: Independent Researcher, Via Borgomasino 39, 10149 Torino, Italy.

Received: 22 September 2020; Accepted: 29 September 2020; Published: 10 October 2020

Abstract: This Special Issue, consisting of four reviews and three research articles, presents some of
the recent advances and future perspectives in the field of magnetic materials and systems, which are
designed to meet some of our current challenges.

Keywords: magnetic materials; magnetic particle and nanoparticles; single-molecule magnets;
molecular magnetism; magnetic separation; magnetic resonance imaging; MRI contrast agents;
magnetic domain visualization; paramagnetic properties; magnetically-guided drug delivery systems

In the recent years, the research in the field of magnetic materials and systems has been very

active as documented by the increasing number of contributions (Figure 1). Micro/nanosystems with
magnetic properties have been extensively investigated in many fields, ranging from physics and
chemistry to mathematics and medicine. The research is consequently very broad and multidisciplinary,
from basic studies to more applicative contributions (Figure 2).
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Figure 1. Number of documents published in the last 10 years (source: Scopus).
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Figure 2. Subject areas of contributions dedicated to magnetic materials and systems (source: Scopus).

The research in these areas has recently shown that if the magnetic compounds are opportunely
functionalized and modified with moieties and specific functional groups, a plethora of challenging
multidisciplinary applications is available, including the development of magnetically-controlled
particles, stimuli-responsive materials, magnetically-guided chemical/drug-delivery systems, sensors,
spintronics, separation and purification of contaminated groundwater and soils, ferrofluids
and magnetorheological fluids, contrast agents for MRI, and internal sources of heat for the
thermo-ablation of cancer. Magnetic compounds have been found to be highly selective and
effective in all these application fields, from the molecular to the microscale level. Furthermore,
the research on new magnetic systems is very active as documented by recent achievements.
Such systems—for example, two-dimensional magnetic materials [1], ferrofluid droplets exhibiting
reversible paramagnetic-to-ferromagnetic transformation [2], and oxide heterostructures containing
cation defects able to tune magnetism [3]—can be considered materials at the frontiers, which will
receive growing attention in the coming years. This Special Issue aims at underlining the latest
advances in the field of magnetic compounds, nanosystems, and materials, covering a large variety of
topics related to novel synthesis and functionalization methods, properties, applications, and use of
magnetic systems in chemistry, materials science, diagnostics, and medical therapy.

The present Special Issue, composed of four reviews and three research articles, showcases some
of the latest achievements and future perspectives in the field of the magnetic materials and systems
designed to meet some of our present challenges.

Nistico et al. [4] reviewed the subjects of the domain structure visualization and other
characterization techniques to be applied in materials science and biomedicine. In the review, the current
understanding of the usage, advances, advantages, and disadvantages of many techniques currently
available to investigate magnetic systems are presented with the aim to help the reader in the choice of
the most suitable methodology. Due to the multidisciplinary approach characteristic of these studies,
in most cases, these very specific characterization techniques are, for a fact, little known (or fully
unknown) to most of the users. In the present review, the characterization techniques were classified
into three sections and properly discussed with examples from the literature. Section I is dedicated to
the definitions of magnetism and magnetization (hysteresis) techniques. Section II is dedicated to the
morphological aspects, thus illustrating all the different visualization methods of magnetic domains.
Finally, Section III is dedicated to the principal physicochemical characterization methods, with a final
section particularly devoted to biomedical applications, including the exploitation of magnetism in
imaging for cell tracking/visualization of pathological alterations in living systems (mainly by magnetic
resonance imaging, MRI).
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Among all fields of magnetism, single-molecule magnets (SMMs) and single-ion magnets (SIM)
belong to an extremely interesting and innovative branch of modern magnetism. Perlepe et al. [5]
reviewed a few inorganic and organic ligands in the chemistry of 3D-, 4D-, and 5D-metal SMMs and SIMs,
through selected examples. Azide ion, cyanido group, tris(trimethylsilyl)methanide, cyclopentanienido
group, soft (based on the Hard-Soft Acid-Base model) ligands, metallacrowns combined with click
chemistry, deprotonated aliphatic diols, and the family of 2-pyridyl ketoximes including some of
its elaborate derivatives are the selected ligands to be discussed with particular emphasis on the
rationale behind the selection of the ligands. As underlined by the authors, the contribution is not
an exhaustive and comprehensive review of the field, but rather takes a simple approach to the topic
without containing large amounts of structural and magnetic information, synthetic discussions and
chemical equations. A reader with a good general chemical background will find this material very
accessible. Finally, current interests, actual limitations in the field, and perspectives are highlighted.

Fernandez-Barahona et al. [6] reviewed the use of iron oxide nanoparticles (IONPs) as positive
contrast agents for MRIL. The authors highlighted the increasing interest in the development of
innovative positive MRI contrast agents, due to the toxicity and retention issues associated with
routinely administered Gd-based contrast agents [7]. After an overview of the mechanism of T
(longitudinal or spin lattice relaxation time)-based MRI contrast and a critical survey on the most
remarkable Gd- and Mn-based nanosystems, the authors discussed the main physicochemical properties
that IONPs must possess to act as T; agents, i.e., ultrasmall core size with moderate crystallinity
(usually maghemite (y-Fe;O3)) and high colloidal stability with hydrodynamic sizes ranging from 5 to
20 nm. The synthetic procedures useful to achieve these properties are then clearly summarized and
are thus easily accessible to the readers. Finally, the authors reported the main in vivo applications of
T1-IONPs, not only for MRI but also for multimodal imaging, highlighting that even if longitudinal
relaxivity values of IONDPs are still far from those of some Gd nanoparticles, there is great potential in
the development of these systems, given the status of the area as an emerging research field. Of course,
biocompatibility, pharmacokinetics, and delivery pathways must be studied in advance to guarantee
their clinical translation.

In this context, Kozlova et al. [8] reported the possibility of modulating the Ty or T, (transversal or
spin—spin relaxation time) contrast generated by submicron carriers containing Fe3Oy particles,
according to their core-shell structure. The authors synthesized three different magnetic submicron
core-shells, displaying a single layer of magnetite in the shell and various amounts of Fe3Oy particles in
the core. They found that all three systems act as dual T1/T; contrast agents. Remarkably, the highest Ty
and T, contrast in gradient echo mode can be observed from the core-shell suspension with magnetite
nanoparticles contained only in the shell [9]. The addition of magnetite nanoparticles in the core, in fact,
seems to impair the contrast properties due to an increase in packing density of magnetite nanoparticles
and in the number of interactions between them. However, in the Ty spin-echo mode, surprisingly the
tendency is the inverse, with the greatest T; signal enhancement displayed by submicron carriers with
one layer of magnetite and four loadings of Fe304 particles in the core. The authors thus practically
proved that different combinations of MRI acquisition modalities and submicron magnetite carrier
structures enabled magnetic systems suitable for both T; and T, MRI that can be also controlled and
delivered to the site of interest by an external magnetic field.

Carniato and Gatti [10] contributed to the Special Issue with an interesting research article dealing
with Gd;O3 nanoparticles doped with various amounts of Yb%*. These mixed oxide nanoparticles
were already proposed as a potential dual computed tomography (CT) and positive MRI contrast
agent [11]. Carniato and Gatti proposed a cheap and fast co-precipitation synthesis procedure along with
functionalization of the particle surface with citrate molecules, in order to confer high hydrophilicity,
improve stability, and increase the interaction of the metal ions exposed on the surface with the water
molecules. The relaxometric study carried out on the developed nanosystem displayed high relaxivity
values at a high magnetic field (with a maximum close to 60 MHz) with respect to the clinically used
Gd3*-chelates and comparable to those of similar nanosytems. These features, together with the
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chemical stability of the nanoparticles in biological fluid and in the presence of a chelating agent,
make these nanoparticles suitable for dual MRI-CT diagnostic analyses.

Peralta et al. [12] reviewed the most promising magnet-responsive nanomaterials used in
groundwater and wastewater remediation processes. In particular, the authors proposed an overview
of the main relevant synthetic methods, surface properties, and clean-up adsorption applications
associated with magnetic core-shell nanoparticles and nanocomposites. The discussion is organized
into five main sections. Section I is dedicated to silica-based materials, with a specific focus on the
incorporation mechanisms of magnetic species (i.e., metallic iron and iron oxides) into silica structures
(acting as functional coatings) to produce core-shell systems with freely available functionalities at
the surface (namely, silanols and further modifications), as well as on magnetic nanocomposites
made of magnetic nanoparticles dispersed in mesoporous silica matrices and hollow particles.
Section I is dedicated to clay-based materials, with a specific focus on the incorporation of magnetic
nanoparticles within the clays’ porous system. Section III is dedicated to carbon-based materials
with a particular emphasis on magnetic carbon hybrid nanocomposites. Section IV is dedicated to
polymer-based materials, where polymers are chemically anchored or physically adsorbed at the surface
of magnetic nanoparticles to form core-shell systems. Lastly, Section V is dedicated to the production
of waste-derived magnetic systems produced by means of incorporation processes involving the
functionalization of magnetic species (e.g., iron oxides) with waste-derived substances isolated from
agricultural residues and biowaste, paving the way for the concept of “waste for cleaning waste”,
in line with the guide-principles of the circular economy.

In this context, the study reported by de Castro Alves et al. [13] is focused on the production
and testing of magnetic alginate activated carbon beads for the removal of heavy metals (i.e., Cd(II),
Hg(II), and Ni(II)) from aqueous environments. The study investigated the effect in terms of sorption
capacity over different experimental conditions (pH, recycling, and reusability) for mono-metallic
systems, as well as the competitive interactions in ternary systems (thus simulating the composition
of a real wastewater derived from industrial and mining effluents). Results established a higher
affinity of the tested material for Cd(II) ions in both mono-metal and ternary systems, whereas
recycling experiments demonstrated that magnetic beads are re-usable for at least five consecutive
adsorption/desorption cycles.

We truly hope that the contributions published within this Special Issue can help readers to
increase their knowledge in the field of magnetic systems, providing inspiration for novel relevant
publications. In this regard, we thank the authors for their valuable contributions; the referees for their
insightful and appropriate comments, of paramount importance to enhance the scientific standard of
this Special Issue; and the editorial staff, for their constant and unparalleled support.
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agreed to the published version of the manuscript.
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Abstract: Magnetic structures have attracted a great interest due to their multiple applications,
from physics to biomedicine. Several techniques are currently employed to investigate magnetic
characteristics and other physicochemical properties of magnetic structures. The major objective of this
review is to summarize the current knowledge on the usage, advances, advantages, and disadvantages
of a large number of techniques that are currently available to characterize magnetic systems.
The present review, aiming at helping in the choice of the most suitable method as appropriate,
is divided into three sections dedicated to characterization techniques. Firstly, the magnetism and
magnetization (hysteresis) techniques are introduced. Secondly, the visualization methods of the
domain structures by means of different probes are illustrated. Lastly, the characterization of magnetic
nanosystems in view of possible biomedical applications is discussed, including the exploitation of
magnetism in imaging for cell tracking/visualization of pathological alterations in living systems
(mainly by magnetic resonance imaging, MRI).

Keywords: magnetic materials; nanostructured materials; magnetic nanoparticles; magnetometry;
magnetic hysteresis; magnetic domain visualization; magnetic resonance imaging; magnetic fluid
hyperthermia; magnetic particle toxicity

1. Introduction

Since the early beginning of our society, magnetism catalyzed the attention of scientists
worldwide due to its intrinsic capability to naturally attract/move inanimate matter [1,2]. However,
it is with the discoveries of Pauli’s exclusion principle and Heisenberg’s quantum theory that the
“Modern Theory of Magnetism” was finally coined in the 1920s, unveiling the strict correlation
existing between magnetism and the number/motion of electrons [3]. From here, the scientific
community reached several steps forward toward the production of more and more advanced magnetic
(nano)materials and (nano)systems that found applications in many useful scientific/technological
fields, such as in (bio)medicine [4,5], drug-delivery [6-8], imaging [9-11], spintronics and
electronics [12], data storage [13], robotics [14,15], environmental remediation processes [14-19],
(nano)engineering [20-22], and miniaturized devices [23].

Inorganics 2020, 8, 6; doi:10.3390/inorganics8010006 7 www.mdpi.com/journal/inorganics
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Due to the growing interests around the exploitation of magnetic (nano)materials, a detailed
comprehension of this phenomenon is becoming more and more important, if not crucial.
Many characterization techniques are used daily to qualitatively and/or quantitatively determine
the magnetic response in materials [1,24]. However, being very specific, these techniques could be
unfamiliar to a wide audience. The analysis of the state-of-art pointed out that the scientific literature is
very rich in reviews focused on the production/testing of magnetic materials in various fields [25-28],
assuming as elementary the comprehension of the adopted characterization techniques. On the basis
of the authors’” experience, a superficial (and simplistic) interpretation of these data could leave to
misleading (and in some cases incorrect) analysis [1]. In this context, it is worthy of note that there
are many previous publications related to these subjects, including reviews and books. Some of
them [24,29-36] can be still considered as “classical” as they are constantly used in many laboratories
around the world.

Therefore, aim of this review is to provide (in a simple, but precise way) a technical summary of the
main relevant characterization techniques mandatory for determining magnetism-related phenomena
in (nanoscopic) materials and systems and some of the most recent advances in the field, new methods
and approaches. Obviously, the number of techniques exploitable for this purpose can be extremely
various and it is almost impossible to provide an enough-detailed analysis of all the possible variants
and approaches (for a much detailed comprehension of each technique, readers should refer to
dedicated papers and the afore mentioned literature). Thus, for the sake of clarity, authors have decided
to focus the discussion on some relevant methods illustrated in the literature, in correlation also with
their peculiar expertise. Hence, the following paragraphs were organized introducing three main
topics: A brief introduction dedicated to the determination of the magnetization (hysteresis) curves
(fundamental for recognizing not only the level of magnetism in materials/particles, but also the types
of magnetism, vide infra) and their interpretation, the visualization and description of magnetism at
mesoscale (including the correlation between nanomagnetism and morphology), and the exploitation
of magnetism in imaging for cell tracking or visualization of pathological alterations in living systems
(mainly by magnetic resonance imaging, MRI). Concerning this last topic, a particular attention will
be devoted to the characteristics that magnetic systems shall possess to be safely and successfully
employed in living organisms (both in vitro and in vivo).

The final goal of this review is to draw guidelines beneficial for the correct comprehension of the
magnetism-related literature, even for not insiders, as well as to point out how a magnetic system should
be designed and characterized in order to be suitable for in vivo applications. The multidisciplinary
approach here presented is the result of different viewpoints, in particular the merging of the physical
and morphological peculiar characteristics of magnetic nanosystems applied to the biomedical field.
To facilitate the document’s readability, specific case studies were taken as reference examples, key points
and criticalities highlighted. With this work, the authors” hope is to have unequivocally disclosed any
possible complex aspects in the field, thus facilitating the proliferation of interesting (and optimistically
outstanding) future studies.

2. Magnetism and Magnetization (Hysteresis) Curves

On the basis of the “Modern Theory of Magnetism”, the appearance of strong magnetic phenomena
in materials and molecular structures is due to the presence of chemical elements with a particular
electronic configuration, namely: Iron (Fe), nickel (Ni), cobalt (Co), manganese (Mn), chromium (Cr),
and some rare earth metals [37]. Independently from the types of magnetism, the most common
method for evaluating the magnetic response in materials is the determination of the magnetization
(hysteresis) curves by means of a magnetometer [38]. Even if there are several configurations of
magnetometers, the most common one is the vibrating sample mode (VSM). In a VSM magnetometer,
the test specimen is subjected to a magnetization-demagnetization loop process by varying the
external magnetic field applied. The material’s magnetization, intended as the vector field which
indicates the density of magnetic moments (i.e., vector relating the alignment on the material by
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applying an external magnetic field with respect to the field vector), is measured indirectly as
electric current variation/formation of the inductive coils surrounding the sample-holder (it should
be remembered that both electric and magnetic fields are strictly correlated between each other since
being orthogonal). According to the “IEEE Magnetic Society” [39], magnetization is expressed in two
different forms: as total (volume) magnetization (M, an expression of the magnetic moments per unit
of volume, units of measurement A/m for the International System of units (SI) and emu/cm?® for the
Centimeter-Gram-Second system of units (CGS)) and as total (mass) magnetization. Another useful
property is the magnetic induction (B, magnetic flux density in the sample, units of measurements T for
Sl and G for CGS) [40]. These units are correlated between each other [41] according to the Equation (1)
(derived from the Maxwell’s equation):

B =y (H+M) )

where H is the applied magnetic field (external magnetic stimulus, units of measurement A/m for Sl and
Oe for CGS) and 1y is the vacuum permeability (a constant value equal to 47t x 1077 H/m, as defined in
SI). Sometimes, it is better to remind that the CGS system is preferred respect to the SI, thus for any
clarification concerning the units of measurements of magnetic properties, please refers also to [1].
At this point, it can be useful for the entire discussion, introducing some important physical quantities
with their definitions. In details, the saturation magnetization (Ms) is the maximum magnetic moment
induced by an external magnetic field applied, the intrinsic coercivity (H;) is the reverse field required
to bring the magnetization M to zero, and the magnetic remanence (M;) is the residual magnetization
at zero external magnetic field (H = 0) [40].

The main differences between these two configurations (namely, M vs. H and B vs. H) are related
to both shapes and physical quantities obtained [39]. As shown in Figure 1, B; is the residual induction
at H = 0, whereas H_ is the coercivity (or the reverse field necessary to bring the B to zero).

a) Magnetization b) Magnetic induction &
I B=u.(H+M)
4

Figure 1. Ferromagnetic material hysteresis curves expressed as M vs. H (a) and B vs. H (b) curves.
Legend: M; is the saturation magnetization, M is the remnant magnetization at H = 0, H; is the intrinsic
coercivity, B; is the remnant induction (or remanence) at H = 0, and H, is the coercivity. For hard
magnets: H # He; for soft-magnets: H.; ~ He. Reprinted with permission from [40], published by
Elsevier, 2003.

The more enlarged the hysteresis loop (such as in the case of hard-magnets, vide infra), the higher
the discrepancies between the two coercivity values (H. and H). This suggests that when the hysteresis
loop becomes very narrow (or negligible), the two representations of the magnetization profiles tend to
be similar, thus justifying in some ways the wrong interchanges mostly found in the literature. For the
sake of clearness, from here only M vs. H curves were considered.
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Figure 2 reports the possible different profiles of magnetization (hysteresis) curves depending on
the form of magnetism. Being more precise, there are five relevant forms of magnetism, and among
these the more intense (and, consequently, macroscopically-detectable by human eyes without
specific techniques) are only two: ferromagnetism and ferrimagnetism. Superparamagnetism is a
thermal/size-induced particular response of the previous two forms of magnetism, while diamagnetism,
paramagnetism, and antiferromagnetism are weaker forms of magnetism.

Hard-/Soft-Ferromagnetics Superparamagnetics

~(10%x) | M M
‘ /(10%)
H H
. oA
. /
Diamagnetics Paramagnetics

Figure 2. Magnetization (hysteresis) curves associated with the different classes of magnetic materials
(i.e., Hard/Soft-ferromagnetics, superparamagnetics, diamagnetics, and paramagnetics).

Ferromagnetism consists in a spontaneous magnetization/alignment of the matter (even without
applying an external magnetic stimulus) of the order of ca. 10® A/m. Ferromagnetism is generated by
the self-alignment of the unpaired (same-spin) electrons forming the material. Since this phenomenon
is energetically favored only at short-range, it is reflected by the formation of randomly aligned
magnetic domains. In fact, at the macro level, the energetically favored anti-alignment organization of
adjacent poles is still the more predominant one. Vice versa, in presence of an external magnetic field
applied, domains aligned themselves according to the external magnetic field directions [42].

Interestingly, Fe, Ni, and Co (3d metals) are the only three pure elements with ferromagnetic
properties at room temperature (RT). Ferromagnetic materials are characterized by having a well-defined
Ms, and high H; and M,.

Additionally ferromagnetic materials can be classified as hard (permanent magnet, with high H)
and soft (easily (de)magnetized, with low H) [1,35,43,44]. Lastly, the high values of H.; and M, are an
expression of the capability of ferromagnetic materials of retaining a memory of their magnetic history.
Moreover, ferromagnets are sensible to temperature. In fact, by increasing the temperature above the
Curie point (a critical temperature value typical of each magnetic material), ferromagnetic materials start
behaving as paramagnetic materials (vide infra), with formation of random domains [45]. This reversible
phenomenon is due to disordered motions of electrons caused by an overall increment of entropy in
the system. From the magnetization curve in Figure 2, the formation of the hysteresis phenomenon is
attributable to a certain magnetic anisotropy due to structural parameters (such as: Crystal structure,
shape/dimensions of grains/particles, stress/tension, interaction with (anti)ferromagnetic materials),
and this is particularly strengthened in the case of hard-magnets, which show high H; (see [1,35] and
references therein). Figure 3 reports the schematic view of a ferromagnetic system in absence and in
the presence of an external magnetic field applied.
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Figure 3. Schematic representation of ferromagnetic domains in absence (left) and in presence (right)
of an external magnetic field applied. In the latter case, boundaries are dashed since when domains are
aligned (right panel), the sample reaches the saturation point and there are not any domains walls.

Interestingly, Fitta and co-workers [46] reported the layer-by-layer deposition of a bilayer system
composed of hard Nij 35[Fe(CN)g],-nH,O (indicated as NiFe) and soft Niz 1 [Cr(CN)g],-nH,O (indicated
as NiCr) ferromagnetic compound. Figure 4 reports the magnetic hysteresis loops at 2 K for bilayer
sample against their orientations respect to the direction of external magnetic field (namely, 0°, 45°,
and 90°). As reported in the figure, when sample is parallel oriented (0°), a two-phase hysteresis was
observed: (i) A drop in magnetization by decreasing the magnetic field (at small value) due to the
presence of the NiCr layer (soft-magnet), and (ii) a pronounced hysteresis loop due to the presence of the
NiFe layer (hard-magnet). By varying the orientation toward perpendicular (90°), the magnetization
process is much more gradual. This variation of the magnetization curve with respect to the film
orientation is attributable to the anisotropic properties of the NiCr layer: Parallel orientation indicates
easy magnetization direction, whereas perpendicular one indicates a hard magnetization direction.
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Figure 4. Hysteresis loops obtained at T = 2 K for sample oriented at 0°, 45°, and 90° in respect of the
direction of external magnetic field. Reprinted with permission from [46], published by John Wiley &
Sons, 2017.

Ferrimagnetism is a very particular form of magnetism. This phenomenon occurs in materials
organized into two interpenetrating structures located at the different sublattice, showing an
anti-alignment of spins with not-equal magnetic moments, thus resulting in an overall valuable
magnetic moment below the Curie temperature [47]. Analogously to ferromagnetic materials,
ferrimagnetic systems exhibit spontaneous magnetization, hysteresis loop, and a Curie point [1,35].
Typical ferrimagnetic systems are magnetite (Fe3O4, a mixed ferrous-ferric oxide with the spinel crystal
structure AB,Oy) and other ferrites (Fe-containing mixed oxides with the spinel crystal structure
MFe, Oy, with M being a general metal). For the sake of clarity, Figure 5a depicts the spinel crystal
structure of MnV,0,, where the two substructures are made by the V-octahedral and Mn-tetrahedral
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sites [48]. Interestingly, by making a comparison between Figures 5b and 5c, it is possible to appreciate
the effect induced by the temperature variation on the phase crystal structure (i.e., cubic-to-tetragonal
transition during cooling) and consequently on the organization of the magnetic structure (from collinear
to non-coplanar ferrimagnetic order). Additionally, also rare earth alloys (eventually in combination
with magnetic transition metals) are widely adopted as permanent magnets [49-51]. Among the
lanthanides, the most used ones are the neodymium (Nd)-based magnets [52] and the samarium
(Sm)-based ones [53].

a

b
Collinear Ferrimagnetic Non-coplanar Ferrimagnetic

Figure 5. Effect by temperature variations on the phase crystal structure and magnetic structure
organization. Panel (a) spinel-type oxide MnV,0Oy crystal structure A-site are surrounded by oxygen
tetrahedron and B-site ions by octahedron. The V3* ion has orbital degeneracy in the tog orbital. Panel (b)
The collinear ferrimagnetic structure. Panel (c) Magnetic structure in the non-coplanar ferrimagnetic
tetragonal phase (c < a). Reprinted with permission from [48], published by Elsevier, 2018.

On the contrary, paramagnetism is the tendency of materials of displaying a net magnetic moment
if exposed to a magnetic field. As paramagnetism comes from the partially-filled orbitals, either forming
bands or being localized, only certain systems lead to paramagnetic properties, in principle metals and
insulators having localized moments. Macroscopically, when paramagnetic materials are subjected
to an external magnetic field, they tend to align following the magnetic field direction, giving both
magnetization and susceptibility slightly positive (as depicted in Figure 2) [54]. However, it must
be noticed that paramagnetism might be associated also to other forms of magnetism. For example,
Preller and co-workers [55] reported the production of FePt nanomaterials. As summarized in Figure 6,
Fe3Pt nanomaterial shows clearly a soft magnetic behavior (Figure 6a), whereas FePt; predominantly
exhibits a paramagnetic character associated with traces of ferromagnetism due to the presence of a
minor ferromagnetic phase (Figure 6b).

As reported in a previous study [1], superparamagnetism is a particular form of paramagnetism
below the Curie point in both ferro/ferri-magnetic materials when organized in the shape of small
“single-domain” nanoparticles (thus it is a thermal and size dependent particular response of
ferro/ferri-magnetic materials) [24]. In detail, since single-domain nanoparticles (with dimensions
below 20 nm size) can randomly change their directions of the magnetization with temperature/time
fluctuations, the average magnetization value of such systems in absence of an external magnetic
field is close to zero [10]. In presence of an external magnetic field, nanoparticles align following the
magnetic field direction as for paramagnetic materials. However, due to their ferro/ferri-magnetic
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origin, such nanomaterials show very high magnetic susceptibility (larger than common paramagnetic
materials, i.e., “super”paramagnetism) and absence of hysteresis (H-values close to zero, and M,-values
very low) [38].

Conversely to paramagnetism, diamagnetism is the capability of repel/oppose to an applied
external magnetic field, due to the absence of unpaired electrons, giving weak negative magnetization
and susceptibility [56]. This phenomenon is widely exploited for the levitation/floating of bodies,
such as in the case of Maglev train (i.e., superconductors are perfect diamagnets).

Finally, analogously to ferrimagnetism, antiferromagnetism consists in magnetic phenomenon
generated by the presence of two interpenetrating structures characterized by having an equal
antialignment of electrons’ spins, and consequently an overall zero magnetization at the macroscale.
This phenomenon is evident at low temperature, whereas at temperature higher than the Néel point it
is registered the antiferromagnetism-to-paramagnetism transition (in analogy to Curie transitions of
ferromagnetism) [1,24].
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Figure 6. Magnetization curves of FePt nanomaterials. Panel (a) ferromagnetic FezPt nanocrystals.
Panel (b) predominantly paramagnetic FePt3 nanocrystals. Reprinted from [55] (published by MDPI,
2018) licensed under CC BY 4.0.

Figure 7 reports a summary of the main features of the principal different forms of magnetism [57].
On the basis of the state-of-art literature, several case studies reported the exploitation of magnetization
(hysteresis) curves for the determination of the magnetic properties of materials, making this technique
an extremely powerful method for investigating magnetic systems.

Paulo et al. [58] studied the formation of metallic (Ni, Fe, Co) ferromagnetic nanotubes via
chemical electrodepositing using porous polycarbonate membranes as hard-templating system.
Magnetic curves were used for evaluating not only the magnetic response, but also to determine the
effect of parallel/perpendicular fields with respect to saturation, remanence and coercivity. Another
interesting study is the one reported by Venkata Ramana and co-workers [59], focused on the evaluation
of Fe-doping on BTCZO, acronym of (Bag g5Cag .15)(Tip9Zr1)O3. Evidences confirmed that undoped
BTCZO is diamagnetic, whereas the Fe doping caused a gradual evolution toward ferromagnetism.
Peixoto et al. [60] produced CoFe;O, nanoparticles embedded inside a TEOS-derived SiO, matrix
via sol-gel (for sol-gel processes, refer to [61,62]) and evaluated the magnetic properties by fixing
the temperature at either 5 K or 100-200 K confirming a superparamagnetic regime. In this context,
it is important to point out that several cases studies reported magnetization curves detected at
different temperatures (going from cryogenic conditions to temperature values above/below the Curie
point), and this is fundamental for evaluating specific magnetic transition in the (nano)material/system
analyzed. Wang et al. [63] reported a comprehensive study focused on the magnetic response
evaluation in perovskite crystal systems. In recent studies, magnetic composite nanomaterials made by
either magnetite/chitosan [64,65] or magnetite/humic-like substances [18,66] isolated from municipal
biowaste [67] were thermally-converted via pyrolysis at 550-800 °C.
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Figure 7. Summary of the main relevant forms of magnetism and their features. Reprinted with
permission from [57], published by Woodhead Publishing and Elsevier, 2016.

The analysis of the magnetization curves resulted to be fundamental to indirectly understand the
chemical modifications induced by the pyrolysis treatment monitoring the magnetic properties in the
final material. In detail, it should be remembered that magnetite is converted into wustite (FeO) upon
heating (at 575 °C) under inert atmosphere and in the presence of a carbon source (e.g., chitosan or the
humic-like substances). Since instable, FeO disproportionates, giving metallic Fe and magnetite phases.
The analysis of the magnetization curves pointed out that pristine magnetic nanocomposites (containing
magnetite) have saturation values lower than bare magnetite. Pyrolysis at temperatures below 575 °C
affects only the magnetization profiles with an increment of saturation, coercivity and remanence due
to the consumption of the organic layer toward the formation of carbon. Conversely, pyrolysis at
temperature higher than 575 °C caused a remarkable increment of the saturation level (even higher than
the reference bare magnetite), suggesting the growth of a different magnetic phase, namely Fe (which is
ferromagnetic). Moving toward the organic-based and molecule-based magnets, Miller [68] resumes the
main findings obtained for the family of [TCNE]®-based magnets. Namely, by modifying the chemical
structure of this family, different forms of magnetism were registered, such as: ferromagnetism for
[Fe(C5Mes),]®* [TCNE]®~ and V[TCNE],, weak ferromagnetism for Li*[TCNE]®~, ferrimagnetism
for Mn! (TCNE)3/2(I3)1/2, and antiferromagnetism for MH(TCNE)[C4(CN)g]1/2 (with M = Mn, Fe).
In all cases the analysis of the magnetization (hysteresis) curves resulted fundamental not only
for recognizing the form of magnetism, but also for the evaluation of the magnetic properties.
Shirakawa et al. [69] measured the magnetic properties of an organic radical ferromagnet, 3-p-NPNN,
below and above the T,. Interestingly, in their study Shum and co-workers [70] reported evidences
of pressure-induced metamagnetic-like transition from antiferromagnetism to ferromagnetism for
[Ruz(0O,CMe)4]3[Cr(CN)g] system. Lastly, also carbon allotropes (mostly 2D organic systems [71-73]
and carbon nanotubes [74,75]) show unique optoelectronic and magnetic properties. In most cases,
for practical applications the doping of these materials with heteroatoms (in particular to extend their
magnetic ordering at long-scale) is mandatory. In this context, Tucek and co-workers [76] synthesized
flourographene (thus introducing F atoms in the carbon texture) with hydroxyl groups showing
antiferromagnetic ordering. However, in the literature it is widely questioned the possible role of metal
impurities (Fe, Ni, Co) derived from the synthesis of such carbon allotropes (and derivatives) in their
magnetic response [77].
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At the end of this section, authors suggest the following specific literature for further deepening
the theory and influence of parameters affecting the magnetization (hysteresis) curves [32,34,78,79].

Moreover, magnetization processes (and equipments) can be classified into quasi-static (DC) or
dynamic (AC) processes [80,81]. In detail, DC magnetometry consist in magnetizing the samples
and registering the magnetic moment by applying a constant magnetic field (one above all the VSM
set up). On the contrary, in the AC magnetometry, an AC magnetic field is superimposed on a DC
field, thus causing a time-dependent magnetic moment, which allows the magnetization without
moving the sample. In the AC magnetometry, at low frequencies the M vs. H curve is very similar
to the DC one and the slope of the M vs. H profile is the susceptibility. The main advantage of this
technique is the high sensitivity, thus making detectable even very small magnetic variations. At high
frequencies, instead, the magnetic moment registered differs from the DC one due to dynamic effects.
For these reasons, the AC magnetic susceptibility is defined by two parameters: The magnitude
and the phase shift, which are sensitive to thermodynamics phase changes or temperature-induced
magnetic transitions (e.g., the superparamagnetism and superconductivity as well as the determination
of the Curie/Néel point). Interestingly, by plotting the magnetization against the temperature or the
susceptibility against the temperature, one can determine the magnetic phase transition (i.e., Curie/Néel
point). For completeness, authors suggest the following references dedicated [82-86].

Furthermore, another very promising equipment that deserve the attention of experts is the
SQUID (acronym of Superconductive QUantum Interference Device), which is an extremely sensible
magnetometer widely exploited for the determination of very weak magnetic field (below 10718 T).
SQUID:s can be classified as either direct current (DC) or radio frequency (RF), and can be integrated
into chips. In general SQUIDs are made by Nb or Pb alloys operating at temperature closed to the
absolute zero (i.e., the system deserves being cooled down with liquid He or Ny). The analysis of the
literature revealed that SQUIDs are widely used for biology studies (due to the very weak intensity of
the magnetic fields registered) as well as detectors in magnetic field imaging (MFI) or in relaxometry
(vide infra), however a complete and detailed discussion on this very specific technique is out from the
scope of this review, which instead is focused on the technique easily findable in a magnetism-dedicated
laboratory. For more detailed discussion, please consider the following literature and references
therein [87-90].

3. Imaging of the Domain Structure and Beyond

The hysteresis properties, as defined in the previous paragraph, represent bulk characteristics
or integrated amounts of the magnetic character of a sample as a whole. On the other hand,
the magnetization is in principle a vector (and not a scalar quantity) and could be locally identified at
the mesoscale. In addition, magnetic nanoparticles for both fundamental studies and technologies have
been intensively explored for the past two decades. Different from the bulk counterparts, nanoparticles
(NPs) with magnetic properties show unique magnetism characteristics, enabling the tuning of their
magnetism by methodological nanoscale approaches. In a recent review, Wu et al. [91] have summarized
the major synthetic procedures and the application fields of various magnetic NPs, including metals,
metallic alloys, metal oxides, and multifunctional NPs.

Microscopies dedicated to magnetic investigation are perfectly suited for unravelling all these local
magnetic properties, making available on the basis of the magnetism principles a set of information that
canbe adopted for improving and designating new materials or for the creation/modification of magnetic
domains (spintronics) as well. For example, when dimensions of a system go down to the nanoscale
the uniform magnetization hypothesis is unreliable and properties become exclusive. Local regions
with uniform magnetization (i.e., magnetic domains), their boundary structure (i.e., domain walls),
the directions of magnetization and the magnetization extent can be revealed under both static or
dynamic conditions (i.e., magnetization reversal and time-reversal behaviors) from the cryogenic
cooling to high temperature [92-95].
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Electrons, photons, neutrons and X-rays are four kinds of modern probes offering a plethora
of opportunities for the investigation of the magnetic properties (Figure 8). Besides other exciting
properties, the aforementioned probes make it possible to visualize magnetic domains and structures,
obtaining often quantitative results. The imaging of the magnetic domain structure is, for a fact, a way to
reveal the local magnetic properties of materials from the macroscale down to the nanoscale. Since the
publication of the comprehensive review on “Magnetic domains” by Craik and Tebble [31], dated 1961,
new techniques and materials became available, while new insights were evidenced and perspectives
appeared over the years. The method of observation can provide today useful insights also into the
origin and reversal mechanisms of the magnetization, the sample magnetic vortex structures, that are
all of a great importance from a fundamental point of view of the application, for example spintronics
and other technologies. Shrewd interpretation of the variety of magnetic visualization techniques is
used in this section both to begin the readers who are not familiar with these techniques and to help
those more expert to figure out their own matter.

Wavelength
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Figure 8. Electromagnetic spectrum from infrared (IR) to y-rays and some probes for the magnetic imaging.

This review section is intended to be a survey around the topical methods for magnetic
domain/domain structure observations and some of the recent findings. The appraisal of the today’s
significance in the corresponding field is discussed. The theories and principles of magnetism, including
Weber’s molecular and domain, and magnetic field theories are the background to this discussion.

Therefore, all aspects of magnetic structural characterization are not entirely covered, but a few
techniques to be employed in modern investigations of magnetic systems in a wide dimensional range,
from macro/microstructures (i.e., materials), to nanoparticles, molecular assemblies and single-molecule
magnets are discussed. As each technique has its own advantages and disadvantages, the present
review aims at helping researchers to select the most appropriate method for their purposes, but before
discussing the techniques in more detail, a set of general comments for the imaging methods is needed.
Firstly, almost all of the family of the visualization methods are firmly restricted to the topmost
layer(s), a few micro- or nanometers deep in the matter, an area dominated by magnetic characteristics
located at the surface. Nothing is associated with the properties of the inner portion that should be
investigated by other characterization techniques more precisely dedicated to bulk magnetic properties
(see the first section of this review). Secondly, some methods usually need a cleaned, smoothed
and defect-free surface, and/or the operational conditions (i.e., vacuum) could be far from working
conditions. Thirdly, the imaging of the domain walls in some methods could be affected by preparation
(i.e., use of magnets to collect the particles that can affect their in-the-plane or transversal orientations).
Fourthly, a compromise between sensitivity and resolution, must be taken under consideration and a
multi-technique approach would be valuable.

As for characterization techniques, however, it is not surprising that in most papers a
multi-technique approach is reported. The complementary investigation, typically adopted in materials
science by means of microscopies or other visualization techniques with spectroscopies and textural
analysis, overcomes the intrinsic limitation of individual methods and offers complementary details
for assessing the correlation between morphology, structure and other properties of complex or
nanostructured materials [11,21,44,96-108].

For the sake of comparison, a summary of the visualization techniques discussed in this review
is detailed in Table 1. Such table should be intended as an overview of the possible investigation
approaches and it offers a broad outline of the different characterization methods.
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3.1. Powder Pattern Imaging

It is easy to observe characteristic domain structures in materials by the Bitter powder imaging
technique. Bitter patterns, firstly observed by Hamos and Thiessen [131], and Bitter [132] in 1931,
involve a ferrofluid (or a colloidal suspension of small Fe/iron oxides particles), placed on the surface
of a ferromagnetic material, which outlines the boundaries of the magnetic domains. The magnetic
walls, having a higher magnetic flux than the regions located in the domains, can be visualized by the
optical microscopy (Figure 9a) or better implemented into a device, where a coil generating a magnetic
field helps for the observation (Figure 9b).
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Figure 9. (a) Patterns obtained from Fe,O3 nanoparticles on an iron-silicon alloy (Bitter technique)
in large fields (16X magnification). The observed striations were found perpendicular to the applied
magnetic field without any relationship to the grain structure for large magnetizations. Reproduced
with permission from [132], published by American Physical Society, 1931; (b) representation of the
magnetic domain viewer (modified Bitter technique). The technique employs a coil to generate a
magnetic field perpendicular to the surface of the sample. Magnetization directions are shown into (X)
and out of (O) the plane, respectively; (c-e) representations of the longitudinal, polar magneto-optical
Kerr and magneto-optical Faraday effect configurations, respectively; (f) magneto-optical imaging of a
thin ferromagnetic film using a diamond-based sensor. Reprinted from [122] (published by Nature
Publishing Group, 2016) licensed under CC BY 4.0; (g) optical (left panel) and Kerr images (right panels)
of a few-layered Cr,Ge;Teg crystal exfoliated on SiO,/Si obtained at different T. The layer number
(2L, 3L, or 4L) is indicated by arrows in (g). Scale bars in (g) are 10 um. Image adapted from [133],
published by Springer Nature, 2017.

Nonetheless, no relationships to the grain structure can be obtained. Although the method is quick
and simple, the investigation of the domain structure by the conventional Bitter pattern technique
could be difficult for soft magnetic materials, complex domain structures, and even impossible for
the smaller domain structures [134,135]. Furthermore, as the method is firmly a stray field decoration
technique, patterns direction and magnitude of the magnetization are not available. Lastly, the Bitter
powder pattern of Néel-type domain walls was found much more visible than that of a Bloch-walled
structure [136]. Finally, as the method commonly gives more reliable results with high coercivity
magnets or perpendicularly magnetized specimens, a small magnetic field applied perpendicularly to
the sample surface is frequently used to increase the image contrast. Although old, Bitter technique
has been recently improved. In a recent paper, Simpson et al. [122] have reported the magneto-optical
response of negatively charged nitrogen-vacancy (NV) centers in diamond to quantitatively image
the stray magnetic fields in thin ferromagnetic films with time and spatial resolutions of 20 ms and
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440 nm. The technique, potentially working with any magnetic material with a stray magnetic field,
can be operated under ambient conditions by placing the specimen in contact with the diamond
imaging chip (see also in Section 3.10). In another paper, Sonntag et al. [137] investigated a deformed
steel sample (5235JR) with composition: Fe-0.073C-0.47Mn-0.195i-0.26Cu-0.12Cr-0.069Mo-0.18Ni to
image macroscopic deformation gradients. The authors also concluded that geometrical features of
the stress curves can be determined quantitatively by Bitter contrast images, including dimensions of
different deformation regions and asymmetries.

3.2. Magneto-Optical Imaging

The interaction between polarized light and the magnetization of a material is generally a weak
signal, but informative enough to attain the visualization of the domain. Though the principles of
the magneto-optical interactions could be relatively difficult, the method is based on the change in
polarization of incident light as it is reflected (or transmitted) by a magnetic material at the most
elementary level. The magneto-optical effect in reflection mode is usually referred to as Kerr effect
(MOKE), while in transmission mode as the Faraday effect. Precisely, the MOKE technique can be
also divided into three different geometries: Longitudinal, polar, and transverse magneto-optical
Kerr effect [138]. In the longitudinal MOKE geometry (Figure 9c), the magnetic field is applied in
the plane of the sample and domains will tend to be oriented along the magnetic field direction.
The light engendered by a laser passes firstly through a polarizer, then in an objective lens focusing the
sample. On the other hand, the incident polarized light reflects off the sample surface, being rotated
by the interaction between the polarized beam and the magnetic domain structure of the sample.
The magnitude of the rotation is proportional to the local magnetization. The reflected signal passes
through an analyzer so that the Kerr rotation signal can be measured. The degree of Kerr rotation
can be used to determine the orientation and magnitude of the local magnetic domain. In the polar
MOKE geometry, out-of-plane with respect to the sample plane the magnetic field is applied, and the
resulting magnetization is transverse to the sample plane (Figure 9d). The incident laser excitation,
perpendicularly aligned to the sample plane, is usually adopted for collecting the maximum signal.
As in the longitudinal geometry, the polarization of incident laser light is rotated by a small degree
when it reflects off from the surface of the magnetic sample. The magnitude of the Kerr rotation is
related to the strength and orientation of the local magnetic domain. In fact, when the light beam
is incident perpendicular to the surface in the Faraday or Kerr configurations, domains magnetized
normal to the surface plane are imaged.

For the visualization, a light microscope with a working distance (WD) of several centimeters
is required. The optical path allows to allocate a polarizing filter between the sample and objective
lens, but owing to the relatively large WD, the resolution is slightly limited. To gain Kerr microscopy
images closer to the limit resolution (300-500 nm), a relatively small distance between sample and
objective lens, typically one millimeter or less (even possible if the sample is in the air), is required.
Notwithstanding these techniques can be very sensitive, usually no quantitative determinations of the
magnetization are provided. Nevertheless, the combination with a dedicated setup (e.g., the application
of a bias potential) can provide quantitative results [122] (Figure 9f). Recent experimental studies
on low-dimensional nanostructures (e.g., transition metal dichalcogenides, and graphene) show
the potential of the magneto-optic effects to gain magnetic information on 2D systems. Gong and
co-authors [133] reported the magnetic imaging of few-layered Cr,Ge;Teg crystals, as obtained at
40 K, 22 K, and 4.7 K (Figure 9g). Taking into consideration these images, the authors concluded
that, although the magnetic properties are strongly suppressed by thermal fluctuations, due to the
magnetic anisotropy a long-range ferromagnetic order can be observed in 2D crystals. Furthermore,
Kerr rotation images were recently used by Lee et al. [139] to describe magneto-electric properties of
1-layer MoS,-based devices to be employed as integrated photonic and spintronic devices. Together
with the domains visualization under static or dynamic conditions, the motion of magnetic domain
walls driven by magnetic field pulses or current pulses can be studied by time-resolved or transient
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MOKE spectroscopy [140]. MO Faraday technique has been adopted by Kustov et al. [141] to obtain
thermal imaging with high sensitivity, with micrometer as spatial and with millisecond as temporal
resolutions, by using BiLu,Fe;GaOy; ferrimagnetic film as a pyro-magneto-optical detection layer.
Dikson et al. [111] adopted high-resolution optical techniques (confocal microscopy and scanning
near-field optical microscopy: SNOM) for imaging the magnetic domains in ferromagnetic thin films
based on gadolinium-iron—cobalt (GdFeCo) and terbium-iron—cobalt (TrFeCo). The authors showed
that the magneto-optical resolution in the near-field measurements depends on the film thickness and
it is affected by the diffraction on magnetic domains throughout the film.

3.3. Scanning Electron Microscopy (SEM): Type-I, Type-11, and Type-1I1I Magnetic Contrast-Based Methods

Scanning electron microscopy (SEM) technique combined with energy-dispersive X-ray
spectroscopy (EDX) is commonly adopted for the chemical and structural analysis. When the sample
is probed by a focused beam of electrons some signals can be obtained. Among all, secondary and
backscattered electrons (SEs and BSEs, respectively) coming from the sample are collected. BSEs have
energies close to that of the primary beam and give rise to a chemical contrast that is proportional to
the Z of elements, while SEs are more sensitive to the topological features. Furthermore, other kinds of
imaging, such as conductive and magnetic mapping [101,142], are possible.

3.3.1. Secondary Electrons (SEs), Backscattered Electrons (BSEs) Imaging

The imaging of the magnetic domain structure of a material is possible by scanning electron
microscope (SEM) techniques based on the deflection of the electron beams (i.e., Lorentz force),
which are exposed to a magnetic field or from the electron polarization [143]. Three different kinds of
contrast mechanisms are known: Secondary electrons (SEs), backscattered electrons (BSEs), and SE
polarization, known as type-I, type-II, and type-IIl magnetic contrast [33], firstly observed by Banbury
and Nixon [144], Philibert and Tixier [145], and Pierce and Celotta [146], respectively. Nonetheless,
no full description of the experimental conditions required to obtain the magnetic contrast was given
and no explanation of the observed effect was described. After the first observations, the principles of
the involved processes were then provided. Now it is clear that the electron deflection can be caused by
the magnetic field outside (SEs) or inside (BSEs) the sample (Figure 10a,b). In both cases, no special care
of the sample is required, but the surface polishing is recommended to avoid unnecessary contributions
by topographic features. The main difficulty of these two techniques is related to the separation
between magnetic contrast and other kinds of signals and the spatial resolution limited to the intrinsic
principles of these techniques. Furthermore, the simultaneous SE and BSE-based imaging is often
possible, when the two detectors are simultaneously available. While the main modification of a
conventional SEM has to be dedicated to the geometry (i.e., positions of detectors) for maximizing the
signal collection, the acquisition potentials should be set as low as 10 keV (i.e., maximize the emission)
for SEs and as high as possible (i.e., ca. 20-200 keV) with a tilted geometric surface of about 50-55° for
BSEs to obtain enough image contrast. Several studies have shown that the tilting and rotation controls
are usually required to maximize the contrast for both type-I and type-II magnetic contrast imaging.

3.3.2. Scanning Electron Microscopy with Polarization Analysis (SEMPA)

The SEM with polarization analysis (SEMPA) known also as spin-polarized SEM, was first
developed by Koike et al. [147] in 1984. The technique is a more advanced method for the observation
of magnetic domains and is based on the spin-polarization of SE that are emitted from the local
region (ca. 50 nm) of a sample surface when electrons of medium energy (10-50 keV range) probe the
sample. The main difference with traditional SEM lies in the fact that electrons arrive at the sample
position with a nearly zero kinetic energy. The principles of the visualization technique are based
on the measurement of the spin-polarization of SEs ejected from a ferromagnetic surface after being
irradiated with a high-energy electron-beam (Figure 10c). The ejected polarized electrons are detected
by spin detectors allowing all three vector components of magnetization (more commonly the electron
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polarization along the two projected orthogonal axes parallel to the sample surface, i.e., in-plane
magnetization) to be attained with a very high spatial resolution (ca. 10 nm) suitable also for 3D
surfaces [116]. Spin-polarized SEM, if combined with other imaging methods currently adopted in
SEM (i.e., Auger, EDX, BSE diffraction microscopy), provides insightful information on chemical
elements, crystal direction and topography with an increased spatial resolution down to about 3 nm.
An example is reported in Figure 10d, where a NdFeB permanent magnet is imaged. Besides magnetic
domain visualization, topography and elemental distributions of Nb and Fe for the same area were
obtained by scanning Auger electron microscopy by Koike [116]. By comparing the different images,
the author concluded that the Nd-rich areas were found to coincide with the grain boundary regions.

A set of spin-polarized SEM characteristics merits a particular attention compared to that of
other magnetic imaging techniques: (i) spin-polarized SEM directly reveals the sample magnetization,
whereas the majority of imaging techniques is sensitive to the magnetic fields out/inside of the sample;
(ii) the quantitative magnetic interpretation from images is possible; (iii) despite the fact that SEs
are generated in large quantity and the magnetization signal is pretty high, the low efficiency of
the detectors makes the measurements more problematic; (iv) a very high spatial resolution can be
achieved (below 10 nm); (v) both, magnetization and SE intensity properties, can be simultaneously
monitored; (vi) both, the magnetic and topographic features, can be obtained and compared, providing
information on the characteristics of the magnetic domain structure.
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Figure 10. (a—c) representations of type-I, type-II, and type-IIl magnetism in SEM, corresponding to SE,
BSE, and polarized electron detections, respectively; (d) Nd, Fe elemental distributions (left panels),
topography and magnetic domain images (right panels) of a NdFeB permanent magnet. Element maps
were acquired by Auger spectroscopy. Panels in (d) are adapted from [116], published by Oxford
Academic, 2013.

Lastly, spin-polarization SEM signal, that is essentially sensitive to topmost few-layers, can be
rapidly attenuated by the presence of non-magnetic coatings, overlays, molecularly adsorbed species,
thus ion-beam together with ultra-high vacuum conditions, are gainfully required. Surface preparation
under ultra-high vacuum conditions is necessary. Surfaces for spin-polarized SEM imaging can be
prepared by depositing an ultra-thin overlayer of high spin polarized material (e.g., Fe). It is so assumed
that, due to the very thin film thickness, the magnetic character of the underlaying sample is not
significantly affected.

Depending on the emitted electrons, a lateral resolution as low as 10-50 nm can be obtained,
without any contribution of the sample topography. However, the probing depth that corresponds to
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the quick escaping depth of SE, is of the order of a few nanometers. The typical image acquisition time
depends on the image size and it is in the 1-100 min interval. SEMPA offers a series of advantages,
including both the large field depth and the easily variable magnification, allowing to raster regions
from a few millimeters to a few hundred nanometers. On the contrary, conductive samples are required
to prevent charging effects and stray magnetic fields (above 10 Oe) must be avoided.

In recent experiments it was found that excited electrons in SEM could escape from the tip-target
junction, helping in building new electronic systems based on polarized spin at nanoscale. Bertolini and
co-authors [148] reported for the first time the scanning field emission microscopy with polarization
analysis (SFEMPA). In SFEMPA a STM tip is held on one side and the spin polarization generated by
electron scattering, thus providing the entire magnetic detail. However, due to the low efficiency of a
spin polarimeter, spin-polarized images have been demonstrated to be limited to fewer pixels of the
STM images during the imaging of Fe dots deposited on a W(110)-single crystal surface. The 1 nm
spatial resolution, which primarily depends on the distance between the pixels, can be improved by
increasing the efficiency of the spin polarimeter and by optimizing the electron optical parameters.

3.4. Transmission Electron Microscopy (TEM)

In the past, the spatial resolution of the TEM instruments has been primarily limited by the
performances of the magnetic objective lens (and not by the incident electrons wavelength). Both,
the primary image and diffraction pattern, which are responsible for the ultimate image quality,
are by far affected by the lens aberration characteristics first, and are later magnified by all the other
lenses. Magnetic objective lenses designed with small aberration coefficients (i.e., Cs: spherical and
Cc: chromatic aberrations, respectively) for achieving atomic-scale spatial resolutions have been one
primary achievement in the modern electron microscopy. Recent TEMs operate with high-power,
high-quality magnetic lenses to produce magnified images. In order to obtain a short focal length,
which is an essential condition to achieve atomic-resolution imaging, a relatively strong magnetic
field as high as about 2-3 T is usually required inside the magnetic objective lens, where samples
are placed. However, under these conditions, the magnetic and physical structures can be largely
altered or even destroyed. The question can be unraveled by using newly developed magnetic
objective lenses causing a magnetic field-free condition at the sample position [149]. This technical
advancement, combined with the high-order aberration correction, permits to achieve a sub-angstrom
spatial resolution (ca. 0.4 A at 300 KV as an acceleration potential) [150] even under a very small
residual magnetic field (below 0.2 mT) at the sample position. The direct atom-resolved imaging of
magnetic materials can be attained enabling a new stage in atomic resolution electron microscopy with
no alteration by high magnetic fields. In more detail, the standard double-tilt sample holders together
with the interaction of the high energy beam with the sample result in characteristic spectroscopies,
including electron energy loss spectroscopy (EELS) and energy dispersive X-ray (EDX) spectroscopy,
which are both very informative about chemical bonds, structures, and compositions at the nanoscale.
In the field of materials science, a multi-technique approach is often adopted by combining microscopies
and spectroscopies together with other techniques. In this regard, the electron microscopies are more
commonly used to determine the morphology and the structure, while the magnetic properties are
revealed by complementary techniques [91,96,108,151].

3.4.1. Lorentz Transmission Electron Microscopies: Fresnel, Foucault and Differential Phase Contrast
(DPC) Imaging

The Lorentz transmission electron microscopy (LTEM) is based on the Lorentz force causing the
deflection of the electron paths of a beam perpendicularly oriented to the magnetic field. Lorentz
microscopy operates in a conventional TEM or in a scanning TEM (STEM) instrument through a thin
sample by means of three different techniques of imaging identified as Fresnel, Foucault (Figure 11)
and differential phase contrast (DPC) microscopy (Figure 12). Lorentz microscopy in Fresnel mode
(Figure 11a—d) is by far the most widely used also because the defocused electron beam transmitted
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through the sample is informative of the magnetic properties via the magnetic contrast located at
the position of the domain walls (Figure 11d). Depending on the direction of magnetization of each
domain, the beam is slightly deflected toward one or the other wall by the Lorentz force. Therefore,
the domain, delimited between one bright and one adjacent dark region corresponding to the wall
positions, can be visualized (Figure 11e,f). On the other hand, the domain structure in the Foucault
mode is imaged in focus and the electrons, deflected by the magnetic field in one way, can be blocked
by the aperture displacing (Figure 11c). The resulting contrast within a single domain thus depends on
the direction of its magnetization. In both operational conditions, images directly display the domain
wall structure and the dimensions can be determined quantitatively from these images.

a) b) Fresnel mode c) Foucault mode
In-focus Overfocus Underfocus Aperture displacement

Magnetic _~
sample T,

Lens ‘-'-

A
/

Apertur%

Image plane
d) Magnetic contrast

No contrast
difference

€)  Fresnel mode f)

Domain walls
XA D
V
|
X

Overfocus

Figure 11. Lorentz microscope (a) in-focus; (b) overfocus and underfocus Fresnel mode TEM imaging;
(c) Foucault mode; (d) the related magnetic contrast imaging; (e) domain wall contrast inversion in
Fresnel mode; (f) scheme of the inverse bright/dark contrast corresponding at the positions of the
magnetic domain walls in defocused Fresnel; and (g) bright-field Fresnel-mode L-TEM image sequence
(1-5) of an isolated DW skyrmion collected with a different tilting angle and the corresponding in-plane
magnetic induction maps (6-10) as obtained by TIE. Panel g reprinted with permission from [152],
copyright by American Physical Society, 2019.

The maximum resolution attainable for imaging the magnetic structure largely depends on several
factors, including the sample type, the delocalization value of the Lorentz lens, the spherical aberration
of the instrument, and it is typically in the 2-20 nm range. As far as the sample is concerned, only thin
specimens (less than about 150 nm) can be analyzed. In other words, the deflection is caused by the
magnetic field within the sample and the information depth comes from the full thickness of the
sample and with the same weighting for all depths. TEM instruments for this appropriate practice
are already available, nevertheless, the moderately high complexity of methods, together with the
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preparation of thin samples that may affect the domain structure, have to be considered for this kind
of imaging techniques. As experimental Lorentz TEM images in Fresnel-mode do not provide a
direct information regarding the magnetic induction directions, the reconstruction of the phase is
typically adopted using the transport of intensity equation (TIE). Such equation when applied to a
focal series of the Fresnel images, may allow in reconstructing the magnetic phase shift of the electron
wave (i.e., in-plane magnetic induction properties) and the quantitative mapping of the magnetic
induction is also possible. In a recent paper by Cheng et al. [152], the Fresnel mode L-TEM was used to
image a DW skyrmion, a kind of topological magnetic excitation that is characterized by vortex-like
magnetic structure (a distinctive 360° transition) formed by the magnetic moments of electron spins.
The sample tilting procedure was performed to allow magnetic contrast to be displayed in Fresnel
mode (i.e., in the absence of the tilting stage, Néel walls do not appear) and the in-the-plane magnetic
component emerges from the perpendicular induction of neighboring domains giving rise to contrast
at the positions of Néel walls. TIE equation is also employed to calculate the integrated in-plane
magnetic induction.

Differential phase contrast (DPC) microscopy is a scanning TEM-based technique rastering
athwart the specimen (Figure 12a). The local Lorentz deflection is obtained at the electron probe
position and observed by utilizing a quadrant detector able to record signals from detector segments
located in opposite positions, thus providing the two components of the Lorentz deflection angle (By.).
Semi-quantitative maps of the magnetization directions and on the domain wall structures with a
spatial resolution nearly equal to the size of the electron probe or 10-20 nm for more typical applications
can be obtained. In this domain, with the aberration corrected TEM technique utilized in field-free
Lorentz STEM imaging of magnetic specimens a spatial resolution lower than 1 nm for direct imaging
of magnetic structure by EM is possible [153,154]. One example of the aberration corrected L-STEM is
shown in Figure 12b-e. In these images a FegyO3)Cyo ferromagnetic nanostructure, 50 X 500 nm in size,
is imaged. The in-plane magnetic characteristics of this nanostructure show a dual vortex structure
(i-e., a close loop of the in-plane induction direction). From this image it is clear that the extent of the
vortex core size can be easily measured across the vortex core direction and the associated deflection
angle (+25 prad) can be assumed proportional to the integrated magnetic induction (+40 T nm) [153].
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Figure 12. (a) scheme of the differential phase contrast (DPC) technique in L-STEM; (b,c) L-STEM
images of a Fe nanostructure (from Fe exacarbonyl by EBID) with its in-plane components; (d) DPC
color image (representation of the color wheel shown in the top-right inset) and (e) the profile of the
line selected in (c) showing the induction profile, as measured from the deflection angle at the vortex
core. fy, is Lorentz deflection angle. Panels b—e are reprinted with permission from [153], copyright by
Elsevier, 2015.
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3.4.2. Electron Holography

The principles of the phase and of the electron shifts are used in the electron holography (EH)
(Figure 13).
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Figure 13. (a) Schematic diagram showing interference fringe formation from the overlap of the sample
and reference waves by the electron biprism, adapted from [155], published by Wiley, 2010. Electron
holography (EH) images of a Co nanowire 9 nm thick and 30 nm long: (b) electrostatic and (c) magnetic
contributions to the electron beam phase shift; the magnetic flux deduced from the magnetic phase
image is superimposed over the electrostatic phase shift image; (d) the cosine of 38 times the magnetic
phase image that allows a better visualization of the magnetic flux within and out of the nanowire;
(e) phase shift profile extracted from the right part of panel (d) where the magnetic induction is constant;
(b—e) reproduced with permission [156], copyright (2011) by American Chemical Society. (f) Electron
hologram of a Fe30O,4 nanoparticle exposing well-resolved interference fringes; (g) representation of the
tilting operation to obtain the in-plane magnetization component to the total phase shift; (h) magnetic
contribution to the total phase shift; (i) Cosine of the magnetic contribution to the phase shown in (g)
to produce contours with a spacing of 0.53 radians; (j) direction of the projected in-plane magnetic
induction in the Fe30,4 nanoparticle as obtained with the addition of colors; and (k) the final magnetic
induction map that shows the strength and direction of the magnetic signal in the Fe30O4 nanoparticle
and the stray magnetic field. (f-k): panels are adapted from [157], published by Wiley, 2019.
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Several types of EH are known, including TEM and scanning TEM. The most used form is the
off-axis electron holography that involves an electron biprism inserted in the aperture plane of the
column of the microscope perpendicularly to the electron beam direction. A field emission gun (FEG)
is mandatory for delivering a coherent source of electrons. Moreover, by applying a voltage to the
biprism, two trajectories of electrons are found in the back focal plane to constitute the electron
hologram. By increasing the biprism voltage, the electron sources are pushed further apart, which will
increase the width of the hologram and decrease the fringe spacing [155]. Several studies have shown
that for medium-resolution EH, alternatively to the conventional objective lens, a Lorentz lens can be
used to provide a useful field of view in the range 200 nm to 2 pm.

The off-axis electron holography approach makes possible both, the direct magnetic domain
imaging and quantitative measurements of the magnetic flux (B).

For these reasons, together with the high energy required (i.e., 200 keV) an interference pattern is
formed from electrons in TEMs allowing to play with electron holography. When electron holography
is attained for the magnetic domain imaging, an interference pattern is generated by the splitting of the
beam into two components through the negatively biased electron biprism: One electron trajectory
passing through the thin specimen and another being unperturbed. When the two components are
recombined on the detector plane, an interference figure is thus obtained (Figure 13a). Furthermore,
the obtained additional phase shift is immediately related to the total magnetic flux enclosed by the
two paths of electrons. Interestingly, interference pattern lines could be immediately interpreted as
the magnetic flux lines. Additionally, a procedure can also be adopted as an alternative. In other
words, as both electron trajectories pass through the magnetic sample with somewhat different
paths, the observed difference in phase is proportional to the flux within the dual beam regions,
but it is sensitive to the domain walls. Different approaches may be tackled for extracting the shift
of the phase signal related to the magnetically inducted electron wave, which is neighboring the
sample. The magnetic figure can be fully quantitatively understood enabling the reconstruction of the
electrostatic and magnetic phase shifts. In a paper by Serrano-Ramon et al. [156] an example of the
off-axis electron holography is provided (Figure 13b—e). In the images, a 9 X 30 nm Co nanowire is
illustrated together with electrostatic and magnetic phase shifts. In another paper, Almeida et al. [157]
reported the magnetic structure of vortex-state Fe30, grains (Figure 13f-k). In these images, from
the EH image (Figure 13f) by tilting the sample of equivalent and opposite angles in the +30°-75°
range (Figure 13g) the magnetic contribution was separated from the phase shift (Figure 13h). A cosine
image (Figure 13i) of a chosen integer multiplied by the magnetic contribution to the phase shift shown
in Figure 13j was used to generate the magnetic phase outlines (Figure 13k) within the Fe3O, grain
from the surrounding stray magnetic field. In fact, from electron holograms recorded with the particles
magnetized in opposite directions, the mean inner potential (MIP) contribution to the phase could be
subtracted from the total recorded phase to gain the magnetic contribution to the phase.

A spatial resolution of 10 nm is possible with electron holography with specimens about 50 nm
in thickness, but thicker samples (below 150 nm) even conductive can be investigated. In any case,
this technique should be intended as extremely powerful, but complex, due to the wide range of
applications and difficulties in the preparation of specimens, image reconstruction and analysis time.

3.5. Spin-Polarized Low Energy Electron Microscopy (SPLEEM)

The SPLEEM has been used to address phenomena such as domain wall structures in thin
magnetic films, micromagnetic configurations in surface supported nanostructures, spin reorientation
transition, magnetic coupling in multilayers, phase transitions and finite-size effects. Its application
has several advantages, such as real-time observation and the possibility to combine crystallography
with magnetic information. The surface sensitivity limits its usefulness to samples prepared in situ
(or grown elsewhere) and protected by a removable capping layer. The main disadvantage in the
use of SPLEEM is its strong sensitivity to applied magnetic fields, which distress the trajectory of
electrons and degrade the image quality. Modest fields of a few hundred gauss can be applied only
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in the surface normal direction, so that the Lorentz force is geometrically minimized. This limitation
affects important fields of research, such as dynamics on domain walls and exotic magnetic states
of matter. The usual image contrast is augmented by magnetic contrast generated by the exchange
interaction between incident spin-polarized electrons and spin-polarized electrons in the magnetic
material [95]. An important family of applications of SPLEEM employs the vector imaging capability to
resolve domain wall (DW) spin textures. Zhou et al. [158] have recently reported a series of thin films,
including Co/W(110), Co/Cu(001) and (Co/Ni)/W(110), obtained at zero contrast between magnetic
domains. Under these conditions, the authors observed the appearance of magnetic contrast outlining
the DWs.

3.6. Scanning Probe Techniques

In scanning probe methods, a sharp tip laterally scans over the sample surface. The interaction
region and the resolution are primarily determined by the sizes and the properties of the tip. A feedback
loop is commonly used to correct the height position of the tip and measures the tip-sample interaction.
Depending on the type of the tip and sample characteristics, different scanning probe methods can be
distinguished. Atomic force microscopy (AFM), takes advantage from either repulsive (contact-AFM
mode) or attractive (non-contact AFM mode) interactions between the tip and the sample. The van der
Waals forces are so used to regulate the tip-sample distance for the imaging from the microscale to
the atomic resolution [159]. Scanning tunneling microscopy (STM) technique is based on the tunnel
current between the tip and a conducting sample. The extent of the tunneling current represents
the tip-sample interaction. Both AFM and STM are by far among the imaging techniques with the
best lateral resolution able to detect the structure variations (i.e., conformation, adsorption geometry,
bond-order relations) and visualize the charging state, when single electrons are added to or removed
from small molecules (e.g., pentacene, porphine, azobenzene) or with ionic state variations from
neutral to anionic and dianionic states of tetracyanoquinodimethane [160].

3.6.1. Magnetic Force Microscopy (MFM)

Magnetic force microscopy (MEM) is a relatively young technique, firstly demonstrated in 1987,
but now is by far one of the most diffused investigation techniques for studying the magnetic structure
at the mesoscale [161]. This technique is based on magnetic forces acting between a sharp ferromagnetic
tip probe and the magnetic characteristics of a sample surface (Figure 14a,b). When the magnetic tip
scans a magnetic surface, the small attraction (or repulsion) forces acting between the tip and surface
are detected, thus making possible to image magnetic characteristics of the sample surface. The tip
radius of 20-40 nm is used, which determines the limit of lateral resolution in the magnetic imaging.

In the typical MFM technique one (i.e., single-pass mode) or two consecutive scans (i.e., dual-pass
mode) are involved. While in the single-pass mode both topography and magnetic properties are
simultaneously acquired, in the dual-pass mode the topography of the surface is acquired first, by taking
advantage of the van der Waals forces (i.e., short-range interactions) acting between the probe and
surface, by using the conventional tapping-mode atomic force microscopy (AFM). Then, in a second
scan, the probe preventively magnetized by a permanent magnet, is lifted above the surface and repeats
the scanning of the surface at a constant lift height at a distance where van der Waals contributions are
negligible and the magnetic tip probes are exposed only to the magnetic interactions (i.e., long-range
forces). Magnetic force microscopy usually works in AC mode, in which the tip oscillates at a certain
frequency near to its resonance frequency (wp). Importantly, wy shifts when a force is applied on the
cantilever, thus the resonance frequency shift (Aw) depends on the force gradient, causing a variation
in the phase and amplitude (Figure 14c,d, respectively).

Two key advantages of MFM are the high spatial resolution that is of the order of 40-50 nm, and the
flexibility to work in environmental conditions and with applied magnetic fields. Single magnetic
nanoparticles acquired in the air are shown in Figure 14e—g [65]. The chitosan-pyrolized magnetic
nanoparticles (Fe3Oy, Y-Fe,O3) preventively separated by a permanent magnet and deposited on a
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freshly cleaved mica surface were AFM imaged in a first scan (Figure 14e) and their sizes determined
in the 22-30 nm range from the related height profiles.

The phase shift signal, imaged in the second scan by using the same tip probe operating in lift mode
at four selected heights (90, 100, 110, 120 nm), was found to be effective in minimizing the topographic
features (i.e., short-range interactions) and in revealing the magnetic characteristics (i.e., long-range
forces). It is worth mentioning that negative phase shifting (darker regions in Figure 14f), depends
on the operating distance and it is associated with attractive interactions between the sample and
the magnetic probe in combination with a positive shift of the amplitude signal in both forward
and backward scans (Figure 14g). The method is relatively simple for bulk materials, films or for
nanoparticles when they are placed on flat supports, like mica or highly oriented pyrolytic graphite
(HOPG). The acquisition could be much more difficult for nanoparticles dispersed into a porous carbon
texture [162] or in a polymer phase [163,164]. Other key advantages offered by the technique are
the possibility to work under vacuum, with or without externally applied magnetical and electrical
fields and variable temperature conditions. High-resolution MFM imaging can be obtained in vacuum
conditions (107* Pa) to benefit from higher sensitivity (i.e., higher Q factor of the cantilever) and the
(thermal) stability.
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Figure 14. (a) Principles and (b) forces acting between the tip and the magnetic surface in MFM;
(c) phase and (d) amplitude shifts associated with the long-range magnetic interactions; (e) topography
signal (top panel) and height profiles (bottom panel) of pyrolyzed magnetic chitosan nanoparticles
imaged on the freshly cleaved mica support; (f) magnetic force microscopy (MFM) phase shift images
obtained at various lift heights (H = 90, 100, 110, and 120 nm); (g) forward and backward amplitude
and phase maps obtained for H = 90 nm above the sample surface (obtained at constant height of
90 nm). Reproduced with permission from [65], copyright (2016) by American Chemical Society; (h—j)
MFM maps acquired at T = 18.28 K, T = 18.23 K, and T = 9.95 K without a magnetic field. In the bottom
insets, profiles of the phase signal along selected lines of the three structures are illustrated. Panels (h—j)
are adapted from [165], published by American Association for the Advancement of Science, 2018.

In a recent paper, Geng et al. [166] showed that the magnetoelectric force microscopy (MeFM) that
is a combination of magnetic force microscopy (MFM) with in situ modulated electric fields (E), can be
employed to detect the E-induced magnetization (ME) and to show the multiferroic domain structure
in hexagonal (h-)ErMnOj3. Along with multiferroic materials (e.g., CuyOSeOs) [167], they exhibit the
so-called magnetoelectric effect, in which an external magnetic field can cause electric polarization and
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an electric field can cause magnetic ordering. The field of the manipulation of magnetic structures by
electrical fields is beyond the scope of this review, but it is highly desirable for technological applications.

The interplay between superconductivity and magnetism in single crystal EuFe;(Asp79Pg21)2
magnetic force microscopy (MEM) operated at low temperature and without applied magnetic field has
been recently reported by Stolyarov and co-authors [165]. The MFM phase shift maps (Figure 14h,i,1)
are representative of three temperature regions: TFM < T < T, T S TEM < T, and T < TFM < T,
(in which TFM and T represent the ferromagnetic transition and the critical temperatures, respectively).
Above TEM (ca. 18.28 K), as expected for a superconductor, the conventional Meissner state was
found homogeneous (Figure 14h). Below TEM (ca. 18.23 K), the Meissner state first became striped
with the domain width in the 100-200 nm range (Figure 14i), then a new phase exhibiting domain
vortex-antivortex state (DVS), made of larger domains of ca. 350 nm, 40 times stronger than the
magnetic contrast, was observed (Figure 14j).

The indirect magnetic force microscopy (ID-MFM) has been recently reported by Sifford et al. [108]
as a novel method for the detection of magnetic domains. The newly developed method has been
demonstrated for superparamagnetic iron oxide nanoparticles (SPIONs) immobilized on silicon nitride
TEM windows and it has the potential to be applied in cells and tissue sections, without contaminating
the magnetic probe.

Notably, due to the possible mutual interaction between tip and sample, the interpretation of
MFM images is a debated topic and only qualitative data restricted to the more classical ferromagnetic
samples (i.e., bulk materials, thin films, or nanostructures) are available.

3.6.2. Spin Polarized Scanning Tunneling Microscopy (SP-STM)

The spin-polarized scanning tunneling microscopy (SP-STM) is a special application of the
STM technique that can provide an insightful detail of magnetic characteristics at the subatomic
scale in addition to the topographic signal that is usually obtained by STM. Domain walls in
antiferromagnetic/ferromagnetic systems obtained under static or dynamic magnetic and thermal
conditions can be precisely determined by this technique. A magnetic-coated sharp tip scans over a
sample surface under a potential applied between, thus promoting electrons to tunnel between the tip
and sample and resulting in an electrical current. When the tip is magnetized the electrons having
the same spin orientations (i.e., parallel orientation) at the sample surface provide a higher tunneling
current than that given by spin with the antiparallel orientation (Figure 15a,b), while in the absence of
magnetic interaction this current is indicative of the local electronic properties.

The magnetic probe is the most important component for the atomic spatial resolution: Both the
geometry and the magnetic properties of the atomically shaped probe are crucial for the good interaction
(i.e., high spin polarization, relatively small stray magnetic field and spin orientation properties at the
tip apex). Three operational modes can be adopted: (i) constant current, (ii) spectroscopy, or modulated
tip magnetization (exclusive for SP-STM). A particular sample (and probe) preparation is required as
well as ultra-high vacuum (UHV) conditions to prevent oxidization and mislay of magnetization at the
sample/tip surfaces. The separation of the magnetic features from topographic and electronic features
is required also selecting the most proper operational mode.

The field of molecular magnets has become extremely active since 1990s, when it was shown
that transition metal coordination molecules (i.e., [Mn;5012(OAc)16(H20)4] (MnjpAc) compounds)
can retain magnetization for long time in the absence of external magnetic fields at liquid-helium
temperatures. Over the past years, a large family of single-molecule magnets have been reported as
well reviewed by Woodruff [51] and Guo [168]. In a recent paper [169], a single-molecule magnet, a
dysprosium metallocene cation [(Cp'T™)Dy(Cp*)]* (Cp''™: penta-iso-propylcyclopentadienyl; Cp*:
pentamethylcyclopentadienyl) that displays magnetic hysteresis above liquid-nitrogen temperatures,
has been reported for the first time. An example of SP-STM imaging down to single molecule magnet
is shown in Figure 15c—e. In a paper by lacovita et al. [170] reported the spin polarization parallel
and antiparallel of Co phtalocianine laying on magnetic nanolead support by adopting —0.32 V and
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—0.16 V as working potentials, respectively. A spatially resolved molecule is illustrated together
with the molecular structure model superimposed (Figure 15e). In a more recent paper, Schwobel
and co-authors [171] reported an atomically resolved single molecule imaged by SP-STM technique
(Figure 15f,g). In these images, topographies (Figure 15f,g top panels) and spin-resolved differential
conductance maps (Figure 15f,g bottom panels) of bis(phthalo cyaninato)terbium(Ill) (TbPc;) are
shown. The topographic images showed only a slight difference, while the spin-resolved maps of
differential conductance, taken with parallel or antiparallel alignments by applying a potential of
—0.5 'V, showed a remarkable magnetic contrast corresponding to an eight-lobe or a cross-shaped
structure for parallel or antiparallel alignments, respectively. It is worth mentioning that either parallel
(blue/dark colors) or antiparallel (red/grey colors) orientations can be obtained by applying an external
magnetic field (B = +1 T) and that Co islands did not rotate their orientations due to the hard magnet
characteristics of Co.

a) parallel magnetization  b) antiparallel magnetization

Figure 15. (a,b) representation of the spin polarized scanning tunneling microscopy (SP-STM) principle.
In magnetic materials the density of states largely depends on the two different spin orientations: Parallel
(higher tunneling current) or antiparallel (lower tunneling current) one; (c,d) spin-polarized tunneling
conductance maps for Co phatolocyanine taken at —0.32 V and —0.16 V (image size: 40 x 20 nm?);
(e) map of a selected region in (c) (2.6 X 2.6 nm) with molecular structure model superimposed.
Reprinted with permission from [170], copyright 2008 by American Physical Society; (f,g) topographies
(top panels) and the associated spin-resolved differential conductance maps (bottom panels) of a single
TbPc, molecule laying on a metal Co-layered Ir (111) surface for parallel (left panels) and antiparallel
(right panels) magnetization alignments. In the top insets of (f) and (g) schemes of the operational
conditions with the superimposed molecular structure model of TbPb,, are illustrated. Adapted
from [171], published by Nature Publishing Group, 2012.
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3.6.3. Scanning-SQUID Microscopy

The scanning-superconducting quantum interference device (SQUID) microscopy is an
ultra-sensitive technique for quantitative measurement of weak and local magnetic fields at the
mesoscale. The probe, consisting of a superconducting quantum interference device (SQUID)
(vide supra), allows the spatial scanning above the sample surface of hundreds of nanometers.
The principal advantage and disadvantage of the scanning-SQUID microscopy with respect to the
other magnetic scanning probe microscopies are the ultimate sensitivity of magnetic fields down to
the nT scale and the limited spatial resolution as low as in the submicron scale only [172], although
there are some promising new approaches with much higher spatial resolution. In any case, the last
developed instruments allow cryogenic SQUID measurements [173]. By using microfabricated sensors,
the scanning SQUID microscopy makes it possible various studies, including the ferromagnetism in
novel materials and heterostructures [174] and fractional vortex formation in p-phase shift structures
showing high-T. superconducting state [175].

3.6.4. Scanning Hall Probe Microscopy (SHPM)

The scanning Hall probe microscopy (SHPM) is a variety of SPM techniques that incorporates the
accurate sample approach and positioning of STM instruments equipped with a semiconductor Hall
sensor. The combination of these two characteristics permits the magnetic induction mapping over a
scanned surface. Although the technique has been demonstrated for domain imaging, it was originally
designed for magnetic flux measurement in superconductor materials.

The SHPM technique can be considered as an improved magnetic imaging technique for a
variety of reasons. Firstly, the technique can be combined with other scanning methods such as STM,
but different from other methods, a small force, with negligible influence on the magnetic structure,
is applied during the Hall probe analysis. Secondly, samples do not need to be electrically conductive
(except for using a STM height control system). Thirdly, measurements can be performed from
cryogenic to high temperatures under ultra-high vacuum (UHV) conditions, without special care of the
surface or preparation. Lastly, the magnetic field sensitivity is very high (0.1 uT-10 T range). However,
SHPM users have to take under consideration some limitations and difficulties, such as when they
are acquiring high-resolution scans that become difficult due to the thermal noise of extremely small
hall probes and that the obtained image is affected by the scanning height. Furthermore, a minimum
height of the scanning distance is possible due to the hall probe assembling. Some other characteristics
are in common with the probe scanning methods, for example the fact that a large scanning area is
time-consuming and the importance of protecting from electromagnetic and acoustic noises (with a
Faraday cage and an anti-vibrating platform, respectively) and static charge (ionizing units).

Ghirri end co-authors [176], reported the direct magnetic measurements for monolayers
of molecular nanomagnets investigated by SHPM. In the paper, the magnetic response of
Csp7Ni[Cr(CN)glog (Prussian blue analogue) molecular structure is illustrated by studying the
dependency of the magnetic images on the temperature and the applied fields. Dede et al. [177]
reported three dimensional (3D) scanning Hall probe microscopy (3D-SHPM) of a magnetic patterned
surface down to 700 nm as spatial resolution.

3.7. X-Ray Imaging Techniques

3.7.1. X-Ray Magnetic Circular Dichroism (XMCD) and Photoemission Electron Microscopy
(X-PEEM) Techniques

The magnetic structures can be investigated at the nanoscale by means of X-ray methods.
The spectroscopic and microscopic approaches can serve to identify fingerprints of the magnetic
matter and quantitative information as well. Along this theme, the magnetic domain visualization
with a spatial resolution of a few tens of nm, even in 3D, can be obtained with various X-ray
microscopy techniques. In a recent paper [121], P. Fischer reviewed the X-ray imaging methods of the
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magnetic structures. The authors can largely refer to this review and references therein for the sake
of completeness.

The X-ray magnetic circular dichroism (XMCD) and the X-ray photoemission electron microscopy
(X-PEEM) techniques have been recently developed in synchrotron facilities offering tunable and intense
radiations [118] (and references therein). In this contest, the dichroism definition is essentially associated
with the polarization dependency of the absorption of X-ray photons with the magnetization orientation
of the sample. The different X-rays absorption process, known as X-ray dichroism, is expected to be
maximized when the material magnetization and the angular momentum of photons are antiparallelly
or parallelly oriented. X-ray photons entirely transfer the angular momentum to photoelectrons
(i.e., angular moment conservation during the absorption process) that are excited from a splitted
spin—orbit core level. The magnetic properties are then given in a second step, when two X-ray
absorption spectra (XAS) collected in a magnetic field, with the left- and right-handed circularly
polarized lights, respectively, are compared. Such difference in the spectra can be informative of
transitions that are too weak to be detected in conventional optical absorption spectra of the atomic
site, including symmetry of the electronic levels, metal ion sites spin and orbit magnetic moments and
paramagnetic properties.

In PEEM equipped with soft X-rays as excitation sources (X-PEEM), XAS and X-ray photoelectron
spectroscopy (XPS) can be also implemented, thus offering a set of complementary information with a
lateral resolution of the order of a few nanometers. On the other hand, an electron beam can be used as
a probe as an alternative (PEEM), but samples with enough conductivity should be investigated for
avoiding the surface charging and a lateral resolution of about 40 nm is expected, being the sensitivity
confined to the topmost layer (i.e., 1-3 external atomic layers). The X-PEEM technique has been recently
used by Kleibert et al. [178] for the direct observation of superparamagnetic and unconventional
magnetization state in single 3d transition metal (i.e., Fe, Co, and Ni) nanoparticles (Figure 16af).

Nanoparticles were imaged by means of elemental maps obtained by collecting two images for
the sample site: Firstly, an edge image was recorded with the photon energy tuned at the L3 X-ray
absorption edge of the element. Secondly, a pre-edge image having the photon energy tuned a few
eV below the L3 X-ray absorption edge energy was recorded. Ruiz-Gomex et al. [179] investigated
single-crystal magnetite islands exhibiting spin structures in ultrathin, magnetically soft magnetite by
X-ray spectromicroscopy (Figure 16g-k). In these images, the triangularly-shaped island with edges
aligned along the magnetite [110] directions is shown (Figure 16g). XAS image illustrated in Figure 16h
exhibits a contrast with a brighter region located at the magnetite position, as obtained by collecting
spatially resolved low-energy (ca. 2 eV) SEs emitted from the sample upon X-rays irradiation with a
photon energy corresponding to the L3 absorption edge of Fe. X-PEEM image shown in Figure 16i
illustrates an unambiguous magnetic contrast in the magnetite island, whose hexagonal pattern in
the diffraction pattern, shown in Figure 16j, is indicative of an iron oxide with a spinel structure.
The difference between the XAS spectra acquired with opposite light helicities from a single domain
gives the corresponding XMCD spectrum shown in Figure 16k [179].

The versatility of XMCD in providing detailed information on the electronic and magnetic structure
of a wide variety of systems, including nanoparticles, molecular magnets, organometallic complexes,
and crystals has been recently demonstrated [118,180].
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Figure 16. (a—f) elemental maps of the NPs: (a) Fe, (b) Co, and (c¢) Ni nanoparticles;
(d—f) the corresponding magnetic contrast images. Dashed and solid circles represent NPs in the
superparamagnetic and magnetically blocked states, respectively. Au markers shown in the images
are used for the particle identification. Reproduced with permission from [178], copyright (2017) by
American Physical Society. (g—k) multitechnique imaging of a Fe30, (magnetite) island on an FeO
wetted layer on the Ru(0001) surface: (g) LEEM image (electron energy = 8 eV), (h) XAS image of the
same area acquired at a photon energy close to the maximum of the L3 Fe absorption edge, (i) X-ray
magnetic circular dichroism image of the same area, (j) low-energy ED pattern acquired from the island
at 30 eV. One of the ED spot, characteristic of the spinel phase is shown by a circle. (k) XAS spectrum of
the island showing the Lz and the L, Fe edges and XMCD spectrum taken in the black domain in (i).
Reproduced with permission from [179], published by The Royal Society of Chemistry, 2018.

3.7.2. Scanning and Transmission X-Ray Microscopies (TXMs)

Full-field and scanning transmission X-ray microscopy (STXM) are two techniques to obtain a
microscopy image by monitoring the intensity of focused X-rays transmitted through a relatively
thin specimen. Since these techniques require collimated and high-intensity X-rays, the use of X-ray
microscopies has been typically limited to synchrotrons. In the scanning operational mode, the X-ray
beam is reduced to a small spot size at the specimen position by a focusing lens used to focus,
and the sample is raster-scanned by measuring the transmitted intensity at each point. Together with
transmitted X-rays, other signals (i.e., diffracted X-rays, photoelectrons and fluorescent photons) are
usually simultaneously detected to map chemical and structural properties of the specimen [121,124].

On the other hand, full-field X-ray microscopy is analogous to that of conventional microscopies
and the real-space image of the illuminated specimen within the field of view is directly captured.
A tiny and lithographically fabricated concentric ring structure (known as zone plate) is used to focus
X-rays from the synchrotron beam, working as an objective lens for X-rays. The concentric rings of the
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zone plate lead to the X-ray diffraction, and the observed diffraction angles depend on the wavelength,
while the focal length is proportional to the energy of X-ray photons. Furthermore, the final spatial
resolution is determined by the zone plate and by the width of its outmost concentric ring. With the
actual lithographic feature, a spatial resolution of 10-20 nm can be attained. The technique is fast and
allows the three-dimensional imaging and the study of biological specimens, when operated at near
pressure conditions [125]. The energy-resolved TXM mapping can be performed with the complement
provided by the X-ray absorption near-edge structure (XANES).

Comparing to PEEM, the XMCD signal monitored by TXM differs by the facts that the transmission
configuration is not sensitive to external magnetic fields and it makes possible the imaging of reversal
processes of magnetization, the resolution is typically higher, but the field of view cannot be easily
changed. The main difference between X-PEEM and XTXM, is that X-PEEM is a more surface dependent
(penetration depth is of about 2 nm), while XTXM is a transmission method through a thicker interaction
region (below 50-100 nm) [124].

The photon energy can be tuned around the absorption edge of a specific element. The spatial
resolution, i.e., the focusing size of the X-rays in the soft X-ray STXM is typically 20-100 nm. It is in
principle determined by the diffraction limit of the lithographically fabricated FZPs.

A newly developed scanning X-ray microscope equipped with an 8T superconducting magnet as
a tool for investigating the magnetic domain structures in inhomogeneous magnetic materials with a
spatial resolution of 90 nm under high magnetic fields have been recently illustrated by Kotani and
co-authors [181]. The performance and features were demonstrated by magnetic domain observations
of Nd—Fe-B sintered magnet.

In order to shed light on both quantitative composition and 2D/3D chemical and magnetic
mapping, recent improvements in soft X-ray synchrotron-based scanning transmission microscopy
have been carried out (see also Section 3.9). Images with a spatial resolution better than 5 nm, obtained
by a special setup including ptychographic coherent diffraction imaging in STXM platforms [182]
have been obtained, as demonstrated in proton conductive ionomer in fuel cells and magnetotactic
bacteria [183]. Using hard X-ray magnetic nanotomography, Donnelly and coauthors [126] have
determined the 3D magnetization configuration in soft magnetic GdCo, microcylinders. The method,
based on circular left polarized X-rays with hard-X-ray dichroic ptychography, showed a spatial
resolution of about 100-130 nm. Interestingly, it was shown that the two ferrimagnet sublattices are
clearly coupled antiparallel to each other.

In a recent paper, Blanco-Roldan et al. [184] reported an imaging method based on the angular
dependence of the magnetic contrast in a series of high resolution transmission X-ray microscopy images.
For ferromagnetic NdCos layers 55-120 nm in thickness and NdCos film covered with permalloy,
the authors observed a quantitative character of the magnetization (i.e., canting angles relative to the
surface plane). Furthermore, the proposed method allows identifying complex topological defects
(e.g., merons or % skyrmions).

3.8. Neutron Magnetic Imaging Techniques

The imaging techniques driven by neutrons have been documented to be very informative for
the study of the inward properties of the matter, including those that cannot be investigated by X-ray
sources, such as hydrogen-rich water and organic-based systems. Thermal neutrons, often with low
energy (even 1072 eV), or fast neutrons with high energies (e.g., few MeV or above 10 MeV) can be
used. The energy profile covers a wide interval depending on the dedicated facilities. Fast neutrons
possess a low attenuation in the most matter, thus allowing them to be transmitted through the matter.
Furthermore, some new methods of imaging make use of pulsed neutron beams based on accelerator
facilities as developed also at compact accelerator-driven neutron sources, which open new applications
in the field of the neutron imaging. The first instrument in the world fed by pulsed neutron sources
and dedicated to the imaging was realized in Japan [128].
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The most relevant elements of an NTT instrument are the neutron sources, as follows:
(i) radionuclide-based spontaneous fission, (ii) low Z matrix, such as Be with « emitters (i.e., Am
or Po); (iii) photoneutrons, such as D or Be with a high y-emitter, and (iv) neutron generators from
deuterium-deuterium or deuterium—tritium reactions. The other principal elements are collimators
and detectors. Detectors are the most relevant constituent for the high spatial resolution: Cold neutron
radiography and tomography (3D) have the higher spatial resolution: about 100 um (1-25 s as exposure
time) and about 300-500 um (10-500 ms).

As far as the magnetic imaging is concerned, neutrons have no electric charge, allowing them to
be penetrated deeply into the matter. Furthermore, neutrons have a magnetic moment, making them
sensitive to magnetic fields via the Zeeman interaction. Some neutron scattering techniques based on
thermal neutrons have been developed to investigate the magnetic structure, as follows: (i) Polarized
small-angle neutron scattering (SANS); (ii) polarized neutron reflectometry, and polarized neutron
radiography and tomography. SANS is a technique perfectly appropriated for the investigation of
nanoparticles, including their internal structure via the measurement of the magnetic form factor or the
magnetic interactions between magnetic nanoparticles (polarized SANS technique). Polarized neutron
reflectometry is more suitable for magnetic thin films (5-100 nm in thickness) by measuring directions
and the magnitude of magnetic induction in heterostructures with a depth resolution of about 2-3 nm.
Polarized neutron radiography and tomography technique can be adopted for films or bulk materials
for mapping the distribution of induction fields by a 2D detector. The spatial distribution of magnetic
fields of bulk samples have been recently developed utilizing polarized neutrons and the technique
may allow to reveal the 3D magnetic field distribution in the solid matter [129].

3.9. 3D Imaging of Magnetic Domains

Three-dimensional analysis of the domain structure in bulk materials is an important issue for
understanding ultimate magnetic properties and for developing materials and devices.

While bidimensional imaging of magnetic domains on surfaces can be obtained using the
aforementioned techniques, 3D visualization methods have eluded scientists for many years, due to
the intrinsic problems of the more conventional imaging techniques. In these years, physicists were
able to study the effect of domains on the magnetic properties of materials, but they were not able to
make 3D images of domains deeply inside the matter.

In the past, the magnetism was conventionally associated with the imaging and analysis of
magnetic domains in ferromagnetic systems. More recently, it has been demonstrated that the magnetic
structures at the nanoscale can have a more complex magnetic texture and a deeper investigation is
required. A new age in the magnetism has begun thanks to the magnetic imaging techniques addressing
the challenge towards the more complex 3D magnetic textures. In this context, the magnetic X-ray
transmission tomography (i.e., tomographic reconstruction method) is an excellent method for rising the
challenge of this new field, capable of both, probing and 3D reconstructing the magnetic textures [185].
In fact, in recent years, some approaches for the 3D visualization the magnetic domains become
available. Among these, Streubel et al. [127] have shown the 3D visualization and reconstruction of
magnetic domain structures in curved magnetic thin films with tubular shape by means of full-field soft
X-ray microscopy with a lateral resolution of a few tens of nm. It was shown that the 3D magnetization
is obtained from a 2D projection sequence by investigating the magnetic contrast that is varying with
the projection angle.

In another paper, Manke, Kardjilov and colleagues” work [186], have 3D imaged the magnetic
domains by using a new technique called Talbot-Lau neutron tomography. Due to the fact that the
sample slicing to investigate the interior domains could be useless, because a new domain pattern
structure related to the newly developed surface can be rearranged, the tomographic approach has
been developed to identify domain walls in wedge-shaped crystals basing on the refraction of neutrons
(Figure 17a).
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Figure 17. (a) representative scheme of the Talbot Lau neutron tomography setup; (b) representation
of the investigated wedge-shaped FeSi single crystal, radiographic projection images as obtained by
Talbot-Lau neutron dark-field radiography; (c-i) the same radiographic projection images obtained
under an external magnetic field (parallel to the cylinder axis) of 11 mT, 20 mT, 40 mT, 84 mT, 225 mT,
and 11 mT. The dark stripes are caused by domain walls that are nearly parallel to the incident beam.
Adapted from [186], published by Nature Publishing Group, 2010.

For the image contrast a double crystal diffractometer can demonstrate that domain walls oriented
almost parallel to the neutron beam direction can be visualized. The setup is based on grating-based
shearing interferometer consisting of three gratings: (i) source grating (Gs), is an array of slits within
an absorbing Gd mask with a periodicity of 790 um; (ii) The phase grating (Gpp) with a much smaller
period (7.96 um), causes a phase shift of 1/2 between incoming and produces; (iii) an analyzer grating
(Ga), is an absorption grating with a period of 4 um (~Ppp/2). Ga is used to detect the interference
pattern. The tomographic approach has been adopted for FeSi (Fe 12.8 at % Si single crystals) magnetic
sample with a cylindrical shape (Figure 18b-i) [186]. An X-ray tomographic technique, more recently
developed by Suzuki et al. [187], was employed to investigate the internal magnetic domain structure
in ferromagnetic samples at the microscale. The technique, based on a scanning hard X-ray nanoprobe
using XMCD, allows 3D reconstruction of the magnetic vector components with a spatial resolution of
360 nm. The authors argued that the method is applicable to practical magnetic materials and can
be extended to 3D visualization of the magnetic domain formation process under external magnetic
fields. Very recently, Wolf et al. [188] have shown the 3D magnetic induction mapping of a layered
Cu/Co nanowire after reconstruction of both the magnetic induction vector field and 3D chemical
composition of the material with sub-10nm spatial resolution using the holographic vector field
electron tomography approach.

3.10. Towards Imaging in Living Matter

The development of non-invasive measurements probing magnetic fields in organisms,
living matter, even down to smaller scales, possibly to single cell sizes (i.e., microns), or better,
inside the cell, is a matter of great interest for the scientific community [189]. It is known that magnetic
imaging methods have either low spatial resolution or they are not applicable for imaging the cell
structures and living biological samples. Grinolds et al. [190] demonstrated that microscopy based on
NV-center (or nitrogen—vacancy, N-V) may allow to quantitatively measure the stray field of a sample
with a sensitivity down to a single electron spin. From this, the magnetic imaging of magnetotactic
bacteria under ambient conditions with a nm scale resolution it was reported, using an optically
detected magnetic field imaging array consisting of a N-V color centre implanted at the surface of a
diamond chip (Figure 18a). Such N-V color center, absorbs the light from green and emits to the red
light, thus making local magnetic field investigation possible [123]. Then, magnetotactic bacteria are
placed on the diamond, and the N-V quantum spin states are optically probed, thus making possible
the reconstruction of magnetic-field vector components (Figure 18b—e).

In a recent paper by Thiel et al. [191], the probing of magnetism also in 2D materials at the
nanoscale with single-spin microscopy was reported. In the paper, scanning single-spin magnetometry
based on diamond NV centers was used to image the magnetization, localized defects and magnetic
domains of atomically thin crystals of the van der Waals magnet Crl;.

37



Inorganics 2020, 8, 6

a)

Detector
Lens

Filter
Dichroic mirror

Green laser Ext. Magn.
Red LED field

Figure 18. (a) Representation of the wide-field magnetic imaging microscope field fluorescence
microscope setup vector plots of the measured (red arrows, left panel) and simulated (blue arrows,
right panel) magnetic field projections in the xy plane are reported superimposed; (b,d) optical and
(c,e) backscattered electron (BSE) images, respectively. Adapted from: [123], published by Nature
Publishing Group, 2013.

4. Characterization of Magnetic Systems for Biomedical Applications

In the previous two sections of this review, a shrewd description of a variety of representative
methods currently adopted for the investigation of magnetic materials, nanoparticles and molecular
structures (i.e., single-molecule magnets) is provided. In the following the authors aim at illustrating
how the (inorganic) magnetic systems for biomedical uses could be designed and characterized.
The field is very broad, but very relevant due to its many implications in medicine; it is difficult to
summarize all methods and adopted strategies, which can be very different. Some of the most relevant
techniques are discussed for the sake of brevity in the following paragraphs. It is not surprising that
due to the multidisciplinarity of the fields a multi-technique approach is required to address suitable
strategies to detect and monitor specific diseases in human’s body [192-196].

In order to evaluate potential applications of magnetic nanosystems in the biomedical field,
some specific characteristics have to be carefully determined. First of all, morphology, size distribution
as well as surface zeta potential must be investigated (Figure 19). Then solubility and stability in
aqueous solutions have to be pursued. Possibly, relaxivity measurements could be performed to
evaluate the possible application as magnetic resonance imaging (MRI) contrast agents. Finally,
eventual toxicity effects exerted towards cell cultures must be assessed. In the following paragraphs
some of the common techniques nowadays available to obtain precise information about magnetic
systems, in view of possible biomedical applications, are enumerated and briefly discussed. For more
details, the readers can refer to the more dedicated literature.

4.1. Microscopies, X-Ray Diffraction: Morphology, Composition, and Shape

Morphology and homogeneity of the sample are two fundamental aspects that should be deeply
investigated in the light of in vivo administration of magnetic systems [197]. Both the morphology
and the size of the system, in fact, influence its distribution, blood circulation time and possible
toxicity [198-200]. Iron oxide nanoparticles, for instance, can be classified according to their size
into USPIOs (ultrasmall superparamagnetic iron oxides), SPIOs (superparamagnetic iron oxides) or
MPIOs (micrometer-sized iron oxide particles), displaying a hydrodynamic size smaller than 50 nm,
about 50-150 nm or around 1 pm, respectively (coating included) [201,202]. While USPIOs are generally
able to avoid the early and massive uptake by the macrophages from the mononuclear phagocyte
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system (especially spleen and liver macrophages), resulting in long blood circulation time and possible
targeting of macrophages in deep compartments, SPIOs are generally taken up readily by macrophages
in liver/spleen and provide passive targeting for reticuloendothelial system, whereas MPIOs are
mostly intended to label and efficiently track macrophages [203]. Moreover, morphology and shape
have been reported to affect toxicity [204]. Lee et al. [205] reported higher toxicity for rod-shaped
particles in comparison to spherical ones, probably due to different wrapping mode on cell surface.
Internalization through nonspecific cellular uptake was observed for rod-shaped nanoparticles more
than sphere-shaped ones, resulting in faster cell penetration, dispersion throughout the cells and
consequent higher pro-inflammatory cytokines production.

Figure 19. (Left) Physicochemical factors that affect cellular uptake of nanoparticles: Surface charge, size
and shape. (Right) Different morphologies of iron oxide nanoparticles. Reproduced with permission
from: [206], published by Ivyspring, 2018.

In order to study and report on shape and size of magnetic systems various microscopy cutting-edge
techniques are employed, as reviewed in the previous paragraph. However, valid alternative and
complementary methods are nowadays available [104]. Information about system structure, for instance,
can be acquired by X-ray diffraction, using both conventional and synchrotron radiation sources,
thermal analysis, Mssbauer [207] and infrared (IR) spectroscopy [208,209]. Conventional X-ray
diffraction (XRD) is carried out to obtain information about the crystalline structure of the particles,
especially about the proportion of iron oxide formed in a mixture, by comparing experimental peak and
reference peak intensities [36,209]. Moreover, the crystal and particle size can also be extrapolated from
the peak broadening in the XRD pattern using the Scherrer equation [104,210-212]. The advantage
of using synchrotron radiation sources, based on a collimated light source with high intensity,
instead of conventional ones, lies in the possibility of obtaining more accurate information about
phase composition, crystallite size, strain and defects and of performing time-resolved studies [213].
Both types of XRD are performed on solid samples, but with energy dispersive X-ray diffraction
is possible to obtain information also on samples in suspension, thus allowing knowledge of fine
structural details [104,201].

4.2. Thermogravimetry and Differential Scanning Calorimetry: Thermal Properties and Composition

Another approach widely employed to the complementary characterization of magnetic systems
is the thermal analysis, term that includes a group of techniques in which a physical property of
a substance is measured as a function of temperature or time while the substance is subjected to a
controlled temperature program. Thermal analysis provides information about sample thermal stability,
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adsorption of water molecules or specific coating molecules onto the magnetic core, phase transition
and crystallinity of the system [214-217]. For instance, Catalano et al. [218] used thermal analysis to
characterize novel hydrogel chitosan-coated iron oxide nanoparticles for cancer therapy: Through
this analysis it was possible to accurately determine the chitosan content in the particle and gain
information about temperature degradation of this innovative system. The most widely used thermal
analysis is differential thermal analysis, DTA, in which the difference in temperature, AT, between the
sample and a reference material is recorded while both are subjected to the same heating program.
It could provide information about transformations that have occurred, such as phase transitions,
crystallization, melting and sublimation. Conversely, in power-compensated differential scanning
calorimetry (pc-DSC), the sample and a reference material are maintained at the same temperature;
the differences in independent power supplies needed by the sample and the reference to keep this
temperature constant are recorded and plotted against the programmed temperature or time [219].
Instead, thermo-gravimetric analysis (TGA), mainly exploited to determine the composition of
materials and to predict their thermal stability, consists in measurements of weight/mass change
(loss or gain) and the rate of weight change as a function of temperature, time and atmosphere [64,220].
An interesting example of TGA measurement applied to magnetic systems was reported by Xu and
co-workers: they estimated the amount of Fe30, in polyacrylamide-coated magnetic particles [221].
In addition, they could correlate, with reasonable precision, the amount of magnetite with saturation
magnetization, applying a specific equation. In 2014 Mansfield et al. [222] compared classical TGA with
microscale-TGA (u-TGA) in the analysis of surface coating in gold nanoparticles. They demonstrated
that p-TGA is a valid method for quantitative determination of the coatings on nanoparticles, such as
surface-bond ligand coverage, and in some cases, can provide purity and compositional data of the
nanoparticles themselves.

4.3. Mdossbauer (or Gamma-Resonance) and Infrared Spectroscopies

Another appealing technique, probably the most adequate method to describe magnetic
nanoparticle dynamics is Mossbauer (or gamma-resonance) spectroscopy [223]. Due to its relevance,
Mossbauer spectroscopy should be placed among the characterization techniques dedicated to magnetic
materials as well, but for the sake of brevity the technique is here briefly discussed.

Magnetic nanoparticle dynamic is related to the relaxation rates of nanoparticle magnetization
vectors as determined by the size of nanoparticles. This spectroscopy method considers a group
of nanoparticles as a cluster of interacting single domain magnetic particles and gives information
about magnetic dipole interactions that is essential for applications involving a magnetic field such as
targeted drug delivery. With Mossbauer spectroscopy three types of nuclear interactions can be typically
observed: Isomer shift, quadrupole splitting and magnetic hyperfine splitting [224]. The technique is
well-known due to its very high sensitivity in terms of frequency resolution, thanks to the high energy
and narrow line widths of employed gamma rays. Gabbasov et al. [225] deeply characterized iron oxide
nanoparticles coated with an oleic polymer using XRD and Mdssbauer spectroscopy. They claimed
that in some cases, X-ray diffraction measurements were unable to estimate the size of the magnetic
core and Mossbauer data were necessary for the correct interpretation of the experimental results.
A further example of the practical importance of Mossbauer spectroscopy in materials science is the
thorough discrimination among systems having almost same structures, e.g., magnetite (Fe30,) from
maghemite (y-Fe;O3) phase by 57Fe Mossbauer spectroscopy [96,226].

Finally, infrared spectroscopy (IR) is widely used for the complementary investigation in magnetic
system characterization due to its simplicity and availability. This technique is based on the interaction
between infrared radiation and matter and is extremely useful to study chemical bonds of the magnetic
systems, possible surface modifications and the presence of coating molecules [227]. It can be carried
out on solid samples or liquids.

However, most of the methods reported above can be employed only on dry samples,
while magnetic systems for biomedical applications are usually suspended in aqueous media.
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To measure size and homogeneity of hydrated samples dynamic light scattering (DLS), also known as
photon correlation spectroscopy (PCS), can be envisaged.

4.4. Dynamic Light Scattering and Zeta Potential: Particle Size Distribution and Particle-Liquid Interface

The employment of DLS to measure the size of magnetic nanoparticles has been already extensively
reviewed by Lim et al. [228]. Briefly, during DLS measurement a light beam (electromagnetic wave)
passes through a particle suspension. As the incident light impinges on the particles, a process
known as scattering takes place. This process consists in alteration of the direction and intensity of
the light beam. The variation of the intensity with time can then be used to measure the diffusion
coefficient of the particles, that are in constant random motion (Brownian motion) due to their
kinetic energy (Figure 20) [229]. Depending on the shape of the magnetic nanoparticles, for spherical
particles, the hydrodynamic radius of the particle can be calculated from its diffusion coefficient by the
Stokes-Einstein equation [230]. However, magnetic particle radii measured by microscopy techniques
and DLS do not corroborate well. As a rule, TEM gives the “true radius” of the particle, while DLS
provides the hydrodynamic radius, defined as the radius of a sphere that has the same diffusion
coefficient within the same viscous environment of the particles being measured (Figure 20).
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Figure 20. Left: schematic representation of the experimental setup for dynamic light scattering
measurements. Right: TEM micrographs of Fe3O4 magnetic nanoparticles with the corresponding
size distribution determined by DLS. The Z-average of magnetic nanoparticles measured by DLS is
16.9 + 5.2 nm (top), 21.1 + 5.5 nm (middle), and 43.1 + 14.9 nm (bottom), respectively. Reproduced
with permission from [228] (published by Springer Open, 2013) licensed under CC BY 2.0.

The advantage of using DLS in addition to other microscopy techniques are: (i) Wide sampling of
the specimen (millions of particles), (ii) speed and ease of measurement, (iii) estimation of the radius of
solvated particles (not dried and under vacuum like TEM), mimicking possible behavior in biological
fluids, (iv) accessible and automated process, not requiring an extensive experience, (v) high sensitivity
to the presence of small aggregates, useful to monitor sample colloidal stability [227,229,231]. The size
range detectable by DLS is approximately included between 1 nm and 5 pm. The technique could also
be employed to measure dimensions of non-spherical systems, such as rod-like particles, nanostars,
nanotubes [232-234]. For example, Fang et al. [235] employed DLS to monitor the behavior of 3-Ferric
oxyhydroxide (3-FeOOH) nanorods depending on pH variations. They demonstrated that by DLS
it was possible to monitor in situ self-assembling of this nanorods in a side-by-side fashion to form
highly oriented 2D nanorod arrays which are further stacked in a face-to-face fashion to form the final
3D layered architectures. Results obtained well corroborate with TEM and SEM results. Moreover,
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through DLS is possible to obtain information about sample polydispersity. The polydispersity index
(PDI), with 0 < PDI < 1, is an indicator of sample homogeneity: The lower is PDI, the higher is particle
homogeneity in terms of size distribution. PDI of 0.2 and below are most commonly deemed acceptable
for polymer-based nanoparticle materials [236].

Most of the instruments nowadays available to measure DLS offer the possibility to further
investigate Zeta potential. Zeta potential, also known as electrokinetic potential, is the potential at
the slipping/shear plane of a colloid particle moving under an electric field [229]. More in details,
when a charged particle is exposed to a fluid, an electric double layer (EDL) develops on its surface.
The two layers that compose the EDL are the Stern layer, which is closer to the surface, and the diffuse
layer [237]. The Stern layer is primarily formed by ions/molecules with opposite charge to that of
the particle, while the diffuse layer is made up of both same and opposite charged ions/molecules
(Figure 21) [238]. While the charge of the Stern layer is stable as it is due to direct chemical interactions
with the particle, the peculiarity of the diffuse layer is that it is dynamic as its composition is influenced
by various factors (e.g., concentration, ionic strength, and pH). Zeta potential is measured at the
interface between the particles, moving under the electric field, and the layer of dispersant around it.
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Figure 21. Schematic representation of the two layers forming the electric double layer (EDL) developed
on a negatively charged particle. The inner layer, called the Stern layer, is composed by ions of charge
opposed to the particle surface, i.e., positive ions in this case. The outer layer, also known as diffuse
layer, is made up of both negative and positive charges. The Zeta Potential is the electrokinetic potential
at the slipping plane.

The potential on the particle surface itself is known as the Nernst potential (1) and cannot be
measured [239]. Investigation of the zeta potential of magnetic nanoparticles is of utmost importance to
predict their protein absorption and subsequent biological behavior, toxicity effects, possible interactions
with cells and other microorganisms, as well as particle stability. Schwegmann and co-workers studied
the influence of the zeta potential on the sorption between microorganisms (Saccharomyces cerevisiae
and Escherichia coli) and iron oxide nanoparticles, at two different pH values, in order to evaluate
potential uptake and connected toxicity effects [240]. Sharma et al. deeply investigated and compared
the influence of size and charge of various magnetic particles on systemic distribution. They noticed
that the highest accumulation of iron occurred in the lungs, when positively charged particles were
administered, while it occurred in the liver and spleen when nanoparticles possessing a negative surface
potential were injected [241]. These results suggest that nanoparticle distribution in vivo is dependent
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not only on the size but most likely on a complex interplay between size and charge, thus highlighting
the importance of evaluating these two parameters if looking for perspective biomedical applications.

4.5. Methods to Investigate Stability and Protein Corona Adsorption

Stability of magnetic systems is of utmost importance in view of possible in vivo applications.
As the colloidal stability of bare iron oxide nanoparticles, for example, is poor, different types of natural
and synthetic coating materials are generally added to the preparations. Coatings can be classified into
three main groups: (i) monomeric, (ii) inorganics, (iii) polymer stabilizers. Among the monomeric
coating, carboxylates and phosphates are the most diffuse. Citric acid stabilized magnetic systems
have been widely reported and have been also under clinical investigation [242]. Inorganic materials
employed as stabilizers include silica, gold or gadolinium, leading to nanoparticles endowed with an
inner iron oxide core and an outer metallic shell. As far as polymer coatings are concerned, a wide
range of polymer stabilizers is nowadays available on the market, offering the possibility of tailoring
each magnetic system according to its specific application. Poly(ethylenimine) (PEI), for example,
is a cationic polymer frequently used to design gene-transfer vehicles for both in vitro and in vivo
applications, achieving high transfection efficiency [243]. Iron oxide nanoparticles coated with the
cationic polymer PEI, in fact, can easily capture negatively charged molecules, such as DNA and
RNA, giving rise to cell tracking probes and MRI detectable gene/drug delivery carriers. Polyethylene
glycol (PEG) is definitely the most popular coating polymer, due to its excellent anti-fouling property
(preventing opsonization) and high steric hindrance, ideal to stabilize various magnetic nanoparticles.
Dextran is another (bio)polymer widely used as a stabilizer, mainly because of its high biocompatibility.

In order to be administered in vivo, however, the stability of magnetic systems should be favorable
not only at 4 °C in aqueous buffers, but also at 37 °C in serum or other simulated biological fluids. In the
presence of serum proteins, in fact, particles can rapidly aggregate if not appropriately formulated and
stabilized [244]. Moreover, the growth of protein corona onto the surface of administered magnetic
systems should be investigated in order to predict their in vivo behavior [245]. Among the methods
available to study particle stability there are DLS, described in the previous paragraph, which gives an
idea about size variations and therefore particle aggregation and/or interaction with proteins, nuclear
magnetic resonance (NMR) relaxivity studies [246], that will be described in the next paragraph and can
account for particle aggregation, instability of the formulation, release of metal ions and interaction with
serum proteins, such as serum albumin. TEM, SEM, AFM and fluorescence microscopy can also be used
to monitor magnetic system stability [247]. Lazzari et al. [248] employed DLS to investigate the stability
of various nanoparticles in buffers, simulated biological fluids (e.g., saliva, gastric juice, intestinal fluid),
serum and tissue homogenates (mice brain, liver and spleen). They found out that while poly-lactic
acid (PLA) particles were stable in such biologically relevant conditions, poly-methyl methacrylate
(PMMA) based systems were unstable and tended to aggregate over time. Such systematic DLS
studies provided an in vitro tool to investigate the stability of various systems before in vivo studies.
Khan et al. [249] instead, investigated by both DLS and Zeta potential hard and soft corona formations
on gold nanospheres of different sizes (2-40 nm). Understanding the dynamics of the growth of
protein corona on the nanoparticle surface, indeed, is important to predict how the NPs behave in vivo.
Experiments were carried out in the presence of three different proteins: Human serum albumin, bovine
serum albumin, and hemoglobin. Through the correlation of obtained DLS data with mathematical
modelling, they extrapolated the adsorption kinetics, number of adsorbed proteins, and binding
orientation. They demonstrated that the growth kinetics of a protein corona is exclusively dependent
on both protein structure and surface chemistry of the nanoparticles. In 2013, Salvati et al. [250] studied
the in vivo targeting ability of transferrin-functionalized silica nanoparticles: They pointed out that
due to the adsorption of protein corona onto nanoparticle surface the receptor-targeting capability was
lost (Figure 22). Hence, detailed investigation to understand the effect of protein corona on different
magnetic systems will enhance their translational potential and DLS can be regarded as an effective
tool in such studies, along with other techniques.
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Figure 22. Left: Schematic of soft and hard corona formed on the surface of a NP. Reproduced with
permission from Bhattacharjee et al. [229], copyright by Elsevier 2016. Right: schematic representation
of loss of transferrin receptor targeting for transferrin-conjugated nanoparticles in the presence of
corona proteins. Adapted from Salvati et al. [250], published by Springer Nature, 2013.

4.6. Relaxometric Properties and Magnetic Fluid Hyperthermia

Amongst the possible biomedical applications of magnetic systems there are (i) separation
techniques, like cell isolation and cellular proteomics [8], (ii) diagnosis, such as magnetic resonance
imaging (MRI), cell tracking, biosensing, and (iii) therapy, basically including hyperthermia and drug
delivery (Figure 23) [251].

SEPARATION THERAPY
Cellular Proteomics Hyperthermia
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Figure 23. Biomedical applications of magnetic nanoparticles.

In this paragraph the use of magnetic systems as MRI contrast agents or for hyperthermia mediated
treatment will be discussed. To be eligible as a MRI contrast agent, the magnetic system must be
superparamagnetic. Superparamagnetism is a magnetic behavior occurring in small ferrimagnetic
or ferromagnetic nanoparticles. If the core diameter of these NPs is lower than 3-50 nm, depending
on the material, magnetization can randomly flip direction under the influence of temperature.
The mean time between two flips is called the Néel relaxation time [252]. In the absence of an external
magnetic field, when the NPs magnetization measurement time is greater than the Néel relaxation time,
the average value of NPs magnetization appears to be zero and these nanoparticles are said to be in the
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superparamagnetic state. In this state it is possible to magnetize the nanoparticles with an external
magnetic field, similar to a paramagnet. However, the magnetic susceptibility of these NPs is much
greater than that of paramagnets [253]. To investigate the possibility of using magnetic suspensions as
MRI contrast agents longitudinal (R1) and transverse (Ry) relaxivities should be measured. Relaxivity
is defined as the increase of the relaxation rate of the solvent (water) induced by 1 mmol/L of the active
ion. In the case of magnetite, the relaxivity is the relaxation rate enhancement observed for an aqueous
solution containing 1 mmol of iron/L (Equation (2)):
1 1

R, — = ——+4rCi=1lor2 ()
£ (obs) T; (obs) T; (diam) '

where R;(obs) is the global relaxation rate of the aqueous system (7Y, Ti(obs) is the global relaxation time
of the aqueous system (s), T;(diam) is the relaxation time of the system before the addition of the contrast
agent (s), C is the concentration of the superparamagnetic center (mmol-L™!), and ; is the relaxivity
(s~I-mmol~! L) [104]. Since relaxivity is temperature-dependent, it is usually measured at 298 K or
310 K. Superparamagnetic systems generally behave like small movable magnets, creating a strong
magnetic inhomogeneity in their vicinity and considerably reducing the T relaxation time of nearby
water protons. They are also known as signal “killers” as a negative enhancement (corresponding to
image darkening) can be seen in regions in which they accumulate [254]. Recently, the use of iron oxide
also as positive contrast agents, resulting in signal enhancement in regions of accumulation, has been
reported by many groups [255,256]. Positive contrast agents, based on Gadolinium, are currently the
mainstream clinical MRI contrast agents. However, some gadolinium-based contrast agents have
shown a long-term toxicity effect (nephrogenic systemic fibrosis, NSF) and Gd depositions in the brain.
On this basis, The NSF has triggered a Food and Drug Administration (FDA) black-box warning and a
contraindication, as well as long term adverse effect monitoring, of some Gd-based contrast [257,258].
Newly developed ultrasmall iron oxide nanoparticles have then recently attracted much attention to
serve as safer alternatives to gadolinium-based T; contrast agents.

As arule, to evaluate if a MRI contrast agent has higher T, versus T; shortening effects the ratio
between the relaxivity Ry and R; (Rp/R1) must be calculated. The higher is this ratio, the higher is the
predicted T, effect. If this ratio is lower than 1, the contrast agent is predicted to be more suitable
for Ty shortening purposes. Magnetic nanoparticles used in vivo are mainly composed of magnetite
(Fe304) and maghemite (y-Fe;O3) coated with protective shells (e.g., dextran, polyethylene glycol,
starch) to prevent agglomeration. It has been reported that the coating thickness of superparamagnetic
systems can significantly affect the R,, and the Ry/R; ratio. Moreover, both R and R, can vary in case
of system instability (metal ions release, aggregation, coating degradation) and following interactions
with proteins (e.g., protein corona or specific target proteins) [259,260].

To individuate the best magnetic field at which the system can be used, the acquisition of a nuclear
magnetic relaxation dispersion (NMRD) profile, which gives the evolution of the longitudinal relaxivity
Ry with respect to the external magnetic field, is envisaged (Figure 24).

The model to fit NMRD experimental data, proposed by Roch et al. [261] and further developed
by Gossuin et al. [262], can provide information about the nanomagnet crystals: Their average radius,
their Néel relaxation time, their anisotropy energy and their specific magnetization. Combining these
data with the results obtained by magnetometry is possible to obtain a very complete description
of the morphology and physical properties of a magnet [261,263]. Ruggiero et al. [264] compared
NMRD profiles of newly-synthesized iron oxide nanoparticles coated with Poly(lactic-co-glycolic
acid) (PLGA) to the NMRD profile of Endorem™ (commercially available SPIO particles used as MRI
contrast agent). From these profiles, displaying a shape of the curve typical of the relaxation induced by
superparamagnetic particles, they deduced that loading iron oxide nanoparticles into the PLGA matrix
seems not to affect their overall magnetic properties. Moreover, they pointed out that the different
profile shapes observed for the various preparations depend on the particle properties (such as: size,
clustering, Néel relaxation time and saturation magnetization) [264].
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Figure 24. Nuclear magnetic relaxation dispersion (NMRD) profile of magnetite particles in
colloidal solution.

PLGA particles reported by Ruggiero et al. [264] were designed for magnetic fluid hyperthermia
(MFH) applications. The use of nanomaterials for MFH was first investigated in 1957 by
Gilchrist et al. [265]. The authors reported the possibility of heating various tissue samples with
particles of y-Fe,O3 (20-100 nm in size) exposed to a 1.2 MHz magnetic field. Since then, the use of
different magnetic materials, particle design and delivery methods, as well as various field strengths
and frequencies have been investigated for MFH purposes [266]. Briefly, when exposed to a fast
switching magnetic field, the magnetization of superparamagnetic nanoparticles can quickly flip
direction. The friction caused by the rotation of the particle itself, known as Brownian relaxation,
and the spin fluctuations within the crystal, known as Néel relaxation, lead to the loss of magnetic
energy and the generation of thermal energy [252]. The heating power of a certain magnetic system,
expressed as the specific absorption rate (SAR, W/g), mainly depends on the mean size of the system,
on its saturation magnetization (M) and magnetic anisotropy (K) as well as on the alternating magnetic
field amplitude (Hmax) and frequency (f). MFH effect can be exploited in cancer treatment, to raise
the temperature at the tumor site above the systemic one, or to induce a controlled drug release
through the thermal stimulus [267]. This field is also known as theranostics: A discipline that combines
diagnostic, as superparamagnetic nanoparticles can be used as MRI contrast agents, and localized
therapy, through controlled temperature increase or drug release. For practical therapeutic applications,
a temperature of 41-46 °C must be reached with hyperthermia. Temperatures greater than 50 °C
cause thermoablation and can induce several side effects. Therefore, it is of crucial importance for
the development of MFH dedicated systems to rely on analytical methods able to characterize new
magnetic nanoparticles and to predict their heating capacity in physiological conditions. Besides
NMRD profiles, that, as previously described, allow to predict magnetic systems performance in both
MRI and MFH applications, other particle characteristics can account for MFH efficiency. Size, volume,
and morphology of the NPs can be determined by DLS, SEM, and TEM,; stability of the preparation and
zeta potential should be investigated. Thermogravimetric analysis, X-ray diffraction and magnetometry
can be exploited to obtain valuable additional information. Finally, heating efficiency, reported in
terms of SAR, can be measured by exposing the magnetic fluid to a time varying magnetic field [268].
Therefore, all the techniques described in this last section can be exploited to fully characterize magnetic
systems for MFH purpose.

Given the variety of information that can be gained with the here reported techniques, for the
sake of clearness, in Table 2 a recapitulatory comparison between all the reported techniques (even if
we know that the list is not exhaustive), useful to characterize magnetic materials for biomedical
applications, is provided. More in details, advantages and limitations of each technique are reported,
as well as the specific information that can be obtained with the different instrumentations.
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4.7. Toxicity Assays

Toxicity effects exerted towards cell cultures and blood components must be investigated before
testing the magnetic systems directly in vivo. Obviously, it must be taken into account that these assays
can be highly operator-dependent and that the lack of standard protocols make more difficult the
comparison between different systems. However, the higher is the number of tests performed, the safer
can be considered the preparation. Classical and less expensive cytotoxicity tests include MTT assay,
Alamar Blue and Trypan blue exclusion assay. The MTT (3-[4,5-dimethylthiazol-2-y1]-2,5 diphenyl
tetrazolium bromide) colorimetric assay is based on the cleavage by mitochondrial activity of the yellow
soluble tetrazolium salt, MTT, to form an insoluble dark blue formazan product. As mitochondrial
activity is generally proportional to the number of viable cells, this test can be used to estimate the
cytotoxic effect of various compounds in vitro. Cells are first incubated with different concentrations
of the system to be tested and for different time ranges, then the system is washed away;, cells are then
incubated with MTT for a few hours and the presence of violet formazan can be analyzed using a
plate reader. The samples must be always compared to controls to determine the percentage of viable
cells. In order to obtain accurate and reliable results particular attention should be devoted to cell
density, culture medium and MTT exposure time [275]. Similar to MTT, the Alamar Blue test is based
on the reduction of the blue non-fluorescent dye resazurin, upon entering living cells, to resofurin,
a pink-colored highly fluorescent compound. The amount of fluorescent compound produced can
be quantified and correlated to the number of viable cells. Resazurin is then considered a reliable
indicator of the oxidation-reduction (REDOX) processes that occur both during aerobic and anaerobic
respirations in cells incubated with various molecules, systems and/or drugs [276]. The trypan blue
dye exclusion test, instead, is based on the different permeability of cell membranes towards certain
molecules (e.g., trypan blue, eosin or propidium): While these substances can easily penetrate in dead
cells, they cannot cross the membrane of living cells. To perform this test the cells are mixed with a
solution of trypan blue and then the number of blue colored cells (died cells) versus the number of cells
having a clear cytoplasm (living cells) are immediately quantified by visual inspection. The percentage
viable cells in incubated samples will be then compared to the percentage of viable cells in control
samples. All these assays can be used not only to assess cell viability, but also cell proliferation. To this
aim, after incubation with variable amounts of the magnetic system and for variable time ranges,
cells are washed and incubated in culture medium for different days. The number of viable cells
measured at 24, 48, and 72 h post incubation allows estimating the cell proliferation time, which is
then compared to that of control cells. A biocompatible system should not affect this parameter.
Other convenient assays are the metabolic NAD/NADH fluorimetric assay, the protease viability
marker assay, the Comet assay, useful to quantify DNA damages induced by the preparation, and the
ATP (Adenosine 5'-triphosphate) quantification test, using firefly luciferase. As each cell viability assay
displays its own advantages and drawbacks the most appropriate to each situation should be selected.
MTT and Alamar Blue tests for example are less expensive than the ATP detection assay. However,
the ATP detection assay is characterized by fewer steps, a minimum amount of interferences and is by
far the most sensitive [277].

Another assay, widely used to evaluate potential cytotoxicity of magnetic particles, is the reactive
oxygen species (ROS) production test. This test is based on the use of specific kits able to detect
and quantify ROS, as an indicator of cell oxidative stress. ROS include hydrogen peroxide, anions
and hydroxyl radicals. The production of free radicals, challenged in cells by a “detoxification”
mechanism, which involves enzymes such as superoxide dismutase and glutathione peroxidase,
is considered one of the primary mechanism of nanoparticle induced toxicity. The overproduction of
ROS has been associated to DNA strand breaks, alteration in gene transcription, lipid peroxidation
and generation of protein radicals [278]. Incubation with various magnetic systems could also induce
apoptosis, a well-controlled, tightly regulated physiological process, in which the cells participate in
self-destruction. Numerous assays are nowadays available to measure the number of apoptotic cells:
light microscopy (Trypan blue staining), fluorescence microscopy (acridin orange/ethidium bromide
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and annexin V/propidium iodide staining) and agarose gel electrophoresis of fragmented genomic
DNA. Trypan blue and Hoechst staining detect apoptotic cells on the basis of their reduced DNA
content and morphological changes that include nuclear condensation; annexin-V and propidium
iodide can distinguish between early and late apoptotic events based on plasma membrane composition
and function. The cleavage of many cellular proteins, carried out by apoptosis-activated caspases,
results in fragments that can serve as apoptosis markers [279].

Finally, the hemocompatibility properties of magnetic systems can be investigated by means of a
standard hemolysis test [280]. Following the incubation of animal (e.g., rabbit, mouse, rat) or human
donor erythrocytes with the system, the amount of released hemoglobin is measured by means of
UV-vis spectroscopy (A = 415 nm). Released hemoglobin is directly related to the number of destroyed
erythrocytes that could then be easily estimated. Normal saline and deionized water are generally
used as negative (0% hemolysis) and positive (100% hemolysis) controls, respectively. The percentage
hemolytic rate % HR can be calculated as (Equation (3)):

mean OD of sample to be tested — mean OD of negative control

% HR = x 100 3)

mean OD of positive control — mean OD of negative control
where OD stands for optical density. If the hemolytic rate is less than 5%, the material will have no
hemolytic effect and conform to the requirements of the hemolysis test for medical materials [281].
In Table 3 a comparison between the most diffuse toxicity assays, useful to evaluate potential toxic
effects exerted by magnetic NPS, is reported.

50



Inorganics 2020, 8, 6

‘sanadg uaBAX( aA1ORIY SO 4

ewserd

[osz] Mmﬂmﬁwm mwwwmwo:mmouu ur 3593 9y uni o3 Ajqiqrssod ‘suonjesridde %QMwabum% mmwﬁm MMMMM\ MWMMHMSU - mm_vwb 5 Avssyy sishjouapy
U3 JO S[[92 POOIq Py [eorurp(a1d) Jo MatA Ut nyesn Ajowonxy -AN L RA[OWSH 1[92 poo[q pay
SSI)S AATIEPIXO
[8/7]  Papaau UOISIOAUOD djensqng aarsuadxauy 2dUdISAIONT] 1199 ‘sIN/s8n1p/spunodurod SO JO UOHEIBUN uorgonpoid SO
JO $3109§33 D1X03034£D J[ISSO]
poapasu S[[99 d[qeIA JO IdquInu
113 aatsuadxg UOTSIOAUOD dJNSNS OU ‘DDUSLINII0 QouddSAUIIIN] ‘SIN/sSnap/spunodwod SISOUIUAS ) 10112212 d.I
q P/sp £ v 139939p ALV
syoejIIe SSI] ‘AJIATISUDS STy ‘Aesse jse] JO $109JJ3 JTX03034D ISSO ]
saduues JUsdsaI0N[J/PaIo[0d 1155 OTALIA/PEAD 10 Todtn
3IM uoreqndut jo POPIIU UOTSIDAUOD d}eIISqNns Ou Adoosoxotu =m ?Mw.:‘\ﬂ P . ﬂwﬁo Q_.M_SU N AyGoyur 159L u01sNjOXg
22 9sEd UT dURIayIUIT d[qIssod ‘Kesse prder Apuarnxa ‘darsuadxauy reondo AN/ p/sp QUeIqUIDIA anyq uvdAag,
“uepuadap 101e1ad0y JO $109JJ3 JTX0034AD TSSO
PapPadU UOTSISAUOD
drensqns {(owy dmsodxa \ LLIN uey oFemooe ouRqIOSqY sJIN/s8nip/spunoduod Ayanoe (U1NZYSTY)
242 LLINL pUe Wiipous o1 210 papoout dfdures J0 Junoure mof ERIVEREER(W1) 0 53033 D1X0303 4D J[qISSO, drjoqejaur ey anjg v,
“Ay1suap [[90 “S-2) yuspuadep  ‘Suruears ndySnomnyy ySry ‘earsuadxaur 14 JO S109JJ9 JIX0J03AD J[qISSO  dT[Oqe) M[RD 19 v
ampadoxd pue 1ojerad
PapPadU UOTSISAUOD
(2] Mﬂhmwhmm%ﬂmwwmwmmww papaau ajdures jo junowre mof DURGIOSqY SIN/sSnap/spunoduiod Ayanoe LI
Ayisusp 9 :m”mv Juopuadap ‘Burusamns ndySnonyy Y3y earsuadxauy DUAISAIONT] JO $1091J3 JTX003AD [AISSO ] [eLIPUOYDOIA
ampadoixd pue 1ojerad
. POYIdIA paimseajp
EEN| sypeqmer saejueapy ~wamsTapy papIAoi] uonewLIoyuy N Kessy

"SAN dneuSew Aq pajroxe s109jj d1x0) [enuajod ajen[eas 0} [nyasn ‘sAesse A}I0IX0) dSNJJIP JSOUW A} JO dWOS UdIM}dq uostredwo)) ¢ d[qe],

51



Inorganics 2020, 8, 6

5. Conclusions

Magnetic systems and particles are extremely appealing materials that found applications
in a large variety of advanced technological fields. In the last decades, the scientific literature
reported a plethora of research studies and documents characterized by different physicochemical,
morphological, and biological methods (depending on the use), fundamental for pointing out their
magnetic response/properties. However, due to the multidisciplinary approach proper of these studies,
in most cases such very specific characterization techniques are little known (or fully unknown) to
most of the users.

Therefore, in order to overcome this lack, the main goal of this review is to summaries (in a
detailed, but hopefully concise manner) a large number of techniques that are currently available
to characterize magnetic systems, highlighting the ordinary uses together with the main relevant
advantages and disadvantages.

More in details, characterization techniques were classified into three sections, and properly
discussed with examples from the literature. Part I is dedicated to the definitions of magnetism and
magnetization (hysteresis) techniques. Part Il is dedicated to the morphological aspects, thus illustrating
all the different visualization methods of magnetic domains. Finally, Part III is dedicated to
the principal physicochemical characterizations, with a last section particularly devoted to the
biomedical applications.

With this review, authors hope of having provided a real toolbox that acts as guidelines for helping
in the choice of the most suitable method(s) as appropriate, as well as in the comprehension of the
magnetic properties/responses of these promising materials.
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Abbreviations

AFM: atomic force microscopy; ATP: Adenosine 5'-triphosphate B: magnetic flux; BSE: backscattered electrons; Cc:
chromatic aberration; Cs: spherical aberration; DLS: dynamic light scattering; DPC: differential phase contrast;
DTA: differential thermal analysis; DW: domain walls; ED pattern: electron diffraction pattern; EDL: electric
double layer; EDX: energy dispersive X-ray; EELS: electron energy loss spectroscopy; EH: electron holography;
FDA: Food and Drug Administration; FEG: field emission gun; HOPG: highly ordered pyrolytic graphite; HR:
Hemolytic rate; HV: high vacuum; IR spectroscopy: Infrared spectroscopy; L-MOKE: longitudinal MOKE;
LTEM: Lorentz transmission electron microscopy; MFH: magnetic fluid hyperthermia; MFM: magnetic force
microscopy; MIP: mean inner potential; MOKE: magneto-optical Kerr effect; MPIOs: micrometer-sized iron
oxide particles; MRI: magnetic resonance imaging; MTT: (3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium
bromide; NMR: Nuclear magnetic resonance; NMRD: Nuclear magnetic relaxation dispersion; NPs: nanoparticles;
NSF: nephrogenic systemic fibrosis; OD: optical density; pc-DSC: power-compensated differential scanning
calorimetry; PCS: photon correlation spectroscopy; PDI: polydispersity index; PEEM: photoemission electron
microscopy, PEG: polyethylene glycol; PEL poly(ethylenimine) PLGA: poly(lactic-co-glycolic acid); P-MOKE: polar
MOKE; Ry: longitudinal relaxivity; Ry: transversal relaxivity; ROS: reactive oxygen species; SAM: Auger electron
microscopy; SANS: small-angle neutron scattering; SAR: specific absorption rate; SE: secondary electrons; SEM:
scanning electron microscopy; SEMPA: spin-polarized analysis SEM; SHPM: scanning Hall probe microscopy;
SPIOs: superparamagnetic iron oxides; SPLEEM: spin-polarized low energy electron microscopy; SPM: scanning
probe microscopy; SP-STM: spin polarized scanning tunneling microscopy; SQUID: superconducting quantum
interference device; STEM: scanning transmission electron microscopy; STM: scanning tunneling microscopy;
T1: longitudinal relaxation time; T5: transversal relaxation time; TEM: transmission electron microscopy; TGA:
thermogravimetric analysis; TIE: transport-of-intensity equation; T-MOKE: transversal MOKE; TXMCD: transverse
X-ray magnetic circular dichroism; UHV: ultra-high vacuum; USPIOs: Ultrasmall superparamagnetic iron oxides;
XANES: X-ray absorption near-edge structure XANES; XAS: X-ray absorption spectroscopy; XMCD: X-ray
magnetic circular dichroism; XRD: X-ray diffraction.
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Abstract: There has been a renaissance in the interdisciplinary field of Molecular Magnetism since
~2000, due to the discovery of the impressive properties and potential applications of d- and f-metal
Single-Molecule Magnets (SMMs) and Single-lon Magnets (SIMs) or Monometallic Single-Molecule
Magnets. One of the consequences of this discovery has been an explosive growth in synthetic molecular
inorganic and organometallic chemistry. In SMM and SIM chemistry, inorganic and organic ligands
play a decisive role, sometimes equally important to that of the magnetic metal ion(s). In SMM
chemistry, bridging ligands that propagate strong ferromagnetic exchange interactions between the metal
ions resulting in large spin ground states, well isolated from excited states, are preferable; however,
antiferromagnetic coupling can also lead to SMM behavior. In SIM chemistry, ligands that create a strong
axial crystal field are highly desirable for metal ions with oblate electron density, e.g., Tb'! and Dy'!,
whereas equatorial crystal fields lead to SMM behavior in complexes based on metal ions with prolate
electron density, e.g., Erlll. In this review, we have attempted to highlight the use of few, efficient ligands
in the chemistry of transition-metal SMMs and SIMs, through selected examples. The content of
the review is purely chemical and it is assumed that the reader has a good knowledge of synthetic,
structural and physical inorganic chemistry, as well as of the properties of SIMs and SMMs and the
techniques of their study. The ligands that will be discussed are the azide ion, the cyanido group,
the tris(trimethylsilyl)methanide, the cyclopentanienido group, soft (based on the Hard-Soft Acid-Base
model) ligands, metallacrowns combined with click chemistry, deprotonated aliphatic diols, and the
family of 2-pyridyl ketoximes, including some of its elaborate derivatives. The rationale behind the
selection of the ligands will be emphasized.

Keywords: ligands; molecular magnetism; single-ion magnets (SIMs) or monometallic single-molecule magnets;
single-molecule magnets (SMMs); synthetic strategies; 3d-, 4d- and 5d-metal complexes as SIMs and SMMs

1. The History of Molecular Magnetism in Brief—The Era of Single-Molecule Magnets (SMMs) and
Single-Ion Magnets (SIMs)

Molecular magnetism [1] is currently a “hot” interdisciplinary research field which started almost
35 years ago. It was a rather natural extension of the field of Magnetochemistry which was developed in the
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1955-1985 period. In the latter field, inorganic chemists were using experimental values of magnetic moment
and their variation with temperature to draw chemical and structural conclusions for molecular complexes.
Well known examples [2,3] were: (i) The distinction between several stereochemistries (tetrahedral,
square planar, octahedral) in complexes of some 3d-metal ions, e.g., Ni(II) and Co(II); (ii) the recognition of
high-spin and low-spin configurations in octahedral complexes of 3d*-3d” metal ions; and (iii) the elegant
determination of the singlet-triplet gap in copper(ll) acetate hydrate by Bleaney and Bowers, before the
X-ray solution of its dinuclear [Cuy(O2,CMe)4(H,O),] structure.

Before proceeding to a brief history of molecular magnetism, we can mention two advantages that
molecular systems offer over conventional atom- or ion-based magnetic materials [4]: (a) The structures
that can be formed are more complicated and more diverse that the structural types we normally meet in
conventional inorganic materials. Molecular crystals can provide scientists with ensembles of identical
structures and iso-orientated magnetic objects which permit the in-depth study of their physical behavior.
Such molecular materials offer model systems to test existing theories on many-body problems and
discover, e.g., new quantum, behavior; and (b) Molecular systems are ideal for incorporation of other
useful functionalities, e.g., optical properties, conductivity, etc. This may be a synergistic property not
coupled with magnetism, or it may be a coupling of different physical properties, e.g., light-induced
magnetic ordering in spin-crossover (SCO) Prussian blue phases. This type of materials may find novel,
highly specific applications.

In the field of molecular magnetism, chemists, chemical engineers, physicists and material scientists,
both experimentalists and theoreticians, closely collaborate trying to design, synthesize, fully characterize
and model the magnetic properties of molecule-based materials. In the initial period of its development,
the focus of research was on simple model systems (homo- and heterometallic dinuclear complexes and
coordination clusters); the goal was to test theories in solids about exchange interactions and electron
delocalization at the molecular scale [5]. The field later expanded towards the study of 1D systems [1,6,7],
e.g., homometallic chains, heterometallic chains and homometallic chains in which the metal centers are
bridged by an organic radical. In the late 1980s and during the 1990s, chemists prepared a great variety of
3D complexes exhibiting spontaneous magnetization below a critical temperature (T.) [8-10]. The Miller
and Epstein groups broke the critical temperature barrier record (T > 350 K) with the ferrimagnet
{IVI(TCNE),]-xCH,Cl}, [11], where TCNE" is the radical anion of tetracyanoethylene, while other groups
came close by using Prussian blue derivatives [9,10].

Simultaneously with the above developments, the molecular magnetism community paid more
attention on octahedral 3d*-3d” systems (mainly on 3d® iron(Il) complexes) with a SCO behavior [12,13].
This phenomenon, discovered by Cambi in 1931, continues to attract the intense interest of scientists
even after 90 years [14,15]. The goals are to construct systems which undergo spin transition near 300 K
and to study the possibility of tuning this molecular bistability through application of external stimuli
(temperature, pressure, light). The SCO phenomenon has already led to applications, e.g., sensors [16],
actuators [17] and thermal displays [18].

Thus, the initial growth of molecular magnetism was mainly based on the deep understanding of the
factors that could be used to design and synthesize novel crystalline molecule-based materials exhibiting
useful magnetic properties, e.g., ferromagnetism and ferrimagnetism, similar to those observed in inorganic
atom-/ion-based materials. More importantly, those molecular materials had special features such as
low density, insulating nature and optical transparency; these distinctive physical properties provide
material scientists with a number of fabrication advantages, as the materials are most often prepared using
solution methods.

After the period of initial growth of molecular magnetism, its community turned the attention to three
large classes of molecular compounds. The first class comprises the Single-Molecule Magnets (SMMs)
and the Single-Ion Magnets (SIMs), the second the Single-Chain Magnets (SCMs) and the third involves
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the multifunctional molecular magnetic materials [19,20]. The focus of this review is on transition-metal
SMMs and SIMs.

In the presence of axial magnetic anisotropy (D), the Mg levels of a transition-metal complex with
total spin S will split under zero magnetic field according to the Hamiltonian A = DS.2. If the value
of D is negative, the two + M;s levels of maximal projection along the z axis form a bistable ground
state because they are degenerate. If we reverse the magnetic moment by converting —M; to + Mg, this
requires traversal of a spin-inversion barrier. This barrier is U = $2|D| for integer Sor U = (8% - 1/4)|D| for
non-integer S, and the system passes through the Mg = 0 or the Mg = 1/2 levels, respectively, at the height of
the energy barrier. The existence of such a barrier can lead to the slow relaxation of the magnetic moment
at very low temperatures upon removal of the external dc field [21,22]. The presence of this barrier is
often proven by the appearance of magnetic hysteresis of molecular origin as first observed for the iconic
[Mn15012(02CMe)14(H20)4] (1, Figure 1) SMM [21-23]. Clusters containing polynuclear molecules that
exhibit such behavior have been named Single-Molecule Magnets. The magnetic behavior of each of these
clusters can be described as a giant anisotropic spin as a result of the exchange coupling between the spins
of neighboring metal ions. Because of the magnetic bistability, these polynuclear molecules were proposed
for use in magnetic memory devices since they can remain magnetized in one of the two spin states,
thus giving rise to a “bit” of memory. The aim during the first decade of SMM research (1993-2003) was to
prepare SMMs with memory effects at higher temperatures [19]. Although synthetic inorganic chemists
made many efforts to achieve this goal, the progress was little and the energy barriers that stabilize the
magnetic bits against thermal fluctuations remained small. Another tremendously important consequence
of the discovery of SMMs was the observation of quantum effects in mesoscopic magnets. At that time,
physicists were looking for small magnetic particles, all identical to each other, to investigate if quantum
effects could be observed in ensembles of such identical particles; however, the preparation of these
collections proved difficult. Chemists solved the problem using a molecular approach to prepare identical
cluster molecules in crystalline SMMs. A few years after the characterization of 1, scientists revealed that
its crystals exhibit quantum tunneling of magnetization (QTM) [24,25]; this phenomenon is considered
one of the milestones in the study of spin during the 20th century [19]. Synthetic efforts were followed by
advanced theoretical studies, and the latter provided strong evidence that the magnitude of D decreases as
S increases; this implied that the construction of efficient SMMs with a large U cannot be achieved by only
maximizing S and that control of D is equally important [21,22].

In the last 15 years or so, another exciting subclass of SMMs was discovered, the so-called Single-Ion
Magnets (SIMs). These represent the smallest molecular nanomagnets we can imagine [21,26-34]. In the
literature, SIMs are often referred to as mononuclear SMMs. However, neither SIMs nor mononuclear
SMMs are perfect descriptors [26]. Monometallic SMMs is probably better, but herein we have chosen
to use the SIM acronym rather, e.g., MSMM, which is probably more awkward. SIMs are mononuclear
complexes containing a single magnetic d- or f-metal ion. The motivation behind the SIM research evolution
was the belief of scientists that incorporating many paramagnetic centers into a cluster molecule may
be a disadvantage in terms of generating complexes with large cluster anisotropies (D or better D jyster)-
Many metal ions can, in principle, lead to a large S, but as the nuclearity of the molecule increases it is
becoming very difficult (practically impossible) to control the mutual alignment of the anisotropy axes of
the individual metal ions; this gives small D jyster Values [27]. These considerations, combined with the
observation of slow magnetization relaxation in complexes (Bu"4N)[Ln(pc),] (2), where Ln = Tb, Dy and
pc = the dianion of phthalocyanine [35], by Ishikawa and co-workers, turned the attention of researchers to
single-ion systems [19,21]. If we compare 4f-(Ln) and d-metal ions for use in SIMs, the former appear better
because they possess: (i) larger magnetic moments, (ii) higher spin-orbit coupling constants, and (iii) weak
coupling of the f orbitals to the ligand field which cannot quench first-orbital contributions to the magnetic
moment. As a consequence, magnetic hysteresis has been observed at temperatures as high as 80 K for
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mononuclear organometallic Dy(III) complexes [36]. However, d-metal ion SIMs are important and cannot
be considered simply as academic research curiosities. As scientists understand deeper the physics of
d single ions in a ligand field, they can begin to design strategies to couple the anisotropy of individual
transition metal ions together in order to create cluster SMMs in a rational way; such clusters could
be ideal molecular analogues for magnetic nanoparticles. Additionally, the utilization of well-studied
and understood SIM building blocks in the modular synthesis of 1D SCMs with high spin and uniaxial
anisotropies (a concept which is active in the 4f-metal chemistry), and Metal-Organic Frameworks (MOFs)
with SIM units as nodes (e.g., for the design of porous magnetic materials) is a currently “hot” research
area, see information provided in reference [27].

Figure 1. The (MngMn!V 4 (u3-0)1,}16+ core of the archetype Single-Molecule Magnet (SMM) 1. The Mnl!
centers are shown with blue color, the Mn!V centers with green color and the oxido ions are shown
with red color. The four central Mn!V atoms are weakly ferromagnetically coupled, and the remaining
MnL-MnV and Mnl..-Mn!!l exchange interactions are all antiferromagnetic, with the former much

stronger than the latter. As a result, the stronger Mn!!l--Mn!V interactions overcome the weaker Mn!!l...Mn!!!

1T

ones within each triangular Mn!', Mn!V subunit of the core, aligning the spins of the outer Mn!' atoms all

parallel, and thus antiparallel to the central Mn!Y atoms; this gives an S = 16 — 6 = 10 ground state.

Despite high energy barriers for magnetization reversal, often SMMs and SIMs suffer from fast
relaxation processes, not just via QTM, but also via interactions between the spin states and lattice
phonons [27,30]. The complex behavior of relaxation dynamics is a specialized topic beyond the scope
of this review. However, it is helpful to consider the SMM and SIM systems as being composed of
two parts, the spin part and the lattice part. The interaction between lattice vibrations (phonons) and spin
provide the system with additional relaxation processes, which “shortcut” the desired thermal pathway.
The spin-lattice relaxation mechanisms are of three types (direct, Orbach and Raman processes). Since the
tunneling pathways are very sensitive to changes of molecular symmetry, synthetic chemists try to control
the molecular symmetry of SMMs/SIMs through careful design of the ligands used. Additional tools for
minimizing QTM through the ground state are magnetic dilution and utilization of a Kramers metal ion;
for the latter, breaking of the Mg degeneracy and therefore QTM is formally forbidden in strictly zero
magnetic field. However, the fast quantum tunneling offers an advantage because these molecules are
candidates to realize quantum bits (qubits), the basic units of quantum computers [37].

A second class of molecular compounds which has captured the intense interest of the molecular
magnetism community consists of slow-relaxing 1D magnets, or SCMs [20,21,38,39]. These consist
of chains, isolated from each other, presenting a slow relaxation of the magnetization; they cannot present a
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long-range magnetic order. However, they exhibit a short-range order caused by the occurrence of domains
where N spins are oriented in the same direction, interrupted by a reversed spin or by chain defects.
A finite magnetization can thus be frozen in the absence of an applied magnetic field at low temperatures.
Like in SMMs, the system should have an Ising-type magnetic anisotropy;, i.e., the spins must preferentially
orient in one direction. The main concept of dynamics is the probability of a spin to flip within the
chain, taking into account only the nearest neighbors’ interactions, with an Hamiltonian of the type
A=—J%2 1,N—1§[§i+1- The prototype compound is the 1D complex {[Co!!(hfac), (NITPhOMe)]},; (3) [40],
where hfac is the hexafluoroacetylacetonato(—1) ligand and NITPhOMe is the neutral nitronyl nitroxide,
bridging radical 4’-methoxyphenyl-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide. The Ising nature of the
chain has been attributed to the presence of Co(Il) as this center yields significant anisotropic effects when
it is 6-coordinate.

The third class of molecular compounds, of great interest to scientists, consists of multifunctional
materials whose study is beyond molecular magnetism. These molecular materials combine two,
technologically interesting, electronic properties, e.g., ferromagnetism and superconductivity, or SMM
properties and photoluminescence; such properties are very difficult to be included in purely
inorganic solids. Examples of crystalline, multifunctional molecular materials include porous magnets [41],
chiral magnets [42,43], conducting magnets [44] and luminescent SMMs [45,46], among others.

In the last few years, the interdisciplinary field of molecular magnetism is rapidly shifting
to magnetic molecules and materials in physics- and nanotechnology-related fields [19], such as
molecular spintronics, quantum technologies, 2D materials and MOFs [37,47-51]. For example, in the field
of quantum technologies, the achievements in the design of molecular spin qubits with long quantum
coherence times and in the implementation of quantum operations give hopes for the use of molecular
spin qubits in quantum computation.

Closing this introductory section, we would like to emphasize some advantages of the use of nd metal
ions (compared to nf ones) in the SMM/SIM research. The magnetic anisotropy of a transition metal center
can be more rationally tuned by chemical design. For a given d" configuration, both the sign and the
magnitude of D are controlled, mainly by the geometry of the coordination sphere of the nd metal ion,
and thus they can be tuned more easily than for a nf metal ion by the chemist. Very large |D| values are
found for complexes with low coordination numbers, which are more accessible for the nd metal ions
(at least with n = 3) than for the nf metal centers. Such chemical control on the magnetic anisotropy of
monometallic SMMs can help scientists to develop more efficient polynuclear molecular magnetic species.

2. Ligands in SMM and SIM Chemistry

Alfred Stock, a pioneer in borane and silane chemistry, was the first scientist to introduce the term
“ligand” in the second decade of the 20th century; the word has its roots in the Latin language where
“ligare” means “to bind” [52]. The term came into use among English-speaking inorganic chemists after the
2nd world war, mainly through the wide popularity of the PhD Thesis of Jannik Bjerrum [52]. The proper
utilization of known ligands and the design of new ones is behind many spectacular developments
in coordination and metallosupramolecular chemistry [53]. Theoretical concepts related to ligands are
the chelate effect, the macrocycle effect, the cryptate effect, the isoelectronic and isolobal relationships,
the conformation of chelating rings and the reactivity of coordinated ligands [54].

In SMM and SIM chemistry, the ligands play a crucial role [55,56], sometimes equally important
to that of the magnetic metal ions. An impressive example comes from the 4f-metal SIM chemistry.
By combining two different organometallic ligands of sufficient bulk (but not too bulky to avoid
close approach of the ligands), the groups of Tong, Mansikkaméki and Layfield synthesized the
mononuclear complex [(Cpipr5)DyIII(Cp*)][B(C6F5)4] (4), Equations (1) and (2), Figure 2; Cp"P 5 is the
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penta-iso-propylcyclopentadienyl(—1) ligand and Cp* is the pentamethylcyclopentadienyl(-1) ligand.
This design of ligand framework allowed the two key structural parameters—that is, the Dy—Cpcent
distances (cent refers to the centroids of the cyclopentadienyl ligands) and the Cp-Dy-Cp bend angle-to
be short and wide, respectively, thus achieving an axial crystal field of sufficient strength to give a SIM
that shows magnetic hysteresis above 77 K [36]; this is the first step for the development of nanomagnet
devices that function at relatively practical temperatures.

[(Cp™™)Dy{HB(1-H) 3} (THF)] + K(Cp#)] — [(Cp™™**)Dy(Cp#){H,B(u-H),}] + K(BH,) + THF (1)

[(Cp ™) Dy (Cp*) (H,B(1-H), )] + [(Et 3Si),(1-H)][B(C ¢F5)4] = [(Cp ™) Dy(Cp#)][B(C ¢Fs)s] + 2 Et;SiH + 0.5 ByHg  (2)

Figure 2. The molecular structure of the cation [(CpiP rS)DyIH(Cp")]Jr that is present in the Single-Ton Magnets
(SIM) 4, which holds the world record for the magnetic blocking temperature (Tg = 80 K); one description of
this parameter refers to the maximum temperature at which it is possible to observe hysteresis in the field
dependence of the magnetization, subject to the field sweep rate. The Dy!!!

Modified from reference [36].

center is shown in yellow color.

3. Scope and Organization of this Review

As briefly mentioned in Section 1, in the last 25 years there has been a renaissance in the field
of molecular magnetism. The main reason for this was the discovery of the exciting properties and
the efforts for improvement of SMMs and SIMs. One of the consequences of these discoveries was
an explosive growth of synthetic molecular inorganic and organometallic chemistry. Many groups
around the world have been working on the synthesis of SMMs and SIMs with higher effective energy
barriers for magnetization reversal (Uef) and Tp values, with the Holy Grail in this area being their
technological applications. Novel structural types of metal complexes and new, smart synthetic methods
have been reported to realize this general goal. Inorganic and organic ligands are central “players” in this game.
Concerning transition-metal ion polynuclear SMMs, the ligands are of various types. The inorganic
ligands are mainly the hydroxido, oxido, azido, dicyanamido, cyanato, cyanido and halogenido groups.
Simple carboxylato, azolato, deprotonated diol and triol, and thiolato organic ligands are frequently used,
but the most employed ones are polydentate ligands involving a combination of functional groups, e.g.,
alkoxido, phenoxido, carboxylato, oximato, etc. Concerning transition-metal ion monometallic SMMs
(SIMs), the ligands should be terminal and the most popular ones are simple heterocycles, phosphines
and thioureas, thiolates, phenolates, bis(trimethylsilyl)amide, 2,9-dialkylcarboxylate-1,10-phenantrholines,
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6,6’-dialkylcarboxylate-2,2’-bipyridines, chelating Schiff bases and various organometallic-type ligands,
including tris(trimethylsilyl)methanide. We should mention here that the U, term is used to indicate
thermally induced reversal of the magnetization, the rate of which is dependent on the energy barrier in
which the system must surmount to reverse the spin [30]. Due to tunneling effects, Uef is always lower
than U defined in Section 1.

The general aim of this review is to highlight the use of few (we emphasize the word “few”) inorganic
and organic ligands in the chemistry of 3d-, 4d-, and 5d-metal SMMs and SIMs, through selected examples.
According to the authors” opinion (a subjective opinion!), these ligands have contributed much into the
development of the transition-metal SMM/SIM area, but simultaneously they are promising and have the
potential for exciting achievements in the future. Ligands that have been used in f-metal-containing (both
homometallic and heterometallic) SMM and SIM chemistry will not be described.

The review’s content is shaped by a few specific features. First, it is important to specify what this
review is not. It is not a comprehensive review on the chemistry of transition-metal SMMs and SIMs;
there are excellent reviews and books covering this wide topic [21-23,26,27,29,57-60]. We never considered
the idea of being exhaustive; each of the sections could have been on its own a subject of another review.
It is not a survey of recent interesting results; such results can be found in the current literature. Thus,
we apologize to the outstanding researchers whose excellent work will not be cited.

Second, the content of the review is chemical and we assume that the readers have a good knowledge
of synthetic, structural and physical coordination and organometallic chemistry, as well as of the properties
of SMMs/SIMs and the techniques of their study. Structural and magnetic information will be confined to
the absolute minimum. To avoid long synthetic discussions, balanced chemical equations (written using
molecular and not-ionic formulae) will be used. This, of course, implies that only one reaction occurs in
solution (which is certainly not the case, at least in SMM chemistry that involves polynuclear species);
however, we do believe that writing chemical equations offers a great help to the reader to understand
the processes, better than presenting a long text. We shall try to explain the synthetic philosophy behind
the reactions with emphasis on the choice of ligands and metal ion sources. Many of the references for the
general information are reviews and book chapters.

Third, the method that will be used to describe the coordination of ligands to transition-metal ions is
mainly the “Harris Notation”; occasionally, and in simple cases, the traditional n/u rotation will be also
used. The “Harris Notation” [61] is an already widely accepted method for the description of the ligands’
binding to metal ions. It is written in the form X.Y1Y5Y3 ... Yj, where X is the total number of metal ions
bound by the whole ligand, and each Y value refers to the number of metal centers attached to the different
donor atoms. The order of Y atoms follows the Cahn-Ingold—Prelog priority rules; hence, for most of the
ligands reported in this review, O comes before N. For clarity, the coordination modes of the ligands in
most examples of this work will be presented schematically.

A fourth, more personal point, is that this review is a distillation from life-long experience of our
group as a synthetic one, preparing molecules and molecular assemblies specially designed to exhibit
given physical properties. Few of the ligands that will be discussed reflect our poor knowledge of and
minor contributions into the area of the chemistry of SMMs and SIMs with 3d- and 4f-metal ions. Thus,
few examples (but not the majority of them) will be work from our group.

Fifth, it is important to realize that the discipline of designing appropriate ligands for efficient
transition-metal SMMs and SIMs has reached such a state of maturity that the present attempt cannot give
(we are afraid) innovative ideas, but it will be a trip to the great achievements of selected (and not all)
groups in the area.

As far as we are aware, this is the first attempt to highlight in a review the great influence of ligands
on SMM and SIM properties. The topic has been partly covered in many of the books [21,22], chapters in
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books [55] and reviews [23,26,27,57-60] available dealing with the chemistry, physics, properties and
potential applications of molecular nanomagnets.

4. The Azide Ion: An Evergreen “Tree” in the Chemistry of Transition-Metal SMMs

The azide ion (N37) is the conjugate base of hydrazoic acid. Aqueous solutions of HN3 were first
prepared by T. Curties in 1890, Equation (3). Such solutions are weakly acidic (pK, = 4.75).

N,Hs " +HNO, — HN34+H " +2 H,0 (3)

The azido ligand is very popular in transition-metal chemistry and especially for the synthesis of
coordination clusters and coordination polymers [62-64]. In Coordination Chemistry, it is found either
as a terminal ligand (') or as a bridging one. The to-date crystallographically established coordination
modes of the bridging azido ligand are illustrated in Figure 3.

AN N

N—N—N N—N—N /N——N—N / \

7/ N /

M M M M M M
2.11/syn, syn 2.11/syn, anti 3.21 4.22
M M M M M
M—)N—-N——N/\—M >N—N-——N M—\N—N—-N M%N——N—-—N
M
M M M M/ M
6.33 2.20 3.30 4.40

Figure 3. The to-date crystallographically established bridging coordination modes of the azido ligand and
the Harris notation [61] that describes these modes. Coordination bonds are drawn with bold lines.

The bridging azido ligand has been one of the most investigated ligands in Magnetochemistry
and Molecular Magnetism [63]. The variety of its bridging modes and its ability to propagate
exchange interactions has led to compounds with several kinds of magnetic behaviors, such as
antiferromagnetism, ferrimagnetism, ferromagnetism, canted weak ferromagnetism, spin-flop, and SMM
and SCM properties [63]. End-to-end (EE) azido groups generally propagate antiferromagnetic interactions
between paramagnetic metal ions, whereas end-on (EO) N3~ ions are generally ferromagnetic couplers;
exceptions of this general rules are known [63]. In addition to the coordination mode, other structural and
electronic parameters (bridging and dihedral angles, bond lengths, orthogonality of magnetic orbitals,
spin polarization, delocalization of unpaired electrons, et al.) play an important role in determining
the sign and strength of the magnetic coupling. The ability of N3~ to promote ferromagnetic exchange
interaction has been utilized in the SMM chemistry of 3d-metal ions [62-64].

We should mention here that an excellent experimental and theoretical study by Sarkar, Neese,
Meyer and coworkers [65] has opened the doors for the use of the terminal azido group in 3d-metal
SIM chemistry. Contrary to previous suggestions, it was shown that the N3~ ligand behaves as a strong o
and 7 donor. Magnetostructural correlations have revealed a remarkable increase in the negative D value
with shortening of the axial Co™N,,i4, bond lengths, i.e., with increasing Lewis basicity.

Returning to SMM chemistry, our group, in collaboration with the group of Escuer at Barcelona,
have developed a general synthetic strategy for the remarkable increase of the ground-state spin in
coordination clusters, which often “switches on” SMM behavior [66-69]. The strategy is based on the
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substitution of bridging hydroxido or alkoxido groups, which most often propagate antiferromagnetic
exchange interactions, in pre-formed coordination clusters by EO azido groups which propagate
ferromagnetic interactions. The core changes, but the nuclearity does not. The incoming azido groups
(always EO) introduce ferromagnetic components in the superexchange scheme of the molecule and, as a
consequence, the ground-state spin increases significantly, sometimes inducing SMM behavior.

The reaction between the pre-formed cluster [Felly(OH), (02CMe)s{(py)2C(O)2}a] (5) and a
slight excess of NaNj in refluxing MeCN under N, gives the corresponding azido cluster
[FeHg(N3)2(OZCMe)g{(py)zC(O)2}4] (6) in ~40% yield, Equation (4); (py)ZC(O)zz‘ is the dianion of the
gem-diol form of di-2-pyridyl ketone, (py)>CO [68,69]. The reactant and the product have similar molecular
structures, the only difference being the presence of two 4.40 azido groups in the latter instead of
two 4.4 hydroxido groups in the former. The nine Fe!l atoms in 6 adopt the topology of two square
pyramids sharing a common apex. Bridging within each square base is achieved through four syn,
syn 2.11 MeCO, " ligands, four alkoxido oxygen atoms from the four 5.3311 (py),C(O),>" ligands (A in
Figure 4) and one extremely rare 4.40 azido group (Figure 3). Each alkoxido oxygen is 3 bridging connecting
two metal centers from a square base to the central Fell atom; the latter is thus 8-coordinate. The core is
{Fellg(4.40-N3),(13-OR)g}3*, Figure 5. The two square bases have a slightly staggered conformation which
results in a square antiprismatic coordination geometry about the central Fell atom, the chromophore being
{Fe''Og}. Dc magnetic susceptibility studies in the 2-300 K temperature range indicate that the substitution
of the 4.4 OH"s in 5 by the 4.40 N3~s in 6 induces ferromagnetic coupling in the latter; its ground spin
state is not well isolated from low-lying excited states and it cannot be accurately determined. Compound
6 is EPR silent at the X-band frequency at 4.2 K, but it is an SMM with a U value of 29(1) cm™L. The slow
magnetic relaxation is also evident using zero-field > Fe Mdssbauer spectroscopy.

MeCN, N
—

[Fe™3(OH), (0, CMe)g {(py) ZC(O)2}4] +2NaN;

[Fe"s (N3),(0,CMe), {(py) ,C(O),},] +2NaOH  (4)

Almost all the azido-bridged transition-metal clusters and SMMs contain chelating or bridging
organic ligands. The presence of bridging organic ligands is usually a disadvantage because it introduces
antiferromagnetic components in the superexchange scheme, thus decreasing the effect of the ferromagnetic
EO azido groups. The group of Stamatatos have recently developed [70-72] a novel strategy for the
synthesis of 3d-metal, EO azido-bridged coordination clusters with high-spin S values and SMM properties
by avoiding the presence of any organic chelating/bridging ligand. The azido groups in the cores of the
clusters are exclusively EO, which ensures the presence of ferromagnetic exchange interactions between
the metal spin carriers and therefore the attainment of the maximum S value. In the presence of magnetic
anisotropy, induced by the choice of the appropriate metal ion, some of the clusters also exhibit remarkable
SMM properties. The peripheral ligation around the metallic core is completed by terminal, volatile MeCN
ligands, whose solvation/de-solvation effects sometimes lead to interesting magnetic phenomena. The key
reagent for this chemistry is Me3SiN3. This has some remarkable differences compared to its all-inorganic
analogue, which is almost 100% used in metal-azide chemistry. Firstly, Me3SiN3 is more soluble in organic
solvents than NaN3, and this allows reactions to be performed in a variety of such solvents. Secondly,
Me3SiNj can abstract OH™ ions from the reaction media and thus bridging hydroxide ligands are not
incorporated in the products; this allows the dominance of the N3~ ions in solution which can act as ligands
without competition from the OH™ species. And third, Me3Si* cannot coordinate and Na* ions are not
incorporated in the clusters, which is often the case when NaNj is used as the azide source. Representative
examples of this strategy are briefly mentioned below.
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Figure 4. The coordination modes of some of the ligands discussed in the text and the Harris notation that
describes these modes. M = metal ion (this is specified in the cited examples); n =1, 2.

Figure 5. The {Fellg(4.40-N3),(u3-OR)g )8+ core of cluster 6. The Fe!l centers are shown in dark yellow, the
nitrogen atoms in blue and the oxygen atoms are shown in red. Modified from reference [69].

The 1:1:4 reaction between Fell(ClO,),-6H,0, Et;N and Me3SiN3 in MeCN under N, gives a dark red
solution from which orange crystals of [Fe'7(N3)12(MeCN)1,](ClOy),-4MeCN (7-4MeCN) can be isolated
in a ~55% yield, Equation (5). The crystals were treated in two ways for magnetic and spectroscopic
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studies [70,71]. A portion of the crystalline material was immediately transferred and sealed in an NMR
tube representing the structurally characterized sample. The other portion was collected by filtration and
dried under Ny for 3 h; its analytical data corresponded to the formula {Fel';(N3)1,(MeCN),(ClOy),} (7a).
The IR spectra of 7-4MeCN and 7a indicate the presence of the EO azido group, with the band due to
the v,5(N3) mode appearing at ~2100 cm™!. The almost complete de-solvation of 7-4MeCN to give 7a is
evidenced by the nearly complete disappearance of the IR bands due to the v(C=N) mode of the MeCN
molecules from the spectrum of the latter (at 2310 and 2279 cm™ in the spectrum of the former).

MeCN
-

N 5)
[Fe™7(N3);,(MeCN);,] (ClO, )24 MeCN + 12 Me3SiOH + 12 (Et; NH)(CIO ) + 30 H,0

7 Fe'(Cl0y) -6 HaO + 12 Me3SiN3+16 MeCN + 12 Et;N

The heptanuclear cation that is present in the crystal structure of 7-4MeCN (Figure 6) contains a nearly
ideal planar hexagon of metal ions centered on the seventh, central Fell atom [71]. The central Fe!! atom is
a crystallographic inversion center; the {Fell,} disk-like cation possesses virtual Sg symmetry. The seven
octahedral Fe!l atoms are held together through six 2.20 and six 3.30 EO azido groups. The six 3.30 azides
connect the outer {Fe'l¢} hexagon with the central metal ion, while the six 2.20 azides bridge exclusively the
outer Fel centers. Peripheral ligation is completed by twelve MeCN molecules, two on each of the outer
metal ions. The {Fe'7(3.30-N3)¢(2.20-N3)4}>* core can also be described as consisting of six {Fe!'3(N3)4)
defective cubane units, each double face-sharing; a vertex of each cubane unit is shared with the common
vertex of the six cubanes which is the central Fell atom. The metal-nitrogen bond lengths are indicative
of high-spin (’czg)‘*(eg)2 Fe!l atoms with N-ligation. The intramolecular Fe!l---Fe!! distances are ~3.35 A,
while the Fell-N-Fe!! angles span the range 95.5-105°. The intermolecular Fe!l---Fe!l distances are large (>8
A) due to the packing of the heptanuclear cations and to the presence of the coordinated MeCN molecules.

Both the as-synthesized (7-4MeCN) and dried (7a) forms of the complex were magnetically
studied [70,71]. Dc magnetic susceptibility studies reveal the maximum possible ground-state spin (S = 14).
Both forms are SMMs; however, their ac magnetic dynamics are different, revealing a “Janus”-faced
SMM behavior for the pristine and dried samples which have been attributed to solvation/de-solvation
effects from the coordinated solvent molecules. Sample 7a exhibits two individual relaxation processes,
which are both thermally assisted; the 2.7-5.0 K process is characterized by a U, value of 30.5(1) cm™,
and the 1.8-2.6 K process by a U value of 15.3(2) cm™!. Data are shown in Figure 7. In contrast,
the as-synthesized (pristine) sample 7-4MeCN exhibits only one relaxation process below ~3 K with a U
value of 10.0(2) cm™!. The different number of relaxation processes and the different values of effective
energy barriers for magnetization reversal can be rationalized in terms of the differences in intermolecular,
i.e., intercationic, interactions and the different molecular anisotropies arising from different crystal fields
around the peripheral Fell atoms [71].

Complexes [Co7(N3)12(MeCN)12](ClO4); (8) and [Niz(N3)12(MeCN)12](ClO4); (9) were prepared by a
reaction similar to that used for 7-4MeCN, simply replacing the metal perchlorate starting material [72].
The crystal structures of 8 and 9 (these complexes are isomorphous) do not contain solvent molecules
in the lattice. The clusters have a similar molecular structure to its {Fe'';} analogue. The crystals of 8
and 9 are stable at room temperature and no degradation is observed after 24 h exposure to the normal
laboratory atmosphere; the static and dynamic properties of their wet- and “dried”-forms are identical
for each complex. As expected, both clusters are strongly ferromagnetically coupled. The Ni(II) cluster
(S =7) has a negligible magnetoanisotropy and, consequently, it does not exhibit out-of-phase ac magnetic
susceptibility signals, i.e., it is not a SMM, in either the absence or the presence of an external dc field.
The Co(1I) cluster exhibits SMM properties under the application of a weak external dc field of 0.1 T with a
U value of 19.6(1) em™! [72]. The application of weak dc fields during the dynamic susceptibility studies
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helps to suppress QTM, which is otherwise strong for systems in low-symmetry crystal environments.
This experimental practice is very helpful in elucidating the mechanisms operating in magnetization
relaxation processes. However, the researchers should be cautious when interpreting ac susceptibility
results in the presence of external dc fields; an excellent description of such a cautionary note is provided

in reference [27].

Figure 6. The molecular structure of the heptanuclear cation of cluster 7-4MeCN. The Fe!l centers are shown
with dark yellow color, the nitrogen atoms with blue color and the carbon atoms with black color. Modified
from reference [31].

The great utility of the above mentioned synthetic approach, which can potentially stimulate the
research in transition-metal azido chemistry to meet new directions, is demonstrated by the 2-nm-sized
spherical cluster [Mn9O,4(N3)10(dma)yg] (10) [73], where dma is the 3,3-dimethylacrylate(—1) ligand.
The cluster contains a {Mn'Mn!4(4.4-0)5(3.3-0)14(4.40-N3)5(2.20-N3)g}28* core, and has an S = 9/2
ground state. Despite the appreciable number of EO azido groups, the complex is not an SMM due to
the simultaneous presence of bridging oxido and carboxylato groups, which promote antiferromagnetic
exchange interactions and “force” the Mn-N,,igo—Mn angles to be rather large (average 111.4°) presaging
antiferromagnetic interactions between the respective azido-bridged metal ions.

78



Inorganics 2020, 8, 39

20 25 30 35 40 45
Temperature (K)

%'y (cm® mol™)

2.0 25 30 35 4.0 45 5.0
Temperature (K)

0.8

0.6

X" (cm® mol™)

04 4

0.2

0.0 4

Temperature (K)

Figure 7. (Top) Out-of-phase (x”\1) ac molar magnetic susceptibility signals for 7a. The inset shows the x"\
vs. T plot at the representative ac frequency of 933 Hz revealing the two separation relaxation processes
in two different T regions for the sample; the solid blue lines are the fits of the data. (Bottom) Frequency
dependent x "\ signals of 7-4MeCN. Reproduced from reference [70] with permission from the Royal
Society of Chemistry.

5. Cyanido-Directed Assembly of Transition-Metal SMMs

Many transition-metal SMMs contain hydroxido (OHT), alkoxido-type (RO™) or oxido (0%)
bridging groups. The problem is that the oxygen atom can bridge two or more (up to six with the
O?~ ligand) metal centers, with a wide variety of M—-O-M angles. Since the pairwise magnetic exchange
interactions (which should be ferromagnetic and strong for an efficient SMM) are very sensitive to the
bridging angles (and more generally to local geometry), chemists cannot often predict the magnetic
properties of a complex structure. As a consequence, the search for new metal-hydroxido/alkoxido/oxido
SMMs remains a rather serendipitous effort. The “good news” is that there is an alternative small-sized
inorganic bridging ligand which might overcome the aforementioned difficulty. This is the cyanide
(CN™) group. Given that Prussian Blue, Fe'ly[Fel(CN)g]3-¥H,O (x = 14-16), the first coordination complex
and the first molecule-based magnetic solid was discovered in 1704 by the painter Diesbach in Berlin,
it is amazing that after more than 300 years the CN~ ion is in the forefront of coordination chemistry and
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molecular magnetism [74]. Perhaps, Andreas Ludi, who called Prussian Blue “An Inorganic Evergreen” in
an article written in 1981, was more visionary when he gave this nickname [75].

The preference of CN™~ for binding just two metal sites, one at each end, leading to a linear bridging
arrangement is well established in inorganic chemistry. Thus, solution assembly reactions can be designed
with the expectation that the product will possess linear M—-CN-M’ groups, thus providing synthetic
chemists with a degree of synthetic and structural control [58]. In addition, because of the linear bridging
arrangement, there is a satisfactory level of predictability in the expected nature of the magnetic exchange
coupling between octahedral M and M’ spin carriers. Unpaired spin density from orthogonal metal-based
orbitals (tzg + eg) will leak over into orthogonal CN™-based orbitals, leading to ferromagnetic exchange via
Hund’s rule. On the contrary, the unpaired spin density from metal-based orbitals of compatible symmetry
(tag + tog OF €5 + eg) will leak over into the same cyanide-based orbitals, leading to antiferromagnetic
exchange via Pauli exclusion principle. The antiferromagnetic exchange interactions are generally stronger
and tend to dominate the superexchange in a competitive coupling scheme. Such predictions are useful in
the design of cyanido-bridged clusters with high values of the ground-state spin [21,55,58].

Metal-cyanido chemistry can rather easily lead to molecules with high-spin ground states [21,58].
The difficult problem is to introduce axial magnetic anisotropy in these systems, i.e., negative D.
The incorporation of metal centers that have a large single-ion anisotropy is a good first step in obtaining
large D values in a cluster. The anisotropy of an individual metal ion is determined by the coupling
between its spin angular momentum and its orbital angular momentum. Thus, metal ions with orbitally
degenerate ground states are expected to have a large zero-field splitting and would be appropriate
for incorporation in SMMs. This is, for example, the case in 1 (Figure 1) where the outer Mn!"! atoms,
with a t2g3eg1 configuration contribute much to the anisotropy barrier. Thus, there are two approaches
for instilling magnetic anisotropy in metal-cyanido clusters. The first one is to utilize metal ions already
known to give hydroxido-, alkoxido- and/or oxido-bridged 3d-metal SMMs, e.g., VI, high-spin Mn!"l,
high-spin Co'!, etc. Such high-spin configurations are obtained easily with O-based donors; however,
low-spin configurations often occur in metal-cyanido clusters and certain of these (with orbital degeneracy)
may be particularly effective. The second approach is to utilize 4d- and 5d-metal ions. Because of the
relativistic nature of the spin-orbit coupling phenomenon (which is a source of magnetic anisotropy),
this will generally result in significant increase of single-ion anisotropy for heavier transition-metal ions.
For example, replacement the Cr!l' atoms in known cyanide clusters with Mol atoms can lead to clusters
with enhanced magnetic anisotropy while preserving the ground-state spin [58]. Of particular importance
in this context is that theory has predicted that single-ion anisotropy originating from spin-orbit coupling
will give SMMs with higher Ty values [76].

Based on the facts mentioned above, the main method for synthesizing cyanido-based homo- and,
especially, heterometallic transition-metal SMMs is a building-block approach, often called modular process
or “complexes as ligands and complexes as metal ions” strategy. A typical cluster preparation involves
two building units. One bears one or more coordination sites occupied by labile (loosely coordinated)
solvent molecules (the “metal ion”) and the other is a complex that possesses one or more terminal
cyanido ligands (the “metalloligand”) [21,55,58,77-85]. In solution, the nucleophilic “free” nitrogen
atoms of the terminal cyanido ligands displace the labile solvent molecules, leading to dinuclear or
polynuclear assemblies. An important synthetic parameter is the nature and denticity of the capping
(chelating) ligands for either of the two building units (precursors); these characteristics often control the
nuclearity of the product. The “metal ion” in this building-block approach can also be a simple metal “salt”
without a capping ligand and/or labile solvent molecules. In addition to this structural control, there are
available qualitative rules for predicting the nature and the strength of the magnetic exchange interaction
between the cyanido-bridged metal spin carriers established via detailed studies on hundreds of Prussian
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Blue analogues [15,21,58,86]. This fruitful combination of structural and magnetic predictability has led to
the rational design, synthesis and study of many cyanido-bridged SMMs.

A significant advantage of transition metal-cyanido cluster chemistry is that once a stable new
structural motif is identified, the researcher can be confident that she/he can replace some metal ions with
certain other metal ions in the structure [58].

After this, rather long, introduction we proceed with few representative examples.
The metalloligand (Et;N) [Re'(CN)3(triphos)], where triphos is the bulky tridentate phosphine
1,1,1-tris(diphenylphosphinomethyl)ethane (Figure 8a), was prepared by Dunbar’s group. Direct reaction
of [(triphos)ReH(u—C1)3ReH(triphos)]Cl with 6 equivs of (Et;N)CN in MeCN leads to homolytic scission of
the {Re"=Re!'}** unit to give the bright yellow precursor metalloligand, Equation (6), in ~35% yield [87].
The coordination geometry of Re!! in the mononuclear anion is fac pseudo-octahedral; three coordination
sites are occupied by the C-bonded cyanido ligands, while the other three sites are filled by the P atoms
of the tridentate chelating triphos ligand. Mononuclear 17-electron complexes of Re(Il) are attractive in
molecular magnetism due to strong spin-orbit coupling effects (A = 2000-3000 cm™!) arising from the
low-spin 5d° configuration. The 1:1 reaction between (Et4N)[ReH(CN)3(triphos)] and anhydrous MnCl, in
Me,CO/MeCN under reflux gives the orange-red cluster [Mn'"yRe";Cl;(CN)q,(triphos),] (11), Equation (7).
The octanuclear molecule has an approximate cubic topology (Figure 8b) [78,79] with alternating octahedral
Re'” and tetrahedral Mn'! concerns. The edges of the cube are spanned by the 12 bridging cyanido groups
(Re™-CN-Mn"") that link the metal ions. The coordination geometry around the Re'" atoms is similar to that
of the mononuclear starting metalloligand, i.e., distorted octahedral with the triphos ligand behaving as a
facially capping, tridentate chelating ligand with the carbon end of the three cyanido ligands completing
the coordination sphere. The Mn'! centers adopt a distorted tetrahedral geometry, the donor atoms for each
metal ion being three coordinated nitrogen atoms from bridging cyanido groups and a fourth terminal
chlorido ligand extending out of the cube. It is obvious that the steric bulk of the triphos ligands enforces
the distorted tetrahedral coordination environments at each of the 3d-metal sites. The structurally similar
cubic complexes [MnH4ReH4I4(CN)lz(triphos)4] (12a) and [MH4ReH4Cl4(CN)lz(triphos)4] (M = Fe, 12b;
M = Co, 12¢; M = Ni, 12d; M = Zn, 12e) have also been prepared through analogous reactions [79].
Variable-temperature dc magnetic susceptibility data for 11 indicate antiferromagnetic coupling between
the “S = 1/2” Re'l and S = 5/2 Mn! atoms. The complex is a weak SMM with a U, value of ~9 em~L
Micro-SQUID temperature-dependent scans reveal hysteretic behavior for the cluster. The data also show
a prominent step at zero field, resulting from fast QTM. The step becomes temperature-independent
below 0.2 K but remains sweep rate-dependent, suggesting a ground-state resonant tunneling process at
H=0[79].

[(triphos)Re " (1-C1);Re!! (triphos)]Cl + 6 (Et, N)CN M;E“ 2 (EtyN) [Re"'(CN)4 (triphos)] + 4 (Et,N)CI )
2

Me;CO/MeCN, T
—

4 (Et,N)[Re" (CN),(triphos)] + 4 MnCl, [Mn";Re";Cl4(CN); (triphos),] + 4 (Et,N)Cl 7)

N,

Staying at Re, an interesting metalloligand is [Re!Y(CN);]>~, which was prepared by Long’s
group through a simple ligand metathesis reaction [88], Equation (8). This anion has a low-spin
5d3 pentagonal bipyramidal geometry. The complex has a strong magnetic anisotropy which can be
attributed to a combination of its large spin-orbit coupling associated with the heavy rhenium ion and
the unquenched orbital angular momentum of its 2E;” electronic ground state. Thus, the incorporation
of [ReV(CN);]*~ into a high-spin coordination cluster would “transfer” magnetic anisotropy to the
product, possibly leading to slow magnetic relaxation. Complex [Mn''(PY5Me,)(MeCN)](PFg), is an ideal
“metal ion” for a building-block reaction for three reasons: (i) The Mn!" ion has 5 unpaired electrons;
(ii) the six-coordinate cation possesses a labile MeCN molecule; and (iii) the potentially pentadentate
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chelating ligand 2,6-bis(1,1-bis(2-pyridyl)ethyl)pyridine ligand (PY5Me,, Figure 9a) is an efficient capping
moiety which can ensure the formation of star-like clusters that are magnetically isolated. Reaction of
(Bu""yN)3[ReV(CN);] with 4 equivs of [Mn(PY5Me,)(MeCN)](PF4); in MeCN at —40 °C produces a
blue solution from which the blue, temperature-sensitive cluster [Mn",RelV (CN);(PY5Me,)41(PFg)s5
(13) is isolated in a good yield, Equation (9). If the same reaction is performed at room temperature,
an immediate color change from blue to green and then to yellow is observed affording complex
[Mn,Re™(CN);(PY5Me,)4](PFg)s (13a); this complex is formed via a spontaneous reduction of Relv
(S =1/2) to Re!™ (S = 0) within the cluster [80].

DMEF, 85 °C
-

(Bu"4N);[Re™ (CN),] + 6 (Bu"4N)Cl ®)
3 days, N,

(Bu"4N),[Re™ Cl¢] + 7 (Bu"yN)CN

(Bu"4N);[Re" (CN),] + 4 [Mn" (PY5Me ) (MeCN)] (PF, ), M0 o
[Mn";Re!Y (CN), ((PY5Me,),] (PF¢)5+3 (Bu"4N)(PF) + 4 MeCN

a

Figure 8. (a) The structural formula of triphos. (b) An aspect of the molecular structure of the cubic
cluster 11; only the P atoms of the tridentate chelating phosphine triphos have been drawn. The Rel,
Mn!, CI-, N, C and P atoms/ions are shown with turquoise, yellow, green, blue, gray and mauve colors,
respectively. Modified from reference [78].

X-ray analysis on single crystals of 13 reveals the presence of a four-point star-like topology for the
cation of the complex, as shown in Figure 9. The [Re!Y(CN); 1>~ unitis at the center of the star and is bridged
through cyanido groups to four {Mn'(PY5Me,)}** pendant units; three cyanido ligands remain terminal
at the central Re!V atom. The coordination polyhedron of the 5d-metal ion is close to that of an ideal
pentagonal bipyramid, with an essential liner axial C,x—Re!V~Cax angle of 179.9°. The arrangement of the
four 3d-metal ions can be described as a square, with two of the Mn!" atoms binding axial cyanido groups of
Re!V and the other two binding non-neighboring equatorial cyanido groups of Re'V. The magnetic exchange
interactions between the central Re!V atom (S = 1/2) and the surrounding Mn!! centers (S = 5/2 each) are
ferromagnetic, resulting in a high-spin ground state (most probably 21/2). The high-spin ground state of
the cluster, combined with the negative D value of —0.44 cm ™! gives SMM properties in 13 with an effective
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relaxation barrier of Ueg = 33 cm™! [80]. Analogous reaction schemes lead to structurally similar clusters
M, Re!Y(CN)7(PY5Mes)41(PFg)s (M = Ni, 13b; M = Cu, 13c), which are also SMMs with U values of ~17
and ~8 cm™!, respectively [81]; the D values are —0.93 cm™! (13b) and —1.33 cm™! (13c), the corresponding
S values being 9/2 and 5/2.

N ]

N 5 N
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( N CcN N }
N N\ C CN N
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N N c N N
\_/ N —

Figure 9. (a) The structural formula of the “open” pentadentate ligand PY5Me;. (b) Schematic drawing
of the molecular structure of the pentanuclear {MnH4ReIV} cation that is present in 13; the solid circle
represents the Re!V atom, the semi-dashed circles represent the Mn!! atoms and N"N"N"N"N represents the
pentadentate chelating ligand PY5Me,, while the coordination bonds are drawn with bold lines.

Today the cyanido ligand is one of the most popular ligands in SMM chemistry [21,85], because of
the variety of metalloligands that are available. For example, octacyanidometallates are unique building
blocks that are useful in the construction of various types of magnetic clusters with topologies ranging
from square, trigonal bipyramidal, octahedral, to pentadecanuclear six-capped-body-centered cubes and
even larger molecules, some of which are SMMs [85].

6. Tris(trimethylsilyl)methanide, an Old Organometallic “Friend” Joins the Chemistry of 3d-Metal SIMs

Several groups around the world re-investigate the magnetic anisotropies of complexes based on
transition-metal ions in a general effort to find magnetic alternatives to the f-block metal ions. As it has
already been mentioned in Section 1, mononuclear transition metal-ion complexes are not good candidates
for large Uy values because of their smaller magnetic moments and, for the 3d-metal ions, lower spin-orbit
coupling constants. Also, the larger ligand-field splitting energies of the d orbitals lower the orbital
contributions to the magnetic properties required to develop significant magnetic anisotropy. There are
two manifestations of this effect: (i) The first-order orbital angular momentum can be quenched as the
result of a Jahn-Teller distortion; and (ii) the second-order contribution to the magnetic anisotropy, i.e.,
the zero-field splitting, is becoming very small due to the large energy separation between ground and
excited electronic states, which reduces the degree of mixing. These ligand-field effects can become much
less important by synthesizing transition metal-ion complexes with very low coordination numbers [27].
In this way, the ligand-field splitting energies of the d orbitals fall within a narrow range, similar to the
energies of the 4f orbitals in Ln(IlI) complexes. A linear two-coordinate geometry at the metal center is
ideal for suppressing ligand-field effects in 3d-metal complexes and generating a large anisotropy barrier.
For a strictly linear coordination geometry, with a local Do, symmetry at the metal ion, the energies of the

83



Inorganics 2020, 8, 39

d orbitals are split as (dxy, dxz,yz) < (dxz, dyz) < d,? (these relative energies do not consider the possibility
of s-d,2 mixing, which is known to lower the energy of d,? below that of the dxy, dyz pair), with the d,% and
(dxz, dyz) orbital energies being destabilized by o- and m-metal-ligand interactions, respectively; on the
contrary, the (dxy, dxz,yz) orbitals have 6 symmetry and are thus not participating in bonding with the
ligands’ orbitals. A high-spin 3d° electron configuration is expected to give a large first-order contribution
to orbital angular momentum that will not be quenched through a Jahn-Teller distortion; this maximizes
the magnetic moment and the two donor atoms define an axis for its easy alignment [89].

One of the ligands that has played an important role in the chemistry of two-coordinate 3d-metal
SIMs is the tris(trimethylsilyl)methanide, “C(SiMe3);. The neutral compound HC(SiMe3); and its
conjugate base have their own history in organic [90,91] and organometallic [92,93] chemistry, respectively.
The tris(trimethylsilyl)methanide (‘trisyl’) anion has been used as a very bulky ligand in main group and
Ln(III) chemistry. The advantages of this group are numerous: (a) Due to its bulkiness, it can lead to very
low coordination numbers and stabilize coordinatively unsaturated transition-metal complexes which
often exhibit unusual structural features or exciting reactivity; (b) its steric bulk-which is estimated to
be similar to that of Cp* anion or P(*Bu)s-confers kinetic stability to complexes; and (c) it lacks a-and
B-hydrogens prohibiting undesired reactivity. In a sense, it may be viewed as combining the electronic
features of a methyl anion and the steric requirements of the Cp* anion [93].

Complex [Fe''{C(SiMe3)3},] (14) was synthesized [93,94] by the reaction illustrated in Equation
(10). Li{C(SiMe3)3}-2THEF can be prepared by the metallation of tris(trimethylsilyl)methane with MeLi in
THF/Et,O under reflux [92]. The two-coordinate Fell center sits on a crystallographic inversion center,
resulting in a strictly linear geometry (C-Fe'l-C = 180.0°). Variable-temperature dc magnetic susceptibility
data indicate a high-spin 3d® Fell center (tzg4eg2). Low-temperature magnetization data show a saturation
value of 3.24 B.M.; this value is lower than 4 B.M. that would be expected for a spin-only S = 2 center.
The results from the dc susceptibility and magnetization data indicate that 14 has a highly anisotropic
magnetic moment. Both data sets could not be fit, suggesting that the magnetic anisotropy of the molecule
is not due to spin-only phenomena [94]. Ac susceptibility data reveal slow magnetic relaxation under
an external dc field. Arrhenius plots for the linear complex were fit by employing a sum of tunneling,
direct, Raman and Orbach relaxations, resulting in a U, value of ~146 cm~!. Theoretical calculations
(CASSCF/NEVPT?2 on the crystal structure) were performed to explore the influence of deviation from
rigorous Do}, geometry on the splittings of the 3d orbitals and the electronic state energies. The calculations
suggest that the ligand field asymmetry quenches the orbital angular momentum of 14, but finally spin-orbit
coupling is strong enough to compensate and regenerate the orbital moment. The non-observation of a
single Arrhenius behavior has been attributed to a combination of the asymmetry of the ligand field and
the influence of vibronic coupling.

Fe'lCl,+2 Li{C(SiMe ,)3}-2THF THF;’?S <

[Fe' {C(SiMe 5),},]+2 LiCl + 4 THF (10)
2

The observation of slow magnetic relaxation in 14, and related mononuclear two-coordinate Fe(II)
complexes, requires the application of an applied dc field which suppress fast magnetization reversal
through QTM; the latter is very efficient for such systems because of the small non-Kramers S = 2 ground
state prohibiting slow relaxation in zero magnetic field [27]. An alternative way to minimize tunneling of
the magnetic moment, caused by mixing of the ground-state + Mg levels, is employment of half-integer
spin systems, according to the Kramers’ theorem [95]. Such systems should not require the application of
a dc field to display slow magnetic relaxation. The group of Long reported the structurally interesting
and magnetically impressive two-coordinate SIM [K(crypt-222)][FeI{C(SiMe3)3}2] (15), which possesses a
S = 3/2 ground state [96]; crypt is the ligand 4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[8,8,8]-hexacosane,
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which chelates the K* ion though its six ether oxygen atoms. The synthesis of 15 was achieved by the
one-electron reduction of 14 using KCg as reductant, Equation (11). The possibility of the one-electron
reduction of the Fe(II) complex had been recognized by cyclic voltammetry studies in difluorobenzene,
which show a reversible process corresponding to the [Fe{C(SiMe3)3},19 1 couple. The product is obtained
in yields of ~50% and has a bright yellow-green color. Single-crystal X-ray crystallography reveals
a linear geometry around Fe'! (Figure 10a), the C-Fe!-C bond angle being 179.2°. The SiMe;s groups
are eclipsed, contrary to the structure of 14, in which they are staggered. Complex 15 not only shows,
as expected, one of the highest Ueg values [226(4) cm™] yet reported for SMMs and SIMs that contain
transition-metal ions, magnetic hysteresis below 29 K and a Tg value of 4.5 K, but also has improved
permanency in zero field [96,97]; the U, value starts to approach values that we meet in Ln(III)-based
systems. Quantum-chemical and spectroscopic studies suggest an electronic structure (Figure 10b),
which would not be expected by most coordination chemists. The theoreticians in the research team
provided strong evidence that strong 4s-3d,> mixing stabilizes the 3d,? orbital. The result is supported
by advanced spectroscopic characterization, and the calculated orbital degeneracies explain well the
unquenched orbital moment. The U value is close to the calculated energy gap between the ground
Mj = 7/2 pair and the first excited M; = 5/2 doublet, suggesting that the relaxation occurs via this latter
state. Excellent Fe-Mossbauer studies of 14 and 15 under zero applied dc field between 295 and 5 K
yield their magnetization dynamics on a significantly faster time scale (the lifetime of the measurement is
1078 to 1077 s) than it is possible with ac magnetometry. From the modeling of the Mossbauer profiles,
Arrhenius plots between 295 and 5 K were obtained for the two complexes [98]. The high-temperature
regimes suggest Orbach relaxation with Ueg values of 178(9) (14) and 246(3) (15) cemL, in good agreement
with the values obtained from magnetism. In 15, two distinct high-temperature regimes of magnetic
relaxation are observed with mechanisms corresponding to two distinct single-excitation Orbach processes
within the ground-state spin-orbit coupled manifold of the Fe! atom.

[Fe" {C(SiMe 5 ),},] +KCs+erypt-222 TB—PI‘;F [K(crypt-222)][Fe' (C(SiMe 3),},]+8 C 11)
6000
5000 - Jr JF iz, dys
;'; 4000 -
< i
;%n 3000 - % + di2_y2, dyy
g ]
S 2000 -
1000
0 S d,
a b

Figure 10. (a) The molecular structure of the anion that is present in 15. (b) Energy splitting of the 3d
orbitals of [Fe!{C(SiMes)3},]~ derived from an ab initio computational analysis; this orbital scheme is the
origin of a strong magnetic moment along the z axis. Color code: Fe dark orange, Si turquoise, C black. H
atoms have been omitted for clarity. Modified from reference [96].
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It has become clear from the preceding information that orbital angular momentum L gives rise
to magnetic anisotropy, an essential property for efficient SIMs. Unquenched L arises from an odd
number of electrons in degenerate orbitals; this is observed only for free ions and in f-element complexes.
In transition-metal complexes, however, the ligand field removes any orbital degeneracy, leading to
practically zero L. Any magnetic anisotropy in such complexes is a weak effect arising from mixing of the
electronic ground state and excited states induced by spin-orbit coupling. The maximum value L for a
transition metal is 3 and, at first glance, it seems impossible. An L = 3 ground state in a linear complex
requires two sets of degenerate orbitals, (dxz_yz, dxy) with m; = +2 and (dxz, dyz) with m; = 1, and an odd
number of electrons in each. Such a system would imply a non-Aufbau configuration, wherein the electrons
do not fill the d orbitals in the usual manner from lowest to highest energy, and likely exhibit a large
magnetic anisotropy. Having as scientific arsenal: (A) The previous characterization of 15 with unquenched
orbital angular momentum, large mangetic anisotropy and non-influence by Jahn-Teller distortions that
would otherwise remove orbital degeneracy. (B) Experiments which have shown that Co atoms, deposited
on a MgO surface under vacuum (referred to as adatoms) and adopting a coordination number of 1,
have a ] =9/2 (S =3/2, L = 3) ground state giving rise to near-maximal magnetic anisotropy [99]; and (C)
Calculations on the hypothetical complex [Co"{C(SiMe3)3},] which have shown an L = 3 ground state
arising from a non-Aufbau (dXQ,yz, dxy)3, (dxz, dyz)3(dzz)1 filling of the 3d orbitals and further predicting a
gap of ~455 cm™! between ground and first excited M; states [100], a mutli-national research team led by
Long, Neese and van Slageren set out efforts to synthesize and characterize [Co™{C(SiMe3)3),], i.e., the 3d”
analogue of 14.

The strongly reducing nature of the carbanion ligand ~C(SiMej3); hinders isolation of the desired
compound [101]. Metathesis reactions of {C(SiMe)s}~ salts and CoX, (X = Cl, Br, I) gave only amorphous
solids that could not be characterized. However, lowering the basicity of the central carbanion through
the introduction of electron-withdrawing aryloxide groups provided access to the dialkyl complex
[Co™{C(SiMe,ONaph)s},] (16), where Naph is the naphthyl group. The synthetic process is illustrated
in Figure 11. The Zn(II) congener, [Zn{C(SiMe,ONaph)s},] (16a) was obtained in an analogous manner.
Using the same reaction conditions with a mixture of ZnBr, and CoBr,-THF (molar ratio ~900:1) enabled
the preparation of the magnetically dilute sample Cog 02Zng 9g{C(SiMe;ONaph)s}, [101].
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HC(SiMe,ONaph);

Figure 11. Synthetic scheme for the ligand HC(SiMe,ONaph); and preparation of the linear Co(II) and
Zn(II) dialkyl compounds 16 and 16a, M = Co, Zn.
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Complexes 16 and 16a are isomorphous and feature a linear C-M"-C axis imposed by the Sg
site symmetry. The staggered orientation of the ligands facilitates close sp3>~CH--7 and sp?>~CH--mt
contacts (2.69 and 2.82 A, respectively). This indicates that interligand interactions contribute into the
stabilization of the structures [101]. Ab initio calculations on 16 predict a ground state with S = 3/2, L
=3 and ] = 9/2 which arises from the non-Aufbau electron configuration (dxz_yz, dxy)3(dxz, dyz)3(dzz)1,
Figure 12; this deviates from the expected Aufbau filling of (dxz_yz, dxy)4(dxz, dyz)z(dzz)l. This deviation
can be explained in terms of the competing effects of ligand-field stabilization and interelectron repulsion.
As for Ln(IlI) complexes, the ligand field is weak so that interelectron repulsion and spin—orbit coupling
determine the electronic ground state. Dc magnetic susceptibility results reveal a well-isolated M; = +9/2
ground state. Variable-field far-infrared spectra suggest a magnetically active excited state at ~450 cm™!
that, together with variable-temperature ac susceptometry and theoretical calculations, has assigned to the
Mj = +7/2 state. A d-orbital filling scheme with equally occupied of (dxz_yz, dxy) and (dxz, dy) orbital
sets is also indicated by modeling of experimental charge density maps. The Ul barrier of ~450 cm™
determined for 16 is the largest reported to date for a transition-metal SMM or SIM. As a consequence
of its large orbital angular momentum, the magnetically dilute sample Cog 02Zng 93{C(SiMe,ONaph)s},
exhibits a coercive field of 600 Oe at 1.8 K. Although its magnetic properties mainly pertain at very low
temperature, the synthesis, structure and properties of 16 provide scientists with a valuable, general design
principle [101].
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Figure 12. Energy diagram and occupations of the 3d orbitals by electrons in the linear complex 16.
Modified from reference [101].

7. Softer Ligands for More Efficient SIMs

The main advantage of transition-metal SIM chemistry is that the ground-state spin of the mononuclear
molecule is fixed and D is the only parameter that affects Ucr. As we have seen, the orbital angular
momentum is the main factor that dictates the magnitude of D; the former depends on the oxidation
state and the coordination number/geometry of the 3d-metal ion (for first-row transition metals). Thus,
scientists can fine-tune the electronic structure of the complex by playing with the oxidation state and the
geometry of the metal ion. The classical approach involves the lowering of the coordination number which
provides the system with a large orbital angular momentum resulting in high Ueg values [94,96,101,102].
In addition to this approach, several efforts have been performed to alter the spin Hamiltonian parameters
of various metal ions by other methods [103]. Slow magnetization relaxation is normally not observed
in integer-spin systems, even under application of external dc magnetic fields, because of underbarrier
tunneling mechanisms. As a consequence of this, the interest has focused on non-integer spin systems for
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a better design of SIMs. Cobalt is a good candidate for efficient SIMs due to strong first-order spin-orbit
coupling displayed by the metal in its high-spin +II oxidation state [26,27]; this is particularly so in
pseudotetrahedral symmetry. Several parameters can potentially be employed to stabilize easy-axis
(or Ising-type) magnetic anisotropy including the softness (HSAB) of the donor atoms (and hence the
Co''-ligand covalency), the influence of the other commonly used coligands (e.g., halides) and the variation
of the counter cation in anionic complexes. Representative examples are briefly described below.

The first transition-metal SIM without requiring the application of an external dc field to suppress
quantum relaxation processes was the tetrahedral complex (PhyP),[Co(SPh)4] (17) [104], prepared as
illustrated in Equation (12). The complex has an S = 3/2 spin ground state, with a large, negative,
axial zero-field splitting (D = —70 cm™") and a low rhombicity (E/D < 0.9). The large magnetic anisotropy
of the anion can be explained by examining Figure 13, derived from angular overlap model calculations.
The near degeneracy of the filled 3d,?_,? orbital and the singly occupied 3dyy orbital leads to a low-lying
electronic excited state that can couple to the ground electronic state through spin-orbit coupling,
thus affording a large D value and resulting in a Ueg value of 21(1) cm~!. Dilution of [Co(SPh),]?~ within
the isostructural [Zn(SPh),]>~ matrix eliminates quantum tunneling pathways, indicating that they occur
via intermolecular dipolar interactions [104].

CoCly+4 K(SPh) + 2 (Ph, P)Br M§—1>CN (Ph,P),[Co(SPh),] +2 KCl + 2 KBr (12)
2
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Figure 13. Electronic configuration and splitting of the 3d-orbital energy levels for the complex anion in
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17, derived using the angular overlap model. The diagram was reproduced from reference [104] with the
permission of the American Chemical Society.

Continuing the above mentioned work, the group of Long prepared the salts of [Co(EPh)4]>~ (E= O,
Se) (PhyP)[Co(OPh)4] (18), K(PhyP)[Co(OPh)4] (18a), (Ph4P),[Co(SePh)4] (19), from reactions of CoCl, or
Col, with excess amounts of K(EPh) and (PhsP)Br in MeCN [105]. All anions possess pseudotetrahedral
coordination environments with tetragonal distortions to give exactly or approximately D,q symmetry.
One of the goals was to correlate D and Uegr. The values of the former are ~—11, —24 and -83 cm~! for 18,
18a and 19, respectively. Arrhenius plots of the ac data indicate Ug values of 21(1) and 19(1) cm~? for 18
and 19, respectively, whereas the plot for 18a shows substantial curvature indicating strong intermolecular
interactions. Dilution experiments with [Zn(OPh)4]>~ allowed the observation of thermally-activated
magnetic relaxation for 18a with a Uegs value of 34.0(5) cm™ L. The trend in U for 17, 18, 18a and 19 does
not follow the trend in D values; this possibly indicates that magnetization relaxation in 17, 18a and 19 is
not fully thermally activated (the relation between D and U for an S = 3/2 system is U = 2D). An analysis of
the four complexes within the framework of ligand field theory shows that the increase in |D| takes place
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in concert with a decrease in the Racah parameter B, i.e., increased covalency. This suggest the importance
of soft donor ligands in the efforts to obtain systems with a large magnetic anisotropy.

The story does not end here. Inspired from the above described studies, the groups of Neese and
Atanasov reported a systematic theoretical study developing magnetostructural correlations in the anions
[COM(EPh)4]?~ (E = O, S, Se, Te; the Te derivative is hypothetical) based on multireference quantum
chemical methods and ab initio-based ligand field theory; they also discussed the correlation of D with
softness of the ligands, relativistic nephelauxetic effects and covalency [106]. The |D| value increases when
the ligand field decreases across the series from O to Te. It has been shown that due to the 7-anisotropy
of the S and Se donor atoms, magnetostructural correlations in [Co(OPh)4]>~ and [Co(EPh)4]*~ (E =S,
Se) differ. In the case of the isotropic PhO™ ligand, only variations within the first coordination sphere
of Co!! affect magnetic properties; in the case of the PhE™ (E = S, Se) ligands, variations in the first
and second coordination sphere affect equally the magnetic properties. The influence of the counter
cations on the spin Hamitonian parameters was also studied in the two salts (PhyP),[Co(SPh),] (17; Dag
symmetry) and (Et;N),[Co(SPh)4] (17a; S4 symmetry). The characterization techniques employed were
high-field/high-frequency EPR, multifield SQUID magnetometry, frequency domain Fourier-transform
THz-EPR and variable-field variable-temperature magnetic circular dichroism [107]. The [Co(SPh),]*~
anion in 17 shows strong axial magnetic anisotropy as already was known [104,105], whereas the anion
in 17a shows rhombic anisotropy with D = +11 cm™! and E/D = ~0.20 [107]. It has been verified, also
with the help of multireference ab initio calculations, that the differences observed in the two complexes
are associated with slight changes of the S-Co-S bond angles and C-S—Co-S torsion angles around the
{CoS4} unit.

Another excellent experimental study on mononuclear Co(ll) complexes is in agreement with the
fact that ligands with heavier and softer main group donor atoms increase the magnetic anisotropy of the
complexes, as evidenced by the increased |D| values [108]. The reactions of Col, and the monodentate
ligands quinoline (qun) and Ph3P in anhydrous EtOH, and Ph3As in MeNO,, all under refluxing conditions,
give complexes [Coly(qun),] (20), [Col,(PhsP),] (21) and [Col,(PhzAs),] (22) in good yields. The crystal
structures of the complexes reveal a pseudo-tetrahedral local coordination environment around the central
Co'" atom. The D value was found to vary from +9.2 cm™! in 20 to =37 cm ™! in 21 and -75 cm™! in 22.
However, the dynamic properties reveal only a minor effect on the Ueg value. Compound 20 does not
show an out-of-phase ac magnetic susceptibility signal under a zero or applied dc field; complexes 21 and
22 exhibit slow magnetization relaxation below 4 K under an applied dc field of 1000 Oe with U, values
of ~21 and ~23 cm™!, respectively. It is obvious that the observed increase in the energy barrier for the
As-based complex 22 (~—21 cm~!—~-23 cm™!) is much smaller than the corresponding increase in the D
value (~—37 cm™' —~-75 cm ™).

Analogous studies have been performed by the groups of Rajaraman and Shanmugam [109].
They wused the exocyclic mesoionic ligands 2,3-diphenyl-1,2,3,4-tetrazolium-5-olate (L;) and
2,3-diphenyl-1,2,3,4-tetrazolium-5-thiolate (L), whose general structural formula is shown in Figure 14.
Mesoionic ligands contain dipolar 5- or 6-membered rings whose canonical resonance structures cannot be
represented without any additional charges in them. Their coordination chemistry is almost completely
unexplored. Such ligands offer flexibility which allows researchers to selectively change the coordinating
substituents and, thus, to investigate the influence of the donor atoms on the magnetic anisotropy:.
The 1:1 reactions of CoX;-2H,O (X = Cl, Br) with L; or L, in MeOH provide access to blue complexes
[CoXa(L1)(MeCN)] (X = Cl, 23a; X = Br, 23b) or green [CoXp(Ly)(MeCN)] (X = Cl, 24a; X = Br, 24b) when
crystallized from MeCN; the preparation of 23a and 23b is illustrated in Equation (13). The complexes
are pseudotetrahedral, the donor atoms of monodentate L; and L, being the exocyclic oxygen and sulfur
atoms, respectively. The D values, deduced from magnetization data, are +15.6 cm~! (23a), +11.2 cm ™!
(23b), —=11.3 cm™! (24a) and —10.3 cm™! (24b). Thus, simple substitution of L; (O-donor in 23a and 23b)
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by L, (S-donor in 24a and 24b) switches the single-ion magnetic anisotropy parameter from positive to
negative. All four complexes are field-induced SIMs with U, values of 10.3 cm™! (23a), 8.2 cm™! (23b),
20.2 em™! (24a) and 13.8 cm™! (24b).

CoX,-6H,0 + Ly +MeCN Meo“—f‘eCN [CoX, (L) (MeCN))] (13)
N— N
) E
N
\ N

Figure 14. The general structural formula of the exocyclic mesoionic ligands L; (E = O) and L, (E = S).
8. Combined Metallacrown and Click Chemistry as a Tool for SMM Research

Metallacrowns (MCs) are analogues of crown ethers. They consist of a repeat unit of -{M'-N-O},,—
in a cyclic arrangement where the ring metal ion and the nitrogen atom replace the methylene carbon
atoms of a crown ether. MCs are named and abbreviated on the basis of the ring size and the number of
oxygen atoms that act as donors. For example, in the abbreviation 12-MC-4, MC represents a metallacrown
that is a 12-membered ring comprising 4 repeating —{M’-N-O}- units with 4 donating oxygen atoms.
The nomenclature/abbreviation also includes the bound central metal ion M, the ligand, and any bound or
unbound ions. Thus, in the typical representation [MX{ring size-MCyyz()-ring oxygens}]Y, M is the bound
central metal with its oxidation state, X is any bound anion, M’ is the ring metal with its oxidation state,
Z is the third heteroatom of the ring (usually N), L is the organic ligand of the complex, and Y is any
unbound anion. Sometimes there are unbound cations, which are placed before the bound central metal
M. An example of the above naming scheme is [GdHI(NO3)2{15-MCCuHN(piCha)-5}](NO3), where Hppicha
is picoline hydroxamic acid. The molecular structure of the hexanuclear cation is shown in Figure 15.
The —{M'-N-O}- repeat unit is now a quite general motif in inorganic chemistry and the connectivity has
significantly grown to include a variety of bridges such as -{N-N}-, -{O-P}-, -{N-C-O}-, -{N-C-N}-,
—{O-C-O}- and —{X}- (X is a nonmetal). After the initial great efforts to synthesize many MCs and to
discover a great variety of structural types, the research activity in the past 15 years or so has shifted
towards the use of these unique compounds for applications, e.g., for selective binding of cations or
anions, as MRI contrast agents, in catalysis, as mimics of surface science, as building blocks for 1-, 2- and
3-dimensional solids, in liquid crystals and in various aspects of Molecular Magnetism [110]. Metallacrown
chemistry has a brilliant potential for growth.

In addition to its use in inorganic chemistry (Section 4) as an anion, the azide functional group
was widely used after the second world war in the synthesis of N-containing natural products and
medicinal formulae. For example, the azide group is one of the most efficient amine precursors, and its
ability to undergo 1,3-dipolar cycloadditions and diazo-transfer reactions is a valuable tool in organic
synthesis. The [3 + 2] cycloadditions between azides and alkynes were first observed by Michael in 1893
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and examined later by Huisgen [111]. The reaction has a high activation energy barrier and elevated
temperatures or pressures are required to facilitate it. Almost 20 years ago, it was discovered that Cu(I)
catalysis accelerates the rate of formal cycloaddition between azides and terminal alkynes, which proceeds
at ambient temperatures and pressures affording 1,4-disubstitued 1,2,3-triazoles exclusively. This variant
of the Huisgen cycloaddition has been termed CuAAC for Cu-catalyzed azide alkyne cycloaddition.
CuAAC is an exciting example of “click chemistry”, a term used by Sharpless and coworkers to describe a
category of chemical reactions that link two components in high yields and with minimal byproducts [112].

Figure 15. The molecular structure of the hexanuclear cation [Gd"!Cul'5(NO3), (picha)s(DMF),]* that is
present in [GdHI(NO3)2[15-MCCUHN(piCha)-5}](NO3). Color code: Gd! dark mauve, Cul! turquoise, O red,
N dark blue, C, gray. Modified from reference [110].

The group of Rentschler has developed an approach which allows for the rational decoration of
Cu(II) MCs with SIMs or SMMs using click chemistry [113]. The CuAAC is suitable for covalently linking
magnetic building blocks which bear azide and terminal alkyne functional groups. Under mild conditions,
the process leads selectively to a 1,4-disubstituted 1,2,3-triazole as a conjugated bridge which ensures
communication between two or more magnetic building blocks. In order for the approach to be successful,
several conditions must be satisfied: (i) To isolate thermodynamically stable complexes, polydentate
chelating ligands are required. (ii) The number of introduced modified ligands must be limited to prevent
an overloading of the complex. (iii) A short distance between the metal ions and the periphery of the
ligands, as well as a conjugated 7t system are important to enable strong magnetic communication between
the building blocks; and (iv) The latter should preserve their structural integrity in the reaction solvent.
It is worth mentioning that this click concept can be further used in other challenging research areas of
Molecular Magnetism, e.g., covalent anchoring of SMMs on surfaces, development of new cluster-based
inorganic-organic hybrid materials, etc. We give an example of this strategy.

The two functionalized complexes are (Me4N)2[Cun{12—MCCu(II)N(eshi)-4}] (25) [114] and
[Co(oda)(aterpy)] (26) [115]. Compound 25 was prepared by the high-yield reaction illustrated in Equation
(14), where Hzeshi is 4-ethynylsalicylhydroxamic acid. In the centrosymmetric pentanuclear dianion
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(Figure 16), each of the Cu'" atoms has an almost square planar coordination geometry. The peripheral
four metal ions are bridged by N-O groups of the eshi’~ ligands forming a 12-membered metallacrown
planar ring, which encapsulates the central Cul! site through coordination of the p; oxygen atoms of the
N-O groups. The other two, terminally ligated oxygen atoms of each eshi®~ ligand complete coordination
at neighboring Cu'" atoms. The four alkynyl groups protrude from the planar cluster dianion and each
of them is orthogonal to its two neighbors. The complex exhibits an isolated S = 1/2 ground state with
Ji=-158cm™!, J, = =65 cm™! and g = 2.13, adopting the Heisenberg Hamiltonian X;; (—2]ij-§i~§j); J1 and ],
are the coupling constants corresponding to the radial magnetic interaction between the central Cul! atom
and the ring Cu'” atoms, and the tangential exchange interaction between two neighboring ring metal
ions, respectively. The solution integrity of the pentanuclear dianion of 25 is proven by paramagnetic
1D and 2D 'H NMR spectroscopy in dg-DMSO and ESI-MS studies in a DMSO/MeOH solvent matrix.
These results suggest that the 12-MC-4 Cu(II) complex is highly stable and thus suitable to perform CuAAC
click reactions.

5 [Cu,(0,CMe), (H,0),] + 8 Hyeshi + 4 (Me, N)(O,CMe) V"

(14)
2 (MeN),[Cu(eshi) 4] + 24 MeCO,H + 10 H,O

Compound 26 was prepared [115] by the reaction illustrated in Equation (15) in ~30% yield; the
neutral ligand aterpy is 4’-azido-2,2":6’,2"’-terpyridine and oda is the oxodiacetate(—2) ligand. Complex
[Zn(oda)(terpy)] (26a) was prepared in a similar manner (yield ~50%). The two complexes are isomorphous.
The metal ion is in an octahedral coordination environment with rhombic (C,) distortion because of the
rigidity of the planar, tridentate chelating, tripodal aterpy and oda®~ ligands (Figure 16). The chelate effect
of the two ligands provides the complexes with high thermodynamic stability in DMSO, as proven by
ESI-MS and 'H NMR (for the diamagnetic complex 26a) studies. Thus, both complexes are suitable for
CuAAC click reactions. Ac susceptibility data under a static dc field of 0.15 T reveal that the mononuclear
Co(II) complex is a weak SIM.

[Con(oda)(H2 O),] + aterpy CHC%{HZO

[Co™(oda) (aterpy)] +2 H,O (15)

The click reactions of 25 with 26 or 26a in dg-DMSO at 80 °C with copper(I) iodide as catalyst lead to
complexes (MesN),[Cul{12-MCcyuqnnmn odayttshiy -4 (27, M = Co; 27a, M = Zn) [113,114], Equation (16)
and Figure 15; Hattshi is 4-(2,2":6”,2"-terpyridyl-1H-[1-3]-triazol-4-yl)salicylhydroxamic acid. The nature
and structural type of the complexes were verified by IR and UV/VIS spectroscopic techniques, ESI-MS
studies, as well as by paramagnetic 'H NMR methods for the {CusZny} cluster 27a. Magnetic studies of
27a indicate fairly strong antiferromagnetic Cu™--Cu'l exchange interactions and an S = 1/2 ground state,
similar to the behavior of the precursor complex 25. Orbital contributions and spin-orbit coupling effects
from the additional Co'! atoms make difficult the analysis of the magnetic properties of 27. The important
fact, however, is that ac susceptibility measurements of this complex reveal a weak out-of-phase signal
at low temperatures and low-field oscillation frequencies. This is the first time (and a very promising
approach) where the CuAAC click chemistry has been used to upgrade the magnetic properties of a simple
copper(Il) metallacrown with remarkable magnetic features from the attached Co(II) SIM units, opening
new doors for the creation of interesting molecular magnetic materials and providing a contribution toward
the future development of SMM-based quantum computers [113]; the latter require linking of SMMs/SIMs
in a deliberate manner, like the click chemistry approach presented here. Whatever the future form of
quantum technology will be, it is likely that the role of chemists will be the design and optimization of
molecules that couple to an external stimulus in the adequate energy rate, while offering some elementar
functionality [37]. SMMs/SIMs, being much more versatile than magnetic atoms, and yet microscopic are
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among the quantum objects with the highest capacity to form non-trivial ordered states at the nanoscale
and to be replicated in large numbers by means of chemical methods.

DMSO, 80 °C
=
Cul

(Me,N),[Cus(eshi),] + 4 [Co™ (oda) (aterpy)] (Me ;N),[CusCo"y(oda), (ttshi),]  (16)

DMSO. 80 °C
—_—

Cul

(=]

Figure 16. Representation of the CuAAC click reaction between 25 and 26/26a that leads to the enneanuclear
3d/3d’ heterometallic clusters 27/27a. The cations Mey;N* are not shown. The coordination bonds are drawn
with bold lines. M = Co, Zn.
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9. Deprotonated 2-Pyridyl Alcohols: Central “Players” in the Chemistry of Transition-Metal SMMs

When developing routes and strategies for the synthesis of transition-metal SMMs, the design of
bridging ligands is of paramount importance. In addition to bridging ability, the propagation of strong
magnetic exchange interaction between the metal spin carriers and the simultaneous formation of chelating
rings are highly desirable. The anions of 2-pyridyl alcohols (Figure 17) have proven to be versatile chelating
and bridging groups that have yielded a number of 3d-metal, especially Mn, and 3d/4f-metal clusters with
various structural motifs [116-133]. Moreover, the bridging deprotonated oxygen atom, i.e., the alkoxido
group, often supports ferromagnetic coupling between the metal ions and has thus yielded polynuclear
complexes with large S values and SMM properties. We give below examples from the use of such ligands
in 3d-metal SMM chemistry.

Figure 17. The general formula of the neutral 2-pyridyl alcohols; n can be 1 or 2, while R, R” are H and
various non-donor organic groups (Me, Ph, ... ).

The 1:1:1 NiCly-6H,O/Hhmp/NaOR reaction mixtures in alcohols (MeOH, EtOH) give clusters
[Nig(hmp),Cl4(ROH)4] (28, R = Me; 28a, R = Et), Equation (17); hmp is the anion of
2-(hydroxymethyl)pyridine (R =R’ = Hand n = 1 in Figure 17). The tetranuclear cluster molecules possess a
distorted cubane {Niy(113-OR”)4}** core, where R"— = (2-pyridyl)CH,—, with the Nill atoms and the oxygen
atoms from the 3.31 hmp~ ligands (B with R = R" = H and n = 1 in Figure 4) occupying alternate vertices of
the cube. A terminal chlorido ligand, an alcohol molecule and a 2-pyridyl nitrogen atom complete the
octahedral coordination sphere of each metal ion [121]. Variable-temperature dc magnetic susceptibility
studies indicate ferromagnetic Ni'l--Nill exchange interactions and a S = 4 ground state. Single-crystal
high-frequency EPR spectra clearly suggest that each of the complexes has a total spin of 4 in the ground
state with a negative D value. Magnetization vs. magnetic field measurements performed on single crystals
with a micro-SQUID magnetometer show that these {Nis} clusters are SMMs. An appreciable exchange bias
is evident in the hysteresis loops. The first resonant tunneling step is shifted considerably from zero field
by virtue of intermolecular antiferromagnetic exchange interactions between the tetranuclear molecules of
28 and 28a in their crystals [121].

4 NiCl,-6H,0 + 4 Hhmp + 4 NaOR "&" [Ni, (hmp),Cl;(ROH),] + 4 NaCl + 24 H,O  (17)

Deprotonated 2-pyridyl alcohols have contributed a lot into the development of Mn SMMs.
For example, the reaction of Hhmp with Mn(O,CPh); in the presence of Et;N in CH,Cl,/MeOH leads to
the isolation of [Mn"Mn!!;,0g (OH)2(O,CPh)12(hmp)19(H20)21(O2CPh); (29) in 30% yield, Equation (18).
The core structure consists of a linked pair of complete cubanes (MM, (114-0)5 (13-OR”),}**, on either
side of which is attached a tetrahedral (Mn"Mn!5(j1,-0)}°* unit. Among the ten hmp™~ groups, four are
bridging within the central cubanes in a 3.31 mode (B with R = R" = H and n = 1 in Figure 4) and the other
six are bridging within the outer tetrahedral units in a 2.21 mod (C with R = R" = Hand n = 1 in Figure 4).
The Mn ions are all six-coordinate with distorted octahedral geometry, except for the Mn! atoms of the
tetrahedral units which are 7-coordinate. Solid-state dc and ac magnetic susceptibility measurements on 29
establish that it possesses a S = 8 ground state. The complex displays frequency-dependent out-of-phase
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(X”m) ac susceptibility signals below 3 K suggestive of SMM behavior. The D and U, value are —0.11 cm™?
and 7 cm™!, respectively. Magnetization vs. applied dc field sweeps on single crystals of the complex
down to 0.04 K exhibit hysteresis, confirming 29 to be a SMM, albeit weak [131]. Comparison of the
structure of 29 ({Mny¢}) with {Mn1,} and {Mng} clusters obtained under the same reaction conditions but
with two Me (R =R’ = Me and n = 1 in Figure 17) or two Ph (R = R” = Ph and n = 1 in Figure 17) groups,
respectively, added next to the alkoxido O atom of hmp~ indicate their influence on the nuclearity and
structure of the products [130,131] as being due to the overall bulk of the ligand plus the decreased ability
of the deprotonated oxygen atom to bridge.

16 Mn!'(O,CPh),+10 Hhmp +5/2 0,+18 EtN + 7 Hy0 © 2241

(18)
[Mn i MntllOg(OH), (0, CPh) 1, (hmp) 5 (H20),] (O, CPh),+18 (Et; NH) (O, CPh)

The ligand Hhep (R = R* = H and n = 2 in Figure 17) also gives structurally and
magnetically interesting clusters. The reaction of a 2:1 mixture of [Mn"30(0,CMe)g (Py)31(ClOy4)
and [MnII’III’III3O(OQCMe)6(py)3] with 4.5 equivs. of Hhep in MeCN affords cluster
[MnIIZMn11115014(OZCMe)lg(hep)4(Hhep)z(H2O)2](CIO4)2 (30) in 20% yield. The core appears to be
{Mnlg(u4-O)4(ug,-O)w(ug-Oacetam)z(uz-acetato)z(uz-O}mp—/Hhep)()}14+ [119,125]. Tt can be described as a
central {MnyOg} unit (containing a linear Mny chain) linked by its 13-O?" ions to two {Mn;Oy)} units, one on
each side. Each of the heptanuclear units comprises a face-sharing set of one {Mn4O4} cubane and two
{Mn30Oy4} partial cubanes. All the metal ions are six-coordinate. The hep™ and Hhep groups behave as 2.21
(CwithR=R"=Hand n = 2 for hep™ and D for Hhep in Figure 4) ligands. Fitting of magnetization data
establish that 30 possesses a total spin of 13 in the ground state and a D value of -13 cm~!. The complex is
SMM (U = 15 cm™1), and this is confirmed by the appearance of hysteresis loops in magnetization vs. dc
field sweeps on a single crystal. Below 0.2 K, the relaxation becomes temperature-independent, consistent
with relaxation only by QTM through the anisotropy barrier via the lowest-energy Mg = +13 levels of
the S = 13 spin manifold. Although the high nuclearity of the complex is mostly due to the presence of
44- and 3.3-0%- groups, as well as 4.31, 2.21 and 2.11 MeCO; ™ ligands, the 2.21 hep™ and Hhep moieties
certainly contribute into its interesting magnetic properties.

2-pyridyl alcohols can be chiral leading to 3d-metal clusters with unprecedented structural motifs
and interesting magnetic properties. The ligand x-methyl-2-pyridine-methanol (Hmpm; R = H, R’ = Me
and n = 1 in Figure 17) presents similar coordination features to Hhmp, but offers slightly different
steric and electronic effects. The Hmpm ligand can be prepared via the reduction of 2-acetylpyridine
by NaBHjy [133]. The 2:1:2 reaction between Mn(O,CPh);-2H,0, rac-Hmpm and Et;N in MeOH
gives a deep red solution, which upon slow solvent evaporation at room temperature affords cluster
[MnH,Mn,sMn!Y (OH), (OMe)24024(0,CPh)1g(rac-mpm),] (31) in ~30% yield, Equation (19). The core
(Figure 18, left) can be described as a consecutive array of edge-sharing {Mny(u4-O)} tetrahedra and
{Mn3(u3-O)} triangles that are linked to each other via bridging MeO™ and o+ groups [133]. An alternative
description of the core is as consisting of seven parallel layers (Figure 18, right) of four types (A, B, C,
D) with an ABCDCBA arrangement. Layers A and B are simple Mn" monomeric and {Mn";} butterfly
subunits, respectively, attached to each other through a 4.4 oxido group. Layer C is a {Mn"Mn"'3} cluster
moiety containing three edge-sharing {Mn3} triangles. Layer D comprises a {MnlgMn!V} rod-like cluster
unit that can be further seen as a central, planar disk-like {MnsMn!V} moiety with two additional Mn'"
atoms above and below the disk. The layers are held together by a combination of bridging methoxido and
oxido groups. The rac-mpm™ groups behave as 2.21 ligands (C with R = H, R” = Me and n = 1 in Figure 4).
The molecule is spherical with a diameter of ~2.5 nm. The cluster is: (i) One of the largest 3d-metal clusters,
(ii) the second highest-nuclearity Mn complex containing an odd number of metal centers and the second
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cluster with a nuclearity of 31, and (iii) the largest SMM (S = 23/2, Ug = ~40 cm™) that possesses entirely
resolved out-of-phase ac peaks and magnetization hysteresis loops below 5 K.

31 Mn"(O,CPh),-2H,0 + 2 rac-Hmpm + 46 E;N + 15/20,+24 MeOH “S"

(19)
[Mn)MnlIMn!Y (OH), (OMe),,054(02CPh) ¢ (rac-mmp),] + 46 (Et; NH)(O, CPh) + 51 H,0

Figure 18. The metal-oxygen core (left) and the four types of constituent layers (right) along the
crystallographic ¢ axis. H atoms have been omitted for clarity. Color code: Mn!! yellow, Mn!!' blue,
Mn!V olive green, O red. Modified from reference [133].

10. Deprotonated Aliphatic Diols: Simple and Efficient Ligands in the Chemistry of 3d-Metal SMMs

Molecules with two hydroxyl groups on different aliphatic carbon atoms have some interesting
chemical characteristics [134,135] which are more prominent for vicinal diols (vic-diols). In the last 15 years
or so, there has been an intense interest in the use of diols in the chemistry of transition-metal clusters and
SMMs [136]. The simplistic rationale here is that each deprotonated alkoxido oxygen atom can bridge
two or three metal ions and the latter can be linked together into polymetallic arrays with hopefully large
ground-state spins, anisotropies and SMM properties. The structures of the products depend on (i) the level
of deprotonation of the ligand (singly or doubly deprotonated), (ii) the existence of other donor groups on
the diol (e.g., a pyridyl group, -NH,, -COOH, .... ), and (iii) the presence of other bridging co-ligands in the
reaction system. A family of simple aliphatic diols, with no other donor groups, consist of 1,3-propanediol
and its derivatives (Figure 19). We give below one notable example from the use of a member of this
family in Mn SMM chemistry. The cited complexes belong to the class of giant homometallic 3d clusters
(nuclearities higher than 30) with the metals in moderate oxidation states. Such giant clusters are of great
interest not only for their impressive structures with nano dimensions, but also because they often display
interesting magnetic properties (including SMM behavior). In addition, they possess the properties of both
classical and quantum world, thus giving the opportunity for the discovery of new physical phenomena
and the deeper understanding of the existing ones [137].
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OH OH

Figure 19. 1,3-propanediol (Hypd; R = R” = H) and its derivatives.

The 1:4:1 reaction of [MnH'HLHI3O(OzCMe)6(py)3] with Hypd and NaNj in MeCN leads to cluster
[(MnT,MngNaO,(0,CMe)13(pd)s(py)2ts] (32) in 35% yield [138,139], Equation (20). Since the giant
cluster contains Na* but not N3, it has been assumed that NaNj is important as the source of Na* and
perhaps to provide additional weak base (N37) for ligand deprotonation and further oxide ion formation;
however, the main sources for ligand deprotonation are the MeCO,™~ ions, as shown in Equation (20),
and/or the pyridine molecules. This is supported by the same reactions, but using NaCN, NaOCN, NaSCN
or Na{N(CN),} instead of NaN3, which all give 32 in slightly lower yields (18-26%). The molecule of 32
consists of four {Mn',Mng} loops linked through four Na* ions to give a supramolecular aggregate with
a saddle-like topology; one loop with one Na* ion is shown in Figure 20. The Mn ions are all in a distorted
octahedral coordination environment; the eight high-spin 3d* Mn!"! centers display the Jahn-Teller axial
elongation, but the Jahn-Teller axes are not co-parallel. Each loop consists of two triangular (Mn!T5(u3-0))7+
and two dinuclear {Mn"Mn"'} subunits linked by the oxygen atoms of the six 3.22 pd?~ groups (E with
R =R’ = H in Figure 4), as well as by 2.11 and 4.22 MeCO,~ ligands. The triangular subunits are connected
by two pd?~ oxygen atoms, whereas the dinuclear subunits are connected by two pd?>~ oxygen atoms and
a 2.11 MeCO,~ ligand. The Mn!' and Mn!"! atoms within each dinuclear subunit are bridged by a 2.11
acetato group, a pd®>~ oxygen atom and an oxygen atom from a 4.22 MeCO,~ ligand. The Mn!! atoms
of each triangular subunit are bridged by a 3.3 O?>~ group, two oxygen atoms from two different pd2~
groups, one oxygen atom from a 4.22 MeCO; ™ ligand and two 3.21 MeCO, ™ ligands. The latter and an
additional acetato group link each triangular subunit to a Na* ion; the two alkali metal ions attached to the
decanuclear {Mn",Mng} loop connect it in an equivalent manner to a neighboring loop giving a giant
loop-of-loops aggregate. Four of the pd?~ groups bridge one Mn!" and two Mn™! centers, and the remaining
two bridge three Mn!" ions. The crystal structure shows that the {Mn'lgMn'"'3,Na,} aggregates pack as
tail-to-tail {Mn"lgMn'"3,Nay}, dimers, thus leading to egg-shaped stacks. A detailed magnetic study of
32 reveals that each decanuclear loop has a S = 4 ground-state spin, and displays frequency-dependent
in-phase and out-of-phase ac magnetic susceptibility signals. The aggregate also exhibits hysteresis loops.
The hysteresis loops are not typical of SMM behavior because of the presence of interloop exchange
interactions through the diamagnetic Na* ions, and also intermolecular interactions between different
{MnTgMn!T3,Nay) aggregates [137,139].

40 [Mny " O(0,CMe), (py)s] + 72 Hypd + 12 NaN;+4 O, VSN

(20)
3 [{Mn 3Mn'NaO, (02CMe) 15 (pd) s (py), 4] + 84 MeCO,H + 12 HN3+96 py + 24 H,0

Once the heterometallic (Na/Mn) character of 32 and its influence on the magnetic properties
had been studied, the synthesis of the magnetically discrete, homometallic {Mnyy} analogue of 32 was
sought, as a means of strengthening the interloop exchange interactions and appearance of better SMM
properties. The desired product [Mnl;,MnT3,05(0,CMe)s, (pd)o4(py)s]*+ was isolated [139] from the
1:5:1 [MnH'HI'IH3O(py)3]/Hzpd/l\/[nH (ClOy4)7-6H,O reaction mixture in CH,Cly, Equation (21), i.e., with the
use of Mn!}(ClO,),-6H,O instead of NaN3. The product is, as expected, cationic with the formula
[Mn''1,Mn™3,08(0,CMe)s, (pd)24 (py)s](OH)(ClOy); (33) and its yield is ~25%. The molecular structure
of the cation of 33 is very similar to that of the molecule of 32, the main difference being the fact that the
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{Mn!,Mn!'g} loops in the former are linked through Mn!! ions, whereas those of the latter by Na® ions; as a
result the {Mnyy} cluster is positively charged, whereas the {MnyyNay} aggregate is neutral. The packing of
33 is similar to that in 32, and thus supramolecular {Mnyy}, dimers are formed in the crystal. In accord
with the strongest magnetic exchange interactions between the four {Mn!l, Mn!Tg) loops mediated through
the connecting Mn!! centers, magnetic susceptibility studies reveal that 33 has a S = 6 ground-state spin
and displays frequency-dependent in-phase and out-of-phase signals. Magnetization vs. dc magnetic
field sweeps on single crystals of 33 display hysteresis loops below 0.7 K whose coercivities increase with
decreasing temperature and with increasing sweep rate, confirming that this giant cluster is one of the
largest Mn SMMs.

TLIIL I 1
40 [Mn, " O(0,CMe)¢(py)s] + 72 Hypd + 12 Mn' (C1Oy),-6H,0 + 4 O,
3 [Mn 5, MnjO5(0;CMe)s, (pd )4 (py)s) (OH) (CIO,,)3+84 MeCORH + 15 (pyH) (CIO,,) + 81 py + 93 H,0

CH,Cly
-

eay

The ligand 2-methyl-1,3-propanediol (Hympd; R = H and R’ = Me in Figure 19) gives the
heterometallic aggregate [{MnHZMnmSNaOZ(OZCMe)lg,(mpd)é(py)z}4] (34) [139], which is structurally
and magnetically similar to 32. The ligand pd2~ has been also used by Tasiopoulos’ group to construct
giant Mn/Co! and Mn/Ni!! clusters with exciting structures and large ground-state spins, but with no
SMM properties [140,141]. For example, cluster MngMneNi,04,Clyo (O2CMe)26(pd)24(py)a(H20)2]
(35) possesses an unprecedented “loop-of loops-and-supertetrahedra” structural topology and displays a
high ground-state spin state value of 26 + 1 [141].

Figure 20. The structure of one {Mn!,Mn'"'sNaO,(0,CMe);3(pd)s(py)2} loop that is present in 32.
Color code: Mn! cyan, Mn!! dark blue, Nat dark yellow, O red, N green. Modified from reference [138].

11. Molecular and Supramolecular Approaches in the Chemistry of Manganese SMMs Using Simple
and Elaborate 2-Pyridyl Oximes

The deprotonated oxime (oximate, R;CNO™) group has played an important role in the chemistry of
3d-metal clusters and SMMs. This diatomic group can bridge up to three metal ions and often propagates
ferromagnetic exchange interactions; the latter property may lead to SMM properties. In most cases,
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the oxime group is part of an organic ligand that possesses one or more other donor groups, often in
a position that enables the formation of a stable chelating ring with the participation of the oximate
nitrogen atom. The two most studied families of oxime groups in Molecular Magnetism are the salicyl
aldo(keto)ximes and the 2-pyridyl aldo(keto)ximes, Figure 21. The former [142-155] have led to a variety
of clusters with exciting molecular structures and magnetic properties; they have been used, among others,
in the development of a synthetic process widely known as “ground-state spin switching and enhancing
SMM properties via targeted structural distortion” strategy [56,142—145,147-149]. The latter [156-174],
in addition to their involvement in the synthesis of 3d-metal SIMs [158], have provided access to interesting
3d-metal clusters and SMMs. They have also been used in the realization of a synthetic scheme best
known as “’switching on” SMM properties upon conversion of low-spin complexes into high-spin ones
without changing the core” strategy [168,169] and, when derivatized by design, in the development of an
innovative approach which allows the covalent linking of SMMs by applying principles of supramolecular
chemistry [172-174]. Below we describe briefly the molecular and supramolecular approaches in the
chemistry of Mn SMMs by using 2-pyridyl ketoximes and its derivatives as key synthetic tools.

Figure 21. Salicyl aldo(keto)ximes (left) and 2-pyridyl aldo(keto)ximes (right), two families of ligands that
have widely been used in the chemistry of transition-metal SMMs; R and R’ are various non-donor groups.
When R = H the ligands are aldoximes and when R # H the products are ketoximes.

An in-depth studied family of Mn(III) carboxylate clusters consists of the triply oxido-bridged,
triangular complexes [Mn3O(O,CR”)¢L3]X (R” = Me, Et, Ph, ... ; X = monoanionic counterions; L = neutral
monodentate ligands) [175]. These complexes possess the (Mn'"'53(13-0)}7* core with peripheral ligation
provided by 2.11 carboxylato groups and terminal L ligands. The triangular cations are characterized
by antiferromagnetic Mn!l--Mn!"l exchange interactions and have low S values in the ground state;
they are not thus SMMs. It was a general belief that this common triangular topology could never
give complexes with SMM properties. Using 2-pyridyl ketoximes, however, these complexes can be
converted into triangular clusters with the same {Mn3(13-0)})7* core, but with ferromagnetic MnHL..MnH
interactions. The strategy is illustrated in Figure 22. The 1:3 reaction between [MnzO(O2CR”)s(py)31(ClO4)
(R” =Me, 36a; R” = Et, 36b; R” = Ph, 36¢, see Figure 22, left) and methyl 2-pyridyl ketoxime (Hmpko;
R =Me and R’" = H in Figure 21) in MeCN/MeOH give dark brown solutions; evaporation of the reaction
solutions to dryness and crystallization of the residues from CH;,Cly/n-hexane give dark red crystals
of [Mn3zO(O,CR”)3(mpko)3](ClO4) (R” = Me, 37a; R” = Et, 37b; R” = Ph, 37c) in high yields (>80%),
Equation (22) [168]. The 1:3 molar ratio of the reactants was chosen to allow for the incorporation of
one mpko~ ligand onto each edge of the {Mn3(p3-O)}7* core. The reaction can thus be described as a
simple ligand substitution with the replacement of three R”CO,~ groups and three py ligands by three
mpko™ ones, without change of the Mn oxidation level. This reaction scheme is quite general and can be
extended to other carboxylate groups and 2-pyridyl ketoximes (Figure 21), where R is a non-donor group.

[Mn ;0(0,CR")4(py),](CIO,) + 3 Hmpko MeCN/MeOH

(22)
[Mn;0(O,CR");(mpko),](CIO,) + 3 R"CO,H + 3 py
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Figure 22. Schematic drawing of the conversion of the low-spin cations of 36a, 36b, 36¢ to the high-spin
(S = 6) SMM cations 37a, 37b, 37c. The large solid (e) and the single small open (0) circles represent the
Mn!!! centers and oxido (O?~) groups, respectively. The curved solid lines 7 o represent triatomic
carboxylate groups. The mixed dashed/solid lines 4 o—o represent the N,N (small dashed circles),
O (small open circle) donor sets of the 2.111 mpko~ ligands. The coordination bonds are drawn with
bold lines.

As in 36a, 36b, 36¢, the cations of 37a, 37b, 37c (Figure 22, right) possess a {Mn"3(113-O)}”* triangular
core, but each Mn, edge is now bridged by a 2.11 R"CO,~ and a 2.111 mpko™ (G withR=Me and R’ = H
in Figure 4) group. The three R”"CO,~ groups lie on one side of the plane defined by the Mn'"" atoms and
the three oximato groups on the other. The tridentate ligation mode of mpko™ causes a buckling of the
formerly planar (Mn!Tl3(u3-0)}7* unit, giving rise to a relative twisting of the octahedra of the metal ions,
a slight non-planarity of the Mn'-N-O-Mn'" units and a displacement of the central oxido group which
is ~0.3 A above the {Mn'!'3} plane on the same side as the carboxylate groups. These structural distortions
lead to ferromagnetic Mn!"---Mn'! interactions resulting in a S = 6 ground state. Fits of dc magnetization
data collected in the 10-70 KG and 1.8-10.0 K ranges confirm the ground-state spin and give a D value of
~-0.35 cm™!. Complexes 37 exhibit frequency-dependent out-of-phase (x”y) ac magnetic susceptibility
signals suggesting a possible SMM behavior. Relaxation rate vs. T data down to 1.8 K obtained from the
XM vs. T studies were supplemented with rate vs. T data measured to 0.04 K via magnetization vs. time
decay studies, and these were used to construct Arrhenius plots from which U, values of ~8 cm ! were
derived. Magnetization vs. dc field sweeps on single crystals of 37a-3CH,Cl, show hysteresis loops which
exhibit steps due to QTM. The loops are temperature-independent below 0.3 K and this indicates only
ground-state QTM between the Mg = +6 levels. Complexes 37 were the first confirmed triangular SMMs
of any transition metal. High-frequency EPR spectra of single crystals of 37a-3CH,Cl, give D = —0.3 cm™!
and provide evidence of a rather significant transverse anisotropy (|E| > 0.015 cm™!). DFT calculations
provide strong evidence [169] that the unusual ferromagnetic exchange interactions in complexes 37
originate from a combination of several factors including the non-planarity (with respect to the {Mn'3}
plane) of the bridging oximato groups, the non-parallel alignment of the Jahn-Teller axes and the shift
of the triply-bridging oxido group out of the plane defined by the three Mn! ions. The above results
demonstrate that structural distortions of a magnetic core imposed by peripheral ligands (deprotonated
2-pyridyl oximes in this case) can “switch on” SMM properties [168].

Ligands containing two 2-pyridyl ketoxime moieties are of special interest in the realm of the linking
of SMMs [172-174]. Since SMMs have been proposed as qubits for quantum information processes
and as components in molecular spintronics, a great challenge is their quantum mechanical coupling to
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each other or to other components of a device, while maintaining the intrinsic properties of each SMM;
this maintenance requires very weak coupling between the SMM precursors. Excluding utilization of
hydrogen bonds, with which it is difficult to control oligomerization and to achieve retention of the
supramolecular structure in solution, the best solution is the designed linking of SMMs via coordination
bonds. The groups of Papaefstathiou, Escuer, Brechin and Christou [150-153,170-174], among others, have
used building-block strategies to link SMMs together employing carefully chosen linkers that provide
inter-SMM interactions and ensure the formation of discrete oligomeric (and not polymeric) species.

The SMM cations of 37a, 37b and 37c (Figure 22, right) are excellent candidates to be used as building
blocks for such a strategy. They have their R“CO,~ and mpko~ ligands on opposite sites of the {Mn'3}
plane. The tripodal arrangement of the carboxylato and oximato groups suggests that their replacement
with dicarboxylato [170] or bis(2-pyridyl) dioximato groups [172-174], respectively, could lead to discrete
aggregates (oligomers) rather than polymeric complexes. We give an example in which a bis(2-pyridyl)
dioxime provides the inter-SMM linkage.

The ligand of choice was Hpdpd (Figure 23) and its selection was based on principles of the
supramolecular chemistry field [174]. The molecule can be seen as a fusion of two Hmpko units
(Figure 21, right, with R = Me and R’ = H) at the Me group. The single sp> central carbon atom reduces
the conformational flexibility, and according to the directional bonding approach of supramolecular
chemistry, the combination of a tritopic {Mn'"3} unit with a ~109° ditopic dioximate should give a
{Mn'"5}, “dimer” with three linkers and parallel {MnTl4) planes. It was also expected that the coordination
by tridentate 2-pyridyloximate groups of three dpd®~ ligands would give a rigidity in the resulting
dimeric product, a favorable fact for the retention of the structure in solution. All these design principles
turned out to be successful, Equation (23). The I3~ counterions, which are present in the product
[MngO,(0O,CMe)g(dpd)s](I3)2 (38), come from I, in the reaction mixture, probably from reductive agents,
e.g., EtOH, through the 2e™ + 31, — 2 I3~ process.

2 [MnTO(0, CMe), (py),] (C1O,) +3 Hydpd +2 H* 4215 “T2R{FOH

]
(23)
[Mng'02(02CMe)(dpd);] (13)2+2 (pyH) (CIO,) + 4 (pyH) (0, CMe) +2 MeCOH

H,dpd

Figure 23. The free ligand 1,3-di(pyridin-2-yl)propane-1,3-dione dioxime which has been used for the
synthesis of a covalently linked dimer of (Mnlll;}) SMMs.

At targeted by the selection of Hydpd, the structure of the hexanuclear dication consists of two
{Mn'T3(113-0)}7* subunits connected by three 4.111111 dpd?~ ligands (H in Figure 5) to give a {Mn'T';}
“dimer” of D3 symmetry; the two {Mn''3} planes are thus parallel. Each triangular subunit is structurally
very similar to that of the “monomer” 37a. Solid-state dc and ac magnetic susceptibility studies show
that each {Mn'"'3} subunit of the “dimer” is a separate SMM with an S = 6 ground state and that the
two subunits are very weakly ferromagnetically exchange-coupled. Single-crystal high-frequency EPR
spectra on 38 display signal splittings suggesting quantum superposition/entanglement of the two SMM
subunits. Remarkably, the same spectral behavior is observed in MeCN/toluene (1:1 v/v) frozen solutions,

101



Inorganics 2020, 8, 39

indicating that the structure of the “dimer” is retained in solution and the weak inter-SMM interaction
persists. This work proves that the synthesis of covalently linked oligomers of exchange-coupled SMMs is
feasible, with a careful ligand design, and the products can retain their oligomeric nature and inter-SMM
quantum mechanical coupling in solution. These results provide scientists with a good background as
efforts of using solution methods for deposition of SMMs on surfaces and other substrates continue.

12. Concluding Comments and Brief Prognosis for the Future

We hope that this review has provided the readers with a taste of the synthetic chemistry and
reactivity studies of 3d-, 4d- and 5d-metal SIMs and SMMs, with emphasis on some ligands or families of
ligands that have been used successfully in this area. Other authors could have selected other ligands
from a plethora available. We do believe that some of the ligands discussed, e.g., the azido and cyanido
groups, ligands containing soft donor atoms, aliphatic diols and oximate-based ligands, are promising for
further developments.

Although the current interest in this field is shifted to f-elements, it is our opinion that the chemistry of
transition-metal SMMs and SIMs has brilliant perspectives. In the SMM area, the major advantage of using
d-block metal ions is their ability to create strongly coupled systems; this is in contrast to the situation
with the lanthanoid ions (with the exception of radical-bridged 4f-metal SMMs [176]) where the core-like
character of the 4f orbitals prohibits this. The d-block SIM chemistry appears to grow exponentially and it
is striking that few of the compounds reported to date are SIMs in zero field. One approach to increase the
number of zero-field d-metal SIMs is to design ligand-field environments, which can preserve strict axial
symmetry around the metal ion. In both areas, and from a synthetic inorganic chemistry point of view,
the synthesis of 4d- and 5d-metal SIM and SMM systems is expected to gain more and more attention.
The spin-orbit coupling constants of these metal ions are larger than their first-row counterparts, and this
can lead to improved SIM properties. Moreover, the increased radial extension of the 4d and 5d orbitals
gives the possibility for stronger magnetic exchange interactions, a crucial consideration in the design of
efficient SMMs.

Regardless of how the chemistry of SIMs and SMMs develops over the next few years, one thing is
certain: the design and synthesis of new ligands, and the proper use of existing ones will remain to the fore.

Concluding, we hope that synthetic inorganic chemists active in the transition-metal SIM and SMM
areas or scientists who just enter into this field will find this review useful. We shall be happy if the readers
enjoy the review as much we enjoyed writing it.
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Abstract: Iron oxide nanoparticles have been extensively utilised as negative (T,) contrast agents in
magnetic resonance imaging. In the past few years, researchers have also exploited their application as
positive (T1) contrast agents to overcome the limitation of traditional Gd** contrast agents. To provide
Ty contrast, these particles must present certain physicochemical properties with control over the
size, morphology and surface of the particles. In this review, we summarise the reported T, iron
oxide nanoparticles and critically revise their properties, synthetic protocols and application, not
only in MRI but also in multimodal imaging. In addition, we briefly summarise the most important
nanoparticulate Gd and Mn agents to evaluate whether T; iron oxide nanoparticles can reach Gd/Mn
contrast capabilities.

Keywords: iron oxide nanoparticles; magnetic resonance imaging; positive contrast agents

1. Introduction

Iron oxide nanoparticles (IONPs) are one of the most used nanomaterials in biomedicine. Among
the reasons justifying this interest, their biocompatibility and magnetic properties are probably the most
important. These properties have boosted their use in hyperthermia cancer treatment and, as imaging
probes, in magnetic resonance imaging (MRI). When IONPs are prepared using “traditional” synthetic
methods they show superparamagnetic properties. In other words, these nanoparticles show a very
strong magnetic response when placed under the influence of a magnetic field, turning to zero when
the magnetic field is off. Because of this, when placed inside MRI equipment, IONPs act as “small
magnets”, suppressing the signal and, therefore, appearing as a dark spot, the so-called negative
contrast. Due to the strong magnetic response, the concentration needed for an in vivo application is
often low. However, based on this, IONPs have been, for a long time, the never fulfilled eternal promise
to change the current clinical scenario in MRI. Currently, Gd-based compounds are the standard probes
when an MRI scan is performed. It is well-known that, under certain circumstances, Gd compounds
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show important toxicity. This is particularly important for patients suffering from kidney problems.
Besides the toxicity problems, Gd probes normally have a small molecular weight and are, after
injection, rapidly extravasated, excluding them from many applications that require long circulating
times. If Gd-based probes present these problems, why have IONPs not displaced them from clinical
practice? Basically, because the signal provided by Gd compounds is much more useful for in vivo
diagnosis than that provided by IONPs for many diseases. This is due to the dark, negative signal that
traditional IONPs generate. Frequently, in many diseases, hypointense (dark) areas appear naturally
in an MR image. If the image probe generates a dark signal over a dark background, diagnosis gets
complicated. For this reason, in recent years, researchers have searched for an alternative that can
join the good physicochemical properties of IONPs with the outstanding imaging properties of Gd
compounds. This has led to numerous synthetic developments producing extremely small iron oxide
nanoparticles that, being more paramagnetic than superpramagmetic, are capable of generating bright,
positive contrast in MRI. Here, we will critically review these developments, highlighting achievements
and considering what is left to accomplish to reach a point at which the use of IONPs in clinics is as
frequent as the use of gadolinium compounds.

2. T1-BASED MR

2.1. Spin Density and Relaxation Times

Magnetic resonance imaging (MRI) uses differences in spin density or relaxation properties (T7,
longitudinal or spin lattice relaxation time, T5, transversal or spin-spin relaxation time, T»*, apparent
transversal relaxation time) to generate signal-to-noise ratio and contrast between different soft tissues
in an image. Apart from these relaxation times that are interrogating different features of molecular
dynamics and physical mechanisms, each soft tissue (liver, brain, heart, lung, etc.) will have a different
chemical composition and different spin densities to encode an image using MRI. Water or fat are the usual
predominant content of tissues; therefore, spin densities of tissues are often given by the concentration of
water weighted by the relaxation properties and the acquisition parameters and type of sequence used. Ty
is normally much longer than T, and does not exhibit proportionality among them. Table 1 shows typical
relaxation time values for different tissues at normal magnetic fields for clinical applications.

Table 1. Typical relaxation times values of some tissues at clinical magnetic fields.

15T 3T

Tissue Tq (ms) T, (ms) Tq (ms) T, (ms)

Grey matter 1150 100 1600 70

Brain White matter 800 80 1100 60

CSF 4500 2200
Skeletal muscle 1000 35 1400 30
Fat 250 60

Blood 1400 290 1900 275

Liver 580 55 810 56

Cardiac muscle 1030 42 1400 47

2.2. Tq-Weighted or Positive Contrast Using Gradient and Spin Echo Sequences

For T;-contrast, imaging is performed by emphasising the differences in longitudinal components
of magnetisation. This information can be coded with typical spin-echo or gradient-echo sequences.
In the spin-echo sequences, two radiofrequency (RF) pulses (one at 90° followed by another at 180°
or refocusing pulse) are used to acquire the signal. T;-weighted imaging in a spin-echo sequence
is determined by the repetition time (i.e., the temporal distance between two consecutive 90-degree
pulses, also called Tr) whilst echo times (named Ty, hereinafter) are kept at the lowest possible value.
The spin-echo sequences have the value of being immune to off-resonance artefacts caused by By
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inhomogeneities and to magnetic susceptibility shifts due to heterogenous tissues (such as multiple
air-tissue interfaces in lung tissue or in some brain or abdominal regions) or to the presence of magnetic
impurities (such as the presence of iron oxide nanoparticles).

In contrast to this alternative, a gradient-echo [1] image is formed with a single pulse (flip angle
(0) generally inferior to 90°), combined with the application of two lobes, also called dephasing and
rephasing gradients, and the absence of a 180° refocusing pulse, per each RF excitation. Differently to
the spin-echo methods, local susceptibilities are not refocused in this approach, so image quality is
normally inferior and signal reduction is anticipated at gradient-echo sequences.

For our purpose here, to help to understand the contents of this review, for T;-contrast or positive
contrast with nanoparticles, keeping a short T in the pulse sequence should not be a problem for most
MRI systems. Longer T enables a T,* weighting contrast, which for certain nanoparticles can still be
recommendable. However, for positive contrast or T;-contrast, Ty should be kept as short as possible.
The selection of the best 0 to maximise the T; contrast will then be critical for final optimisation. This
flip angle finally enables T1 weighting and must be investigated to allow fast imaging (short Tr) with
this possibility. To do so, we need to take into consideration the expected T and T, values of the
different tissues for the magnetic field used in the study (see Table 1). As we can see from this table,
T, values generally will increase with By, whereas T, remain constant, so the properties as contrast
agent are normally very different at low (<1.5 T) and high fields (>3 T).

3. Nanoparticles for Positive Contrast MRI

Despite the high resolution of anatomical features presented by MRI, sensitivity is one of the
weak points. MRI relies on the differences in tissue proton density and therefore differences in tissues’
relaxation times to generate contrast. These differences allow discrimination between bone, air, and
soft tissues in vivo. Nevertheless, discrimination of certain tissues and diseased areas gets complicated
when these differences do not generate enough contrast. For this reason, contrast agents are regularly
used to facilitate the diagnosis and characterisation of pathologies at cellular and molecular levels [2].
T, or positive contrast agents shorten the longitudinal relaxation time in the areas or tissues where
accumulation occurs, making brighter images. The majority of clinically available T; contrast agents
are paramagnetic metallo-chelates, composed of Gd, whose potential toxicity and short circulating
times have driven the quest for improved positive contrast agents that overcome these limitations [3].

Nanostructured materials exhibit unique properties by virtue of their size. At this scale, quantum
effects dominate material behaviour, conferring the size-dependent magnetic, electrical and optical
behavior of nanomaterials. At the nanoscale, materials present an enhanced surface-to-volume ratio,
extremely useful for bioconjugation purposes and targeted imaging. There is a broad variety of
nanoparticulate T; contrast agents mainly based on the incorporation of paramagnetic Gd or Mn
(Table 2). Some of the most remarkable are summarised below.

3.1. Paramagnetic Gd,O3 Nanoparticles

Gadolinium-based contrast agents are the gold standard T contrast agents for MRI; however,
their toxicity and reduced number of applications boosted the quest for alternatives. Most of Gd-based
Ty contrast agents are based on organic molecules chelating Gd>* ions to prevent toxicity. However,
inorganic nanoparticles made up of Gd are increasingly common. Gadolinium oxide [4,5], gadolinium
fluoride [6,7] and gadolinium phosphate [8] NPs have been synthesised and tried as T} contrast agents.
Most recent examples are focused on targeted T1 Gd,O3 NPs [9], dual T;-T, MRI probes [10], hybrid
MRI/fluorescent probes [11,12] and theranostic (theraphy + diagnostic) probes [13] for tumour imaging.
A GdyO3-NP hybrid CT/MRI probe functionalised with bisphosphonate was used by Mastrogiacomo et al.
to visualise calcium phosphate bone cement [14]. Dai et al. carried out a comparison between their
PEGylated-Gd,O3 nanoparticles and the commercially available Magnevist, observing that their NPs
presented a long half-life in blood and efficient MRI contrast, lower hepatic and renal toxicity and greater
accumulation at the tumour site [15].

115



Inorganics 2020, 8, 28

3.2. Paramagnetic MnO Nanoparticles

Manganese ions have emerged as a potential alternative to gadolinium as T; enhancer; however,
their toxicity, affecting the central nervous and the cardiovascular systems, has determined its clinical
application [16,17]. Manganese oxide nanoparticles have emerged as the most suitable alternative to
overcome these toxicity issues [18]. Size and shape control allow fine tuning of the relaxivity values of these
nanoparticles. PEGylated MnO NPs have been demonstrated by several groups to be useful and non-toxic
T contrast agents [19,20]. Their use for tumour detection is fairly popular, both in a non-specific and
specific manner. Wang et al. achieved MnO NP accumulation in gliomas by elongating the circulation time
of their MnO NPs, functionalising their surface with cysteine [21]. Chen et al. also managed to visualise
mouse gliomas using MnO NPs, however using a glioma-specific moiety: folic acid [22]. Gallo et al.
achieved M21 tumour visualisation in mice using RGD (arginine-glycine-aspartate peptide)-functionalised
MnO nanoparticles [23]. Renal carcinoma T1 MR imaging was accomplished by Li et al., targeting MnO
NPs using AS1411 aptamer [24]. Manganese oxide NPs have also been used as theranostic platforms for
drug delivery and photothermal therapy at the tumour site [25-27]. MnO NPs have served as a platform to
synthesise hybrid molecular imaging probes for both PET (Positron Emission Tomography)/MRI for tumour
vasculature imaging using ®Cu [28] and fluorescence/MRI with Cy7.5 for lymph node mapping [29].

3.3. Organic Nanostructured Materials

Organic nanostructured materials have a long history as contrast agents for MRI. However, their
use has been limited, as the relaxivity values of most of them, such as albumin- and dextran-based MR
probes, are often insufficiently high.

Dendrimers are polymeric molecules with monomers branching out radially from a central core,
forming a tree-like architecture [30]. As their synthesis is stepwise, resultant structures present narrow
polydispersity, and terminal groups on the surface of the dendrimer can be included in a controlled
manner [31]. The most commonly used monomers are polyamidoamine (PAMAM), polypropylimine
(PPI), poly(ether imine) (PETIM) and poly-1-lysine (PLL) [32]. Due to plentiful anchoring sites for
paramagnetic ions in their structure, they are appropriate nanoplatforms to integrate paramagnetic ions in
their structure. Gadolinium (Gd3*) is one of the most repeatedly used ions in dendrimers for T1 MRI. The
macromolecular size of these ions increases the rotational correlation times of integrated Gd>*, resulting
in relaxivities larger than most of the clinically approved Gd-based contrast agents with low molecular
weight. The use of these macromolecular probes has been demonstrated in lymphatic imaging [33],
tumour detection [34], liver fibrosis staging [35], and colon cancer and brain theranostics [36]. Mn?*-based
compounds have been also proposed as non-toxic alternatives to Gd chelates to image hepatocellular
carcinoma and atherosclerosis [37,38]. Fan et al. have recently shown that Cu?* can be integrated in
dendrimeric structures to form a platform for tumour/metastasis imaging and chemotherapy [39].

3.4. Silica Based Nanoparticles

One of the main applications for SiO, nanoparticles is drug delivery that, combined with the
possibility of carrying paramagnetic ions in their pores or surface, yields excellent theranostic agents.
Kim et al. used Mn-doped silica NPs to detect hepatocellular carcinoma [40]. Li et al. made use of
a theranostic agent based on mesoporous manganese silica NPs loaded with doxorubicin to image
and treat a breast cancer xenograft murine model [41]. Gd3+—containing silica NPs have also been
used in vivo and/or in vitro as a T contrast agent [42—44]. Recently, Carniato et al. summarised
the most remarkable examples of Gd-based mesoporous silica nanoparticles for MRI. In this work,
the influence over the relaxometric properties of important factors such as the porosity, the localisation
of the paramagnetic chelate and the surface properties of the mesoporous silica nanoparticles are
discussed in detail [45]. For instance, Davis et al. reported mesoporous silica nanoparticles doped with
Gd in the inner or outer part of the pore and in the surface of the particle showing great differences in
the relaxivity values depending on the Gd localisation [46].
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Table 2. Composition, hydrodynamic diameter (Dgj, nm) and r; (mM~! s71) at magnetic field B (T) of

some reported T; based nanoparticles.

Nanomaterial Composition Dy Size (nm) 71 (mM~1571) By (T) Ref.
Core-shell Gd,O3@polisiloxane 33+08 8.8 7 4]
p-glucuronic acid-coated Gd;O3 1 99 15 [51
Citrate-coated GdF3;, AEP-coated GdFs/LaF; 1293 8.8+0.2 3 [6]
PAA5-stabilized GdF3/CeF; NPAs 70 4042 15 71
Paramagnetic inorganic PGP/dextran-K01 232+7.8 13.9 05 8]
NPs-Gadolinium ES-GON-PAA <2 702+ 18 15 191
Gd,03@PCD-FA 131 4.6 3.95 3 [10]
Gd,03-FI-PEG-BBN 523 423 3 [13]
Bisphosphonate-functionalised Gd, O3 70 15.41 3 [14]
PEG-Gd,0;4 3635+ 1.9 29 [15]
MnO@PDn 24802 4.4 141 [19]
mPEG-SA-dopamine-MnO 120 16.14 [20]
L-cysteine-functionalised PEG-coated Mn3Oy 2133 +2.4 3.66 0.5 [21]
FA-TETT-MnO 122 4.83 7 [22]
Paramagnetic inorganic MnO@AUA@PEGsg0@RGD 567 +13.2 1.44 9.4 [23]
NPs-Manganese
PEG-MnO 15.08 +2.7 12.94 3 [24]
Mn-LDH 48 9.48 - [25]
MnCO;@polydopamine 173 83 7 [27]
NOTA-Mn304@PEG-TRC105 32,6 £4.5 0.54 4.7 [28]
Mn;0,@PEG-Cyy 5 10+23 053 7 [29]
PAMAM G5-BnDOTA-Gd 6.5 12.98 3 [33]
Folic acid-G5-DOTA-Gd - 26 +0.06 2 [34]
Den-cRGD-DOTA-Gd 13.2 71+03 47 [35]
Dendrimers Gd**-G,-Gd-Aspargine 90 15 [36]
(Au)109G5.NH,-FI-DOTA (Mn)-HA 2453 542 05 [37)
PAMAM G8-DTPA-Mn 133+1.2 35+0.1 15 [38]
G5.NHAc-Pyr/Cu(II) 1532 +4.6 0.7024 0.5 [391
DPPC/DPPG Gd-Liposomes 72+ 6 113 0.5 [47]
MCO-I-68-Gd/DNA liposomes 150 [48]
Mab-Gd-SLs 129.9 +40.9 8.06 15 [49]
Liposomes RGD- and ATWLPPR- functionalised Gd-liposomes 89.9 -6 3 [50]
RGD-CPGd-L 128 4.24 11.7 [51]
THI0567-targeted liposomal-Gd 150-250 2 x 10°/particle 1 [52]
Mn-SiO, 2542 6.7 3 [40]
Doxorubicin-loaded SiO,@MnSiO3 150 4.34 3 [41]
Silyated Gd complex-coated [Ru(bpy)3]Cl, 37 19.7 3 [53]
Silica NPs Gd-Si-DTTA 75 28.8 3 [44]
Gd-DOTA-MSNs 66.3 £ 6.6 33.57 +1.29 7 [46]
Gd-DTPA-334 20+2 18.7 0.5 [54]
SRPs 83 119 15 [55]
Gd ultrashort single-walled CNTs - 90 1.5 [56]
Carbon nanotubes Gd-MWNT - 6.61 7 6571
(CNTs) PAA-GNTs - 150 15 [58]
MWNT/GdL - 50.3 0.5 [59]
Eu-, Gd-, Tb- doped MOFs 100 x 35 35.8 3 [60]
Metal-organic Core-shell PB@MIL-100(Fe) 100 13 3 [61]
frameworks (MOFs) C(RGDfK)-MnMOFs 50-100 x 750 40 94 [62]
PCN-222(Mn) 241 353 1 [63]

3.5. Liposomes

Liposomes are spherical structures formed by one or several concentric lipid bilayers with an
aqueous phase inside [64]. Due to their amphiphilic composition, they can integrate hydrophobic
and/or hydrophilic molecules. This, added to their outstanding biocompatibility, has boosted their
use as nanocarriers in drug delivery and molecular imaging. There are numerous examples of
liposome-based MRI probes carrying paramagnetic agents, mostly composed of Gd** and Mn?* in the
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aqueous lumen [47,65-68]. Alternatively, some other liposomal contrast agents used in MRI carry the
paramagnetic molecule in their lipid bilayer [48,69-72]. Recent applications of these probes include
imaging of tumours [49-51,73], atherosclerotic plaque [52] and blood brain barrier permeability [74].

4. Iron Oxide Nanoparticles for MRI

Iron oxide nanoparticles have been mostly used as negative (T) contrast agent. Their
superparamagnetic behaviour, driven by the magnetic mono-domains at nanometric scale in the
appropriate iron oxide phase, along with the great saturation magnetisation values, provide excellent T,
shortening in MRI images [75]. The limitations of T»-driven diagnosis has stimulated the development
of iron oxide-based T; agents [76]. IONPs act as T; agent when certain physicochemical properties are
fulfilled. These features, along with the synthetic method to achieve them, are summarised below.

4.1. Physicochemical Properties

IONP components, the core and coating, play an important role in the contrast behaviour. The
composition, size and shape of both components must be controlled since they determine the iron
oxide phase, crystallinity, magnetic properties and the hydrodynamic size. All of these properties are
key to develop an IONP-based T; contrast agent.

In terms of size, we have to consider both the size of the core and the hydrodynamic size (core +
coating). As a rule of thumb, in IONPs, the smaller the core the better the positive contrast. When
the core size is decreased (<5 nm) the magnetic single domains decrease, leading to a spin canting
effect, which provides five oriented and unpaired Fe3*/Fe?* electrons, making the particle more
paramagnetic than superparamagnetic (Figure 1). Smaller cores usually imply less crystallinity, with
a subsequent decrease in the saturation magnetisation values (similar to paramagnetic materials).
Therefore, maghemite (y-Fe;O3) is often preferred for T; contrast rather than magnetite (Fe30,) where
the crystallinity is usually higher.

a)
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Figure 1. (a) Change in the magnetic behaviour of iron oxide nanoparticles with the decrease of the
core size, from superparamagnetic (top) to paramagnetic (bottom), (b) Mouse liver T,-weighted MRI
using iron oxide nanoparticles with bigger core size (top), T1-weighted MR angiography using iron
oxide nanoparticles with smaller core sizes (bottom).

Core size and composition are essential but so is an appropriate coating. The stability of the
nanoparticles is crucial to avoid aggregation, which triggers multiple particles to act as a single magnetic
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domain and, hence, increases the T, effect. In this regard, different coatings such as small molecules,
macromolecules or proteins have served as stabilisers [77-80]. In addition, the size of the coating has
been demonstrated to be a key factor in the Ty effect [81]. Large size coatings (i.e., large hydrodynamic
size, >30-40 nm) restrict water access to the nanoparticle core increasing the outer-sphere contribution
to the relaxation mechanism. Coatings providing ultrasmall hydrodynamic sizes (<7 nm) usually
confer poor stability, with aggregation increasing the T effect. This is, however, an interesting challenge
due to the renal clearance of ultrasmall IONPs, which increase their translational potential. Coatings
rendering medium hydrodynamic sizes (10-20 nm) provide good colloidal stability with a thin coating
that increases the water exchange rate, boosting the T effect.

Although these are general considerations, there is no general rule established to describe the
best-case scenario for each T1-IONP. An optimal T;-weighted sequence, taking into account the
physicochemical and relaxometric properties of the nanoparticles and selecting the experimental
parameters to highlight them appropriately for each magnetic field, is mandatory. A great number
of works have shown a wide variety of formulations, sizes and coatings with the magnetic field,
pulse sequences, and acquisition parameters not always optimised for T1-weighted imaging. Table 3
summarises some of the reported T1-IONPs, depicting these differences and the influence over the
relaxometric properties.

Table 3. Hydrodynamic diameter (Dyj, nm), core size (nm) and 7y, 1, (mM~1 sy at magnetic field By
(T) of reported T;-IONPs.

Sample Dy (nm) Core Size (nm) ry (mM-1s71) 1o (mM~1s71) By (T) (ref)
Cubic IONP 18 11 3.4 36.8 3 [82]
MDBC-USPIO 24 3.4 48 22.56 15 [83]
Pegylated SPIONs 10.1 5.4 19.7 39.5 1.5 [84]
Fe30,4@Si0, 30-40 4 12 7.8 3 [85]
SPION 20+7 5-10 13.31 40.90 14 [86]
ESIONs - 3 478 29.25 3 [87]
IONAs 17 9 51 21.3 3 [88]
Cat-MDBC/USNP 20 34+18 6.8 37.1 14 [89]
UMIONs 7.5 33+05 8.3 35.1 4.7 [90]
GSH-IO NPs 419 +0.31 3.72+0.12 3.63 8.28 4.7 [91]
Fe304-PEG-RGD 212.5 27+0.2 1.4 - 0.5 [92]
UTIO-nanowhiskers - 2x20 6.13 11.15 14 [93]
C-ESION120 79 4.2 11.9 229 1.5 [81]
ES-MION3 - 3.6 8.8 22.7 15 [94]
Ultrasmall Fe3O4 - 19 1.41 2.87 7 [95]
Fe,O3-water 8+2 49 +0.6 17.6 35.8 15 [96]
Fe,O5-Citrate 18+4 5+1 14.5 66.9 1.5 [96]
Fe30,-PMAA-PTTM - 434154 242 67.2 05 [77)
Fe304-PEG1100 10-15 4 7.3 17.5 14 [97]
PEG750-VSION 19.8 35+06 1.74 40.6 9.4 [98]
PEG2000-VSION 222 35+0.6 1.12 31.1 9.4 [98]
Ultrasmall Fe;04 58 1.7 8.20 16.67 14 [79]
Ultrasmall Fe30,4 5.8 22 6.15 28.62 14 [79]
Metal-Doped IONPs
Cu4-NP 16.1 3.5 15.7 32.8 1.5 [99]
EulO-14 nanocubes 14.0+1.9 14.0+1.9 36.79 + 1.16 97.52 +2.16 0.5 [100]
ZnFeyOy - 4 7.93 14.64 1.5 [101]
NiFe,O, B 5 6.85 1292 15 [101]
ZnsFe 70,@5i0, B 18 615 1657 013x107%  [102]
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4.2. Synthesis

Co-precipitation and thermal decomposition are the most frequently used methods to produce
iron oxide nanoparticles. In addition, the extensive work on iron oxide nanoparticles over the last
decade is bringing new procedures every year for the synthesis of nanoparticles of different sizes,
shapes and composition and, hence, magnetic behaviour. In this section, the most remarkable methods
are briefly described pointing out those which render nanoparticles with positive contrast capabilities.

4.2.1. Co-Precipitation

The co-precipitation protocol is the most used throughout the literature. It is based on the
precipitation of iron oxides throughout a mixture of aqueous solutions of ferrous and ferric salts at a 2:1
ratio under basic conditions. The success of the co-precipitation method lies in its simplicity, flexibility
and the hydrophilicity of the nanoparticles. However, it also shows some associated drawbacks such as
the lack of control over the uniformity of the nanoparticles [103]. Modifications in the co-precipitation
protocol can render ultrasmall iron oxide nanoparticles (USPIO) for T1-MRI. A high increase in the
temperature of the reaction, combined with different polymers, has been used to develop nanoparticles
between 3 and 8 nm with associated longitudinal relaxivities of up to 9 mM™ s7! at 4.7 T and
31 mM~ts7!at1T[90,104].

4.2.2. Thermal Decomposition

This well-known method, based on the decomposition of organic precursors at very high
temperatures, has been widely utilised because of the high uniformity, crystallinity and control over the
size of the nanoparticles. These nanoparticles are hydrophobic and therefore only stable in hydrophobic
solvents, which implies an extra reaction step to stabilise the nanoparticles in physiological media.
Despite this inconvenience, the control over the hydrodynamic size allows the obtention of USPIO with
potential in positive contrast [87]. Wei et al. described the thermal decomposition of Fe(oleate); in the
presence of 1-tetradecene, 1-hexadecene and 1-octadecene, rendering nanoparticles from 2.5 to 7.0 nm
of a maghemite core oxidised with trimethylamine N-oxide. The nanoparticles, stabilised in water
using a ligand exchange reaction with a zwitterionic dopamine sulfonate (ZDS), showed a modest
r=52mM s !at1.5Tand 1.5 mM™! s7! at 7 T [78]. Another remarkable example describes the
synthesis of USPIO by decomposition of Fe(acac); at 300 °C in the presence of oleic acid, oleylamine,
hexadecanediol and oleyl alcohol as solvent. Ligand exchange with different bisphosphonate-based
ligands provided nanoparticles with a magnetic core of 3.6 nm and a maximum r, = 11 mM~! s7! at
1.5 T[98].

4.2.3. Polyol Synthesis

Polyol synthesis has been gaining attention in the recent years for the synthesis of IONPs. This
method allows for an easy scaling-up of the reaction in a single-step reaction producing hydrophilic
nanoparticles, although aggregation often happens. The method essentially consists of the reduction of
the organometallic precursor in the presence of different polyols such as trimethylene glycol, propylene
glycol or ethylene glycol. The role of the polyol has been reported not only as stabiliser but also as
reducing agent [105].

Concerning IONPs with T capabilities, the reduction of Fe(acac)s in diethylene glycol at 200 °C,
under an inert atmosphere provided nanoparticles with 8 nm of hydrodynamic size and 3 nm of core
size. These small particles exhibited r; = 12 mM~!s7! at 1.41 T with a low rp/r; = 2.4 [106]. Another
reported example depicts a one-pot reaction of 5.4 nm IONPs by reduction of Fe(acac)z in the presence
of triethylene glycol and HOOC-PEG-COOH at 260 °C. Under these conditions, the synthesised
particles showed a r; = 19.7 mM ™! s7! at 1.5 T with a ro/rq ratio of 2.0 [84].
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4.2.4. Microwave Assisted Synthesis

Due to the simplicity, fast kinetics and reproducibility of the reactions, microwave-assisted
synthesis of IONPs has grown lately. The use of microwaves ensures a very fast and homogeneous
heating in the sample, which translates in a narrow size distribution of the nanoparticles [107].
Regarding the synthesis of IONPs for T contrast, our group has been deeply involved in the use of
microwaves. Essentially, extremally small iron oxide cores (~2.5 nm) can be achieved with FeCl3 as iron
source. The reaction is conducted at 100 °C for 10 min in the presence of hydrazine hydrate (reducing
agent) and a surfactant, usually dextran or sodium citrate. In a first approach, a r; = 5.97 mM~! s~
at 1.5 T was obtained using (FITC)-dextran or dextran 6KDa as surfactant [108,109]. After these first
approaches, better longitudinal relaxivities were observed using sodium citrate as surfactant. In this
case, an increase in the temperature of the reaction turns over the contrast capabilities from T, to
Ty with an r; = 11.9 mM™! s7! at 1.5 T when the reaction is performed at 120 °C [81]. Very recently,
Fernandez-Barahona et al. increased this value up to 15.7 mM~! s!, doping the iron oxide core with
4% mol of Cu [99].

5. In Vivo Applications

The use of iron oxide nanoparticles as contrast agents for MRI has usually been associated with
T»-MRI. This is one of the main reasons why the use of iron oxide-based contrast agents for MRI is
far from standard in clinical practice. The dark (T) signal makes them difficult to distinguish from
naturally occurring hypointense areas in many diseases—caused by calcium deposits, bleeding, other
metals or any signal void present in the area of interest. Given this, the need for nontoxic positive
contrast agents has led to intense research in the development of iron oxide nanoparticles that produce
high T1-weighted MRI signals, becoming therefore, a very active topic.

5.1. Iron-Based and Iron Oxide Nanoparticles

In recent years, several research groups have been developing new iron-based probes, mostly
for T1-MRI but also for dual contrast MRI. Regarding T;-MRI, some researchers have been able
to show, in vivo, a positive contrast effect. In 2013 Ju et al. [110] elaborated non-toxic synthetic
melanin-like nanoparticles complexed with paramagnetic Fe>* ions and stabilised with PEG (PEGylated
Fe3*-MelNPs), which were inspired by the MRI signal-enhancing capability of natural melanin.
These nanoparticles showed relaxivity values of r; = 17 mM™! s and r, =18 mM~! s71 at 3
T, which are higher than those of existing T1-MRI contrast agents based on gadolinium (Gd) or
manganese (Mn). In vivo, PEGylated Fe3*-MelNPs showed a positive signal enhancement in the
spleen and liver of healthy mice within 0.5 and 1.5 h, respectively, after intravenous injection. During
the same year, Peng et al. [111] synthesised antiferromagnetic o-iron oxide-hydroxide (x-FeOOH)
nanocolloids, with diameters of 2-3 nm, which were placed inside the mesopores of worm-like silica
nanoparticles. These nanocomposites exhibited a low r;/r; ratio of 1.9, making them suitable as
T1-weighted contrast agents. The in vivo experiments carried out showed a positive enhancement
in the brain, bladder and kidneys of healthy mice. Moreover, in 2015, Igbal et al. [85] produced
biocompatible silica-coated superparamagnetic IONPs with diameters of ~4 nm, which showed
in vivo T contrast enhancement in the heart, liver, kidney and bladder of healthy mice. In addition,
Macher et al. [93] developed an innovative Ty MRI contrast agent, ultrathin iron oxide nanowhiskers.
These nanostructures, with dimensions of 2 X 20 nm, possessed a high surface-to-volume ratio, leading
to a strong paramagnetic signal, a property suitable for T; contrast. In vivo experiments showed a
positive contrast enhancement in rat models after intraperitoneal (IP) and subcutaneous injection of
the nanowhiskers. In 2019, Tao et al. [77] synthesised (poly(acrylic acid)-poly(methacrylic acid) iron
oxide nanoparticles (PMAA-PTTM-IONPs) 4.34 nm in diameter with a low r,/ry ratio of 2.78, adequate
for T1-weighted contrast agents. In vivo experiments in mouse models showed biocompatibility and
T1 contrast enhancement in liver and kidney.
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Even though the previously described probes were shown to provide contrast enhancement during
in vivo T1-MRI, no specific in vivo application was described for them; thus, only their biodistribution
was tested. Nevertheless, different research groups have developed probes for particular applications
such as magnetic resonance angiography (MRA) and tumour imaging.

MRA has been shown to be a very helpful technique in clinical imaging. With its use, several
diseases could be detected including myocardial infarction, renal failure, atherosclerotic plaque,
thrombosis and tumour angiogenesis. Regarding research carried out on MRA, in 2011 Kim et al. [87]
synthesised ultrasmall iron oxide nanoparticles (ESION, size < 4 nm) capped using poly(ethylene
glycol)-derivatised phosphine oxide (PO-PEG) ligands, which enabled clear observation of various
blood vessels, with sizes down to 0.2 mm, during in vivo T1-MRI in rat models. They were able to
maintain the bright signal of blood vessels for 1 h on dynamic time-resolved MR angiography, showing
that this type of probe can be used for T; enhanced blood pool MRI (Figure 2).

Figure 2. ESION-enhanced in vivo MR images with dynamic time-resolved MR sequence acquired at
(a) 0s (b) 30's, (c) 1 min, (d) 2 min, (e) 3min, (f) 5 min, (g) 10 min, (h) 30 min, (i) 60 min, and (j) 1 day
after the injection. Reproduced with permission from [87], published by ACS, 2011.

Furthermore, in 2014 Chan et al. [83] produced multidentate block-copolymer-stabilised ultrasmall
superparamagnetic iron oxide nanoparticles (MDBC-USPIOs), with diameters <5 nm and a r,/r; ratio
of 4.74 to test them as a promising T;-positive contrast agent for in vivo MRI. Results from in vivo MRI
showed a strong blood signal enhancement after their intravenous injection in mouse models. During
the same year, Liu et al. [91] developed glutathione-coated iron oxide nanoparticles (GSH-IONPs) with
sizes of around 3.75 nm and a r;/rq ratio of 2.28 as a novel T;-MRI contrast agent. The in vivo results
showed a strong vascular enhancement at the carotid artery and superior sagittal sinus of healthy mice
models, making it a promising contrast agent for thrombus detection.

In 2015, Bhavesh et al. [108] proposed an extremely fast microwave synthesis of fluorescein-labelled
dextran-coated extremely small IONPs for their use as a contrast agent for T1-weighted MRI. This
method yielded very small NPs with hydrodynamic diameters of 21.5 nm and with a rp/r; ratio of
4.7 suitable for T;-MRL In vivo MRA of healthy mice showed a clear depiction of the main vascular
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architecture; furthermore, high quality visualisation of small vessels was maintained even 90 min post
NP injection, highlighting the advantage of these NPs to be used as a contrast agent for blood pool
imaging applications. In 2017, Pellico et al. [81] described the changes produced on the relaxometric
properties of IONPs when the thickness of their organic coating is modified. For that purpose, this
group synthesised all IONPs using a microwave-driven synthesis method; however, in order to change
the coating layer thickness, different syntheses were carried out heating at different temperatures.
Results showed that IONPs with a thinner coating yielded an excellent positive T1-MRI contrast, more
specifically NPs synthesised at 120 °C. These NPs, with a hydrodynamic size of 7.9 nm and a r/rq ratio
of 1.9 showed great contrast enhancement in both body and brain MRA of healthy mice, providing the
possibility of better visualising their vasculature. In 2018, Vangijzegem et al. [98] synthesised very
small PEGylated iron oxide nanoparticles (VSIONPs) with core sizes of 3.5 nm that showed positive
contrast in in vivo MRA, enabling the heart chamber and the vena cava of healthy mice to be observed.

Regarding research on Tj-weighted MR tumour imaging, in 2014 Wu et al. [112] produced
mesoporous silica NPs with drug-labelled USPIONSs confined within the mesoporous matrix (Fe-MSNs)
as a pH-responsive theranostic platform. The tumour accumulation, driven by the enhanced
permeability and retention effect (EPR), was confirmed by the T; enhancement in the affected
site. Moreover, the unique metal-ligand coordination bonding between Fe species and the anticancer
drug molecules provided the carrier with a pH-responsive drug release feature, triggering a controlled
drug release under the acidic microenvironment in the tumour area. Moreover, Shen et al. [94] in 2017
synthesised extremely small 3.6 nm magnetic iron oxide nanoparticles (ES-MIONSs) functionalised with
dimeric RGD peptide (RGD;) and PEG methyl ether (mPEG), which were afterwards loaded with the
anticancer drug doxorubicin hydrochloride (DOX), as a tumour targeting theranostic platform. In this
probe, the ES-MIONSs serve as the contrast agent for T1-MRI, while RGD;, is used for tumour targeting
and DOX for chemotherapy. In vivo experiments on tumour-bearing mice showed an enhanced T1-MRI
signal when using this platform together with partial regression of tumours due to active targeting
and chemotherapy. Furthermore, Li et al. [88] in 2019 developed dynamically reversible iron oxide
nanoparticle assemblies (IONAs) consisting of ES-IONs cross-linked by small molecular aldehyde
derivative ligands. The linkage of these ligands is cleaved in the presence of acidic environments, such
as tumours, releasing ES-IONSs that are capable of producing contrast in T;-weighted MRI (Figure 3a).
To demonstrate the specificity of the tandem linkage-cleavage, pH-insensitive cross-linked iron oxide
nanoparticles (Ins-IONAs) and micelle-like pH sensitive polymer-assisted iron oxide nanoparticle
assemblies (PIONAs) of similar sizes were used as controls (Figure 3a). In vivo experiments on
tumour-bearing mice clearly indicated that the IONAs could amplify the T;-MRI signal, whilst
Ins-IONAs and PIONAs showed significantly lower intensities (Figure 3b).

In addition to the undertaken research to find new probes that serve as contrast agents for
T1-weighted MRI, there have been some research groups that have focused on developing probes for
dual contrast MR, that is, probes that are capable of producing both negative (T;) and positive (T7)
contrast. In MRI, T1-weighted images typically provide better spatial resolution, while T,-weighted
images can provide enhanced detection of lesions. For this reason, dual contrast probes could
potentially provide better imaging information leading to higher diagnostic accuracy. Regarding
research in this field, Jung et al. [86] in 2014 synthesised 5 nm SPIONS that, as shown using in vivo
MRA experiments in rat models, were capable of producing both positive and negative contrast in
MRA by using different acquisition pulses. On the one hand, ultrashort echo (UTE) sequence, which
differently to the sequences explained in Section 2 use a radial sampling of the k-space to minimise T,
positively enhanced vascular signals in MR angiography, providing highly resolved vessel structures.
In addition, typical gradient sequences such as fast low angle shot (FLASH) acquisition yielded strong
negative vessel contrast, resulting in a higher number of discernible vessel branches. Moreover, in 2018
Alipour et al. [82] developed 11 nm silica coated cubic SPIONs as a dual-mode contrast agent for T;
and T, MRI In vivo investigations on a 3 T MRI scanner demonstrated both positive and negative
contrast enhancement 70 min post intravenous injection in healthy rat models.
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Figure 3. (a) Schematic illustration of the structural changes of iron oxide nanoparticle assemblies
(IONAs), Ins—IONAs and polymer-assisted IONAs (PIONAs) in blood flow. The IONAs and Ins—IONAs
are stable in blood circulation. After accumulation in tumour, IONAs further disassemble into dispersed
ESIONSs for non-linear amplification of MR imaging, while Ins—IONAs remain in the quenched T{MR
state. PIONAs gradually dissociate during the blood circulation even before their accumulation in
tumour. (b) T1-weighted MR images of tumour-bearing mice before and after i.v. injection of IONAs,
Ins—IONAs and PIONAs. Modified and reproduced with permission from [88], published by ACS, 2019.

5.2. Doped Iron Oxide Nanoparticles

Throughout the past years, some metals have been integrated into IONPs in order to get better T
enhancement. Among different metals, focus remains on gadolinium (Gd), which are not included
since our goal is focusing on alternatives, and manganese (Mn); however, there are some studies that
use other metals such as copper (Cu) and europium (Eu).

Manganese-based contrast agents, similarly to Gd contrast agents, can significantly enhance the
positive contrast in T1-weighted MRI. Furthermore, they can serve as contrast agents for visualising
sub-anatomic structures and activities of brain and heart by taking advantage of Mn?* as a biological
calcium analogue. Nevertheless, their high toxicity limits their clinical applications, and for that reason,
it is highly desirable to develop alternative non-toxic manganese contrast agents for clinical MRI.
Several research groups have been recently developing manganese-containing iron oxide nanoparticles
as alternative positive MRI contrast agents. In 2013, Li et al. [113] synthesised nontoxic ultrasmall
manganese ferrite (MnFe,;O,) nanoparticles of 2-3 nm that were shown to enhance the T; contrast in
the liver, kidneys and brain of healthy mice during in vivo MRI. Similarly, in 2014 Huang et al. [114]
produced Mn-doped IONPs of around 5 nm in diameter capable of functioning as a contrast agent
for T1-weighted MRI having a low rp/r; ratio of 2.6. Post injection, in vivo T1-MRI showed a brighter
signal in the liver regions of healthy mice. Furthermore, in 2015 Zhang et al. [115] synthesised bovine
serum albumin-coated manganese-doped IONPs (MnlO-BSA), 5 nm in size and with a low r,/r ratio
of 2.18, as a theranostic platform for tumour targeting. The probe, once accumulated in the tumour,
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was able to provide contrast in T1-weighted MRI and be heated using an external NIR light source for
photothermal therapy (PTT) purposes. The in vivo MRI experiments using a tumour-bearing mouse
model exhibited significant signal enhancement (about two times) at the tumour site. Furthermore, it
was demonstrated that hyperthermia caused by the photothermal effect of the MnIO-BSA nanoparticles
under NIR laser irradiation resulted in significant death of the cancer cells.

Only a few studies use copper or europium as doping metals. In 2019, our group synthesised
extremely small citrate-coated iron oxide nanoparticles doped with Cu as a T1-weighted contrast
agent [99]. After studying several Cu doping amounts, IONPs doped with 4% mol of Cu (Cu4-NPs)
were chosen as the best probe. Cu4-NPs presented a hydrodynamic diameter of ~15 nm and a core size
of ~3.5 nm. Moreover, they showed a high 7 value of 15.7 mM™ s at 1.5 T and a low 7,/ ratio of
2.1. Interestingly, the reason for this increase in the r; values was due to the distribution of Cu atoms
within the iron oxide structure. In vivo MRA showed that Cu4-NPs provided high-quality images
with fine details of the vasculature up to 30 min post injection (Figure 4). In order to explore a different
probe application, RGD molecules were conjugated to the surfaces of Cu4-NPs for active tumour
targeting. In vivo T1-MRI experiments on tumour-bearing mice showed an increased positive signal
on the tumour after intravenous injection of the RGD-Cu4-NP, further confirming their use as a positive
contrast agent. Europium was used by Yang et al. [100] in 2015; this group produced citrate-coated
europium-doped iron oxide nanocubes, 14 nm in size, with high r; values of 36.8 mM~! s~! at 0.5 T and
a low rp/rq ratio of 2.65 for T1-weighted MRL In vivo results showed an increase in signal brightness in
the heart of healthy mice.

Figure 4. MRI (T;-weighted imaging) body angiography in healthy mice, before (a) and after the

intravenous injection, 0.04 mmol Fe kg‘], of Cu4-NPs at (b) 15 min (c) 30 min (d) 45 min. Reproduced
with permission from [99].

5.3. Multimodal T1-Iron Oxide Nanoparticles

The combination of MRI with complementary imaging techniques such as PET or SPECT (Single
Photon Emission Computed Tomography), allows protocols to be developed that exploit their synergy.
Although a great number of multimodal IONPs have been described for Tp-weighted MRI, only a few
examples have been reported for IONPs acting as positive contrast agents [116].

These examples are focused on the combination of biocompatible iron oxide nanoparticles with
radionuclides, such as Galium-68 (°Ga) or Technetium-99m (**™Tc) for PET and SPECT, respectively.

%Ga has been successfully used with IONPs in several multimodal experiments. In 2016,
Pellico et al. developed a Tj-weighted MRI/PET platform consisting of extremely small 68Ga—doped
IONPs synthesised using a microwave-driven protocol, which were diversely functionalised for
their use in several applications. For example, ®*Ga core-doped IONPs functionalised with RGD
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were synthesised for tumour angiogenesis targeting. This probe presented a hydrodynamic size
of 20.6 nm with core sizes of 2.5 nm. Furthermore, it showed a r; value of 5.7 mM~! s 1 at 1.5 T
and a low ry/rq ratio of 3.9, making it suitable for Ty-weighted MRI. In vivo MRI experiments in
tumour-bearing mouse models showed a brighter signal in the tumour 24 h post NP injection.!!*
In addition, in 2018 the group synthesised a biorthogonal nano-radiotracer for in vivo pretargeted
molecular imaging of atherosclerosis. This probe was based on the in vivo tetrazine ligation of an
imaging and a targeting moiety, which were functionalised with a tetrazine (Tz) and a trans-cyclooctene
(TCO), respectively. The imaging part consisted of ®Ga-doped IONPs that provided simultaneous PET
and T1-MRI signals, while the atherosclerosis targeting part consisted of an oxidised LDL (Low-Density
Lipoprotein)-targeting IgM antibody (E-06). ®*Ga-IONP-Tz presented a hydrodynamic diameter of
15.5 nm with a core size of 2.8 nm. Moreover, they showed a high r; value of 7.1 mM™' st at 1.5 T
and a low rp/rq ratio of 2.5, making them useful as contrast agents for Tq-weighted MRI. Ex vivo
T1-MRI of the aorta of an atherosclerotic mouse model showed a brighter signal on the atherosclerotic
plaque [117].

Regarding research carried out on ®™Tc-doped IONPs, in 2013 Sandiford et al. [118] produced
PEGylated bisphosphonate-coated USPIOs to use as a multimodal platform in T;-MRI and SPECT.
This probe showed a high r; value of 9.5 mM~1s71 at 3 T and a low ry/rq ratio of 2.9, enabling their
use as positive contrast agents. In vivo MRI experiments in healthy BALB/C mice showed a strong T
effect post NP injection resulting in a substantial increase in the signal from blood, making vessels,
the heart compartments and other highly vascularised organs such as the spleen visible (Figure 5a).
This biodistribution was also observed using SPECT/CT with the nanoparticles circulating 40 min after
i.v. injection (Figure 5b).

Figure 5. (a) In vivo MRI studies with PEG(5)-BP-USPIO: T;-weighted images showing the increase
in signal from blood in the vessels and the heart (ii) at different time points (f = 0 min, pre-injection).
(b) Maximum intensity projection SPECT-CT images after i.v. injection of radiolabelled (99mTc)
PEG(5)-BP-USPIO at the first (i, 40 min) and last (i, 200 min) time points. Labels: H = heart, S = spleen,
K = kidney, A = aorta, M = myocardium, LV = left ventricle, ] = jugular vein, AA = aortic arch, VC =
vena cava, L = liver, B = bladder. Modified and reproduced with permission from [118].

Besides the use of T1-IONPs for dual MRI(T1)/PET or SPECT imaging, G. Wang et al. reported an
example for MRI(T)/CT imaging. In this case, ultrasmall magnetite nanoparticles were combined
with Au nanocages rendering F-AuNC@Fe30;. The ultrasmall Fe3O4 particles (2.2 nm) showed a r; =
6.3 mM! s71, providing a T;-enhancement in MRI, whilst a strong X-ray attenuation was observed
due to the AuNC [119].
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6. Conclusions and Future Perspectives

In the last decade, significant effort has been made in the design of iron oxide formulations for
Ty contrast due to the associated toxicity in the application of the traditional Gd** contrast agents.
We have summarised the most important features to optimise IONPs as a T; contrast agent, i.e.,
ultrasmall core size with moderate crystallinity (usually maghemite (y-Fe;O3)) and high colloidal
stability with hydrodynamic sizes ranging from 5 to 20 nm. With the focus on the physicochemical
characteristics of T1-IONPs such as iron phase, core size, type of coating or the surface charge, there is
still room for improvement using the described synthetic procedures or novel strategies. Although the
optimisation of these properties brings associated higher T; performance, the longitudinal relaxivities
are still far from those obtained in some Gd**-based nanoparticles such as gadofullerens, gadolinium
oxide particles, Gd-nanocages or Gd** conjugated to mesoporous silica nanoparticles [120]. Tt is
noteworthy that the application of Gd3*-based agents has been thoroughly studied for many years,
whilst the potential of IONPs as T agents is an emerging field of research. Therefore, there is still a
lack of consensus to determine the best scenario for T1-IONPs. To date, the variability of the particles
showing different physicochemical properties and MRI responses is high. However, a broad number
of applications have been reported including not only MRI but also multimodal imaging for molecular
imaging applications or metal-doped particles for therapeutic purposes. In addition, other issues such
as biocompatibility, pharmacokinetics or delivery pathways must be studied in advance to guarantee
their clinical translation. In conclusion, there is great potential in the development of T;-IONPs with
several concerns to be evaluated in detail. Further studies must bring a clear conclusion about the best
properties and then adapt the formulations to clinical requirements.
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Abstract: Magnetic contrast agents are widely used in magnetic resonance imaging in order to
significantly change the signals from the regions of interest in comparison with the surrounding
tissue. Despite a high variety of single-mode T; or T, contrast agents, there is a need for dual-mode
contrast from the one agent. Here, we report on the synthesis of magnetic submicron carriers,
containing Fe3O4 nanoparticles in their structure. We show the ability to control magnetic resonance
contrast by changing not only the number of magnetite nanoparticles in one carrier or the concentration
of magnetite in the suspension but also the structure of the core-shell itself. The obtained data open
up the prospects for dual-mode T;/T, magnetic contrast formation, as well as provides the basis for
future investigations in this direction.

Keywords: magnetically-guided drug delivery systems; magnetite nanoparticles; magnetic resonance
imaging (MRI); polymeric core—shells; magnetic submicron core-shells; drug delivery

1. Introduction

The image quality and resolution in magnetic resonance imaging (MRI) depend on the working
mode, which choice is determined by the type of administrated contrast agent that reduces the
longitudinal (T) or transverse (T) relaxation times. T; contrast agents are more preferable for clinical
applications as they provide a stronger (brighter) signal of the regions of interest in comparison to
the surrounding tissue and, therefore, provide easy detection and further analysis. Gadolinium (Gd)
complexes have been widely used as T{ MRI contrast agents for decades. However, in recent years
there has been an ongoing debate about whether the benefits of their application generally outweigh
the associated risks, as Gd-based complexes, especially in the case of linear (open-chained) ligands,
can accumulate in brain tissue [1,2] as well as in the bone [3,4] and central nervous system [5] even in
healthy patients. For patients with renal failure, these agents (based on linear Gd-complexes) constitute
a high risk, because the moderate amount of them remains within the body for more than 24 h [6]
and could not be effectively removed from the organism [7]. However, a recent study [8] reports
about gadolinium-based contrast agents’ ability to cross the blood cell membrane and their retention
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in erythrocytes and leukocytes. Although the toxicity of gadolinium depends on its stability in a
particular complex, the risk of neural tissue retention exists for all gadolinium-based agents [4].

Graphene oxide, doped with Gd, was used to provide T; contrast and diminish toxicity [9].
However, in case of safe and effective choice, iron oxide nanoparticles are still preferable to use
as a contrast agent. They degrade in the organism and could be cleared out as soon as 12 h after
administration [10]. Moreover, ultrasmall (<4 nm) iron oxide nanoparticles provide high T; contrast,
r; relaxivity reaches 20 mM™! s~! with the use of various ligands [7,10]. At this dimension, particles
have reduced magnetic volume along with increased surface area and surface defects providing
paramagnetic properties [11]. Iron oxide nanoparticle incorporation into stable material such as SiO,
provides Ty contrast enhancement compared to the colloid state, nearly equal to commercially available
agents [12]. Nevertheless, the T; contrast increase leads to a reduction in T, contrast agent efficiency.

Both T; and T, MRI contrast agents are used to visualize drug delivery carriers and track them
during the time. Despite T;-weighted images are preferred for clinical practice, T, mode allows
for investigation in inflamed areas of fluid-rich tissues. Therefore, recent MRI studies have been
aimed at the development of agents and drug delivery systems providing dual-mode T;/T, contrast.
The most common way to create dual contrast agents is to combine materials with opposite contrast
properties [13,14], such as iron oxide nanoparticles and gadolinium [15]. Another way is the use of
iron oxide particles with the appropriate size and magnetization: Nanoparticles of more than 10 nm in
diameter are typically T, contrast agents, where the size less than 4 nm provides high Ty contrast [16].
However, nanoparticles of 3-10 nm in diameter were shown to possess dual MRI contrast, depending
on the size [16], shape [17], and surface functionalization [7]. In vivo dual T;/T, MRI contrast after
contrast agent administration was shown in [18] for both liver and kidney of the study mouse.

In this study, we developed the drug delivery systems with controllable structure-dependent
MRI contrast, based on dual-mode contrast Fe;O4 nanoparticles. These carriers are able not only to
change the contrast after their degradation [19] but also to have various T and T, contrast properties
depending on the amount and localization of iron oxide nanoparticles.

2. Results

2.1. Magnetite Nanoparticle Synthesis

Magnetite nanoparticle colloid was synthesized by the chemical precipitation method in an inert
atmosphere. From our point of view, the size of magnetite around 10 nm is optimal to have contrast for
both T and T, because the following increasing of nanoparticle size leads to significant reducing of r;
but decreasing of nanoparticle size induces the significant decreasing of r, [20]. The concentration of
magnetite colloid was 0.72 mg/mL (from the colorimetric titration method). The transmission electron
microscopy (TEM) image of Fe3O, nanoparticles is presented in Figure 1a. The average diameter,
measured by dynamic light scattering (DLS, Figure 1b), was 9.3 + 2.7 nm.

Number, %
&

100 1000 10000
Size, nm

Figure 1. Characterization of synthesized magnetite nanoparticles: (a) TEM image and (b) size
distribution, measured by dynamic light scattering.
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2.2. Magnetic Polymeric Submicron Core-Shells

The three different types of magnetic submicron core-shells were formed to study the dependence
of the magnetic nanoparticles amount and core-shell structure on their MRI properties. The average
size of the submicron core-shells was 576 + 102 nm. Each type had a shell formed by poly(allylamine
hydrochloride) (PAH) and poly(sodium 4-styrenesulfonate) (PSS) by layer-by-layer (LbL) technique [21].
The first type (so-called S, from the shell, Figure 2a,b) contained only one layer of magnetite nanoparticles
in the shell. In the previous study [19] we had shown that the variation of the package density of
magnetite nanoparticles in the layer of the microcapsule shell changes the resulting MRI contrast.
With the less distance between nanoparticles in the layer, the contrast (the ratio of the sample signal
to the water signal) and r; and r; relaxivities decreased. This can be caused by the increasing role
or magnetic interactions between nanoparticles when the distance becomes comparable to their size
because of close packing [22]. In the current study, the package density of magnetite that provides the
highest MRI contrast was chosen according to previous results [19].

sample type S sample type HCS
704 o oo o
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Figure 2. Scheme of (a) S, (¢) LCS, and (e) HCS submicron core—shells; SEM images of (b) S, (d) LCS,
and (f) HCS and EDX analysis of (g) S, (h) LCS, and (i) HCS samples. Scale bar: 500 nm.

The second type of submicron core-shells (LCS, from low-core plus shell, Figure 2¢,d) contained
one layer of magnetite in the shell along with Fe30, nanoparticles in the inner volume of the core—shell,
loaded by the freezing-induced loading (FIL) method [23]. Finally, the third type (HCS, high-core+shell,
Figure 2e,f) was the submicron core-shells analogous to LCS, but with four FIL loadings of magnetite.
SEM images of obtained core-shells are presented in Figure S1 (Supplementary Materials).

The presence of iron (III) oxide nanoparticles was confirmed by energy-dispersive X-Ray
spectroscopy (EDX), showing the two peaks at Ka = 6.3996 keV and K3 = 7.058 keV Fe characteristic
energies for the HCS sample with the highest Fe content (Figure 2i). With the decrease in magnetite
concentration in the sample, only one peak remains, as demonstrated for the LCS sample in Figure 2h.
However, some sensitivity threshold exists, below which the magnetite content is too low to be
determined. This happens for the S sample with iron (III) oxide nanoparticles only in the shell, so
we cannot see any specific Fe peaks at the EDX spectrum (Figure 2g). The transmission electron
microscopy (TEM) images of individual submicron core-shells are presented in Figure 3.
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Figure 3. TEM images of (a) S, (b) LCS, and (c) HCS submicron core-shell.

The amount of magnetite loading for each core—shell suspension was measured by colorimetric
titration. First, the core—shells were disrupted by the addition of sulfuric acid. Then, the qualitative
reaction of Fe ions with ammonium rhodanide was carried out, and the resulting absorption of the
solution was measured by a Synergy H1 multi-plate reader. To calculate the magnetite amount, the
level of absorption was compared with that for the standard Fe solution. All of the measurements were
made at least three times, and the resulting magnetite concentrations are shown in Table 1. The mass
amount of FezOy in one carrier (from 1.78 + 0.01 pg for the S sample to 7.95 + 0.13 pg for the HCS
sample) was calculated with respect to the average core—shell number in each sample suspension.
The dynamics of loading within the sample strongly correlates with the EDX data.

Table 1. Amount of magnetite nanoparticles loading into submicron core-shells data.

, Amount of Fe;04 The Mass Amount of
Type of Sample Core-Shell’s Structure Loaded, mg Magnetite per Carrier, pg
S PAH/PSS/PSH/MNPs/PAH/PSS 0.445 + 0.003 1.78 £ 0.01
LCS MNPs"f“’@PAH/PSS/PSH/MNPS/PAH/PSS 0.605 + 0.003 242 +0.01
HCS MNPs"8"@PAH/PSS/PSH/MNPs/PAH/PSS 1.987 +0.033 7.95+0.13

In order to measure the movement rate of the obtained core-shells in an external magnetic field,
we used photosedimentometry. The setup of the experiment is shown in Figure 4a. The core-shell
suspension was irradiated by 660 nm laser, and the transparency was measured during the time (see
graphs in Figure 4b). Dependent on the magnetite content, the speed of the core-shells movement to
the magnet changed. So, we calculated the average movement rate according to Equation (1):

o=t 0
where S is the distance between the cuvette wall and the laser, ¢; is a time of movement, v; is movement
rate, and I the number of a sample. We obtained the movement rates as follows: vs = 54.5 um/s,
vLcs = 10.2 um/s, and vpcs = 3.2 um/s. Therefore, the HCS core-shells with the highest amount of
magnetite possess a higher magnetic moment compared with other samples, so it can be controlled
better and easier navigated as a drug delivery carrier.
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Figure 4. Photosedimentometry of submicron core-shells in water during the time: (a) The experimental
setup, where 1—permanent magnet, 2—phototransistor, 3—laser beam, 4—cuvette with core—shell
suspension, 5—semiconductor laser; (b) time dependence of the core-shell suspension transparency in
an external magnetic field.

2.3. MRI Study

The obtained core-shell suspensions were investigated by MRIL. We obtained T; and T,-weighted
images in three different modes: T; spin-echo (SE), T gradient echo (FFE), and T, turbo spin-echo (TSE).
The visualization parameters remained unchanged for all the samples within one visualization mode.

2.3.1. Magnetite Nanoparticle Colloid

The iron oxide nanoparticle colloid possessed a dual T;/T, MRI contrast (Figure 5). This happened
because the average size of magnetite nanoparticles was in the range from 4 to 10 nm that provides
both T; and T, contrast [16]. Tj-weighted images demonstrated a significant increase in the signal
in comparison to water (surrounding media in the MRI images), stronger for the gradient than
for spin-echo mode. The T,-weighted image had the signal reduction for concentrations less than
0.04 mg/mL, indicating the nanoparticles as a T, contrast agent as well.
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Figure 5. MRI images of magnetite nanoparticle colloid.
2.3.2. Magnetic Submicron Core—Shells

The core-shell suspensions were diluted to various carrier concentrations in the sample prior to
MRI visualization since the concentrations of objects were the same for all samples. Thus, we obtained
the magnetic resonance images showing the dependence of the sample contrast on its magnetite content
(Figure 6). The sample S with the lowest iron(IlI) oxide content was shown to provide better MRI
contrast in the T; FFE mode in comparison with LCS and HCS samples. As it can be observed from
Figure 3a, the package density of magnetite nanoparticles in the shell of the carrier corresponds to the
previously mentioned assumption about the role of magnetic interactions in the resulting MRI contrast.
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However, the maximum of T, contrast can be observed after the addition of magnetite to the core
of the carriers for the LCS sample, although the HCS core-shell suspension demonstrates MRI contrast
only in Ty SE mode.

Concentration of carriers, 10°obj/mL | Concentration of carriers, 10°obj/mL | Concentration of carriers, 10°obj/mL | Concentration

> o o ) > o © P 0 QP o © o
PP o 12 6500 ) PP a2 12 16°a 0 0 91,‘%? GRS OAN I

Figure 6. MRI images of magnetic submicron core-shells.
3. Discussion

For both Ty and T, modes we obtained the dependencies of signal intensity, normalized to water,
on the magnetite concentration by analyzing the previously shown images (Figures 5 and 6). As for
the magnetite colloid, it had a high positive signal intensity (SI) change in both T; SE and FFE modes.
Although the maximum contrast was around 550% for SE sequence (Figure 7a) and up to 1700% for
FFE (Figure 7b), the concentration range, in which the contrast can be observed, is almost four times
wider for the gradient mode. However, nearly full decay of a signal was obtained for the T, TSE mode
that allows using the magnetite colloid as an effective negative contrast agent at concentrations more
than 0.04 mg/mL. The forms of contrast curves are typical for the Fe3O4 colloid [19].

[o]

600+ 2000 40
ES R E Y A
- N T1FFE :
$ 400 g 1900 g o
c f=4 f=4
b g g 2
° © 1000 °
@ 200 @ o 40
s S 500 3
g 0 T1SE g g -80 T2TSE
2 g o £ 100
0,0 0,2 04 0,6 0,0 0,2 0,4 0,6 0,0 0,2 0,4 0,6
Concentration of magnetite, mg/mL Concentration of magnetite, mg/mL Concentration of magnetite, mg/mL

Figure 7. MRI contrast dependence on magnetite colloid concentration: (a) T; spin-echo and (b) Ty
gradient echo; (c) T, turbo spin-echo. The blue line on each graph-water contrast level.

The obtained MRI images for the core-shell suspensions were also analyzed. Figure 8 shows the
dependencies of normalized to water SI change on the concentration of carriers. In T, mode (Figure 8c),
the full decay of a signal occurred only for the S sample until 0.05 mg/mL of Fe30, concentration,
which is similar to the magnetite colloid behavior (Figure 7c). When the amount of nanoparticles
increases (LCS and HCS samples), the T, contrast tends to zero. This can be explained by the intensive
magnetic interactions between nanoparticles while the distance between them decreases because of
their higher concentration and, thus, the density of packaging [19].

For the gradient sequence in T; mode, the tendency was generally the same. As it is shown in
Figure 8b, the SI change still falls down with more magnetite content in the core-shell. However, the
width of the contrast area has the same behavior—the highest for the S sample and the lowest for the
HCS one. In the T; spin-echo mode the tendency was surprisingly opposite. The S sample showed
the lowest SI change no more than 30%, but it significantly increased with the loading of magnetite
into the core. Moreover, the HCS sample provided 209% SI change on average even at high magnetite
concentration that provides its usage as a positive contrast agent at a wide concentration range along
with an ability of control and navigation by an external magnetic field.
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Figure 8. MRI contrast dependence on Fe concentration in submicron core-shells suspension for (a) Ty
spin-echo, (b) T; gradient-echo, and (c) T, turbo spin-echo: green curve—S sample; purple curve—LCS,
and orange curve—HCS submicron core-shells. The blue line on each graph-water contrast level.

To understand whether the characteristic form of magnetite colloid contrast curve remains
unchanged after its loading into the core—shells, we calculated the curve form change for each sample
according to the following Equation (2):

N;

C = , 2
I v @

where C; is the curve form change and N; is the normalized SI change for the current sample
concentration; Nmax is the maximum normalized SI change for the sample.

The obtained curves are presented in Figure 9. As can be seen from Figure 9a, for the T; spin-echo
mode the more the amount of Fe3O4 presents in the sample, the more the concentration at which
the contrast can be observed. The Ty gradient mode (Figure 9b) demonstrates the opposite behavior,
and here with the addition of magnetite to the sample the concentration at which the maximum
contrast occurs decreases along with the decrease in contrast properties (Figure 8b). However, in T,
mode S and LCS samples, unlike the magnetite colloid, possess only negative contrast even for low
concentrations, which makes them effective negative contrast agents. However, there is some threshold
concentration that exists, after which the sample loses the characteristic for magnetite contrast curve
form. For example, this occurred for HCS suspension in T SE and T, TSE modes.

[a] 1.07 [b1.001 11 Fre [c]04 12 1se

5 051 3 5 02

G 00 S 0.75] S 0.

o -0.5 =] o

c c c -0.21

@ -1.0 < <

S .51 S 0.501 S 0.4

E 2'0 Magnetite £ E 0.6

- colloid S s

o255 g ‘o 0.25] ‘s -0.81

2 .3.0] —Lcs g g 10

O 35] |—Hcs S 0.00] © 42l

-4.0 T T T T T v ) T

1E-3 0.01 0.1 1 1E-3 0.01 0.1 1 1E-3 0.01 0.1 1
Concentration of Fe 30,4, mg/mL Concentration of Fe 30,4, mg/mL Concentration of Fe 30,4, mg/mL

Figure 9. Curve form changes for magnetite colloid and core-shell suspensions in (a) T1 SE, (b) T1 FFE,
and (c) T2 TSE modes.

4. Materials and Methods
4.1. Materials

Iron (II) chloride hexahydrate (99.8%, Sigma-Aldrich, St. Louis, MO, United States), iron (II)
chloride tetrahydrate (99.8%, Sigma-Aldrich), sodium hydroxide (99.8%, Fluka, Buchs, Switzerland),
citric acid (99.8%, Sigma-Aldrich), sodium carbonate, calcium chloride, poly(allylamine hydrochloride)
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(PAH, average MW ~70 kDa), poly(sodium 4-styrenesulfonate) (PSS, average MW 70 kDa), ethylene
diamine tetraacetic acid disodium salt (Fluka), sodium chloride, glycerin (Reachem, Moscow, Russia)
were used without additional purification.

4.2. Magnetite Nanoparticle Synthesis

Magnetic nanoparticles were obtained by chemical precipitation from di- and trivalent salts of
iron in the presence of the base [24,25]. Initially, 1.3 g of FeCl3-6H,O and 0.478 g of FeCl,-4H,0O were
dissolved in water under room temperature with mixing. Then, 170 mL of 0.1 M NaOH was added
to the reaction cell. For further colloids stabilization, 25 mL of citric acid (32 mg/mL) solution was
prepared. A nitrogen was bubbled across the closed cells with mixtures of iron salts, sodium hydroxide,
and citric acid for 10 min to remove oxygen from the solutions. Further, the iron salts solutions were
injected into the sodium hydroxide solution after the heating until 40 °C with active mixing, after that
the solution was left under active mixing and nitrogen pressure for 40 s resulting in black sediment
formation of magnetite nanoparticles. Additionally, 25 mL of citric acid was added to the suspension
under constant mixing and nitrogen pressure. Dialysis of magnetic hydrosol was conducted during
three days in a 3 L vial under slow mixing. Mixing of reagents and washing steps were carried out
under nitrogen.

4.3. Fabrication of Magnetic Polymeric Submicron Core-Shells

The submicron vaterite particles were synthesized in glycerol from CaCl, and Na,COj3 salt
solutions according to the method described in [23]. First, 400 pL of each salt solution were added
to 4 g of glycerol at a constant stirring, and the resulted solution was left mixing for 1 h for CaCO3
submicroparticles formation. Then, the suspension was centrifuged, and the submicroparticles pellet
was washed three times with deionized water. After that, the FIL stage was performed for the LCS
and HCS samples: Prepared magnetite colloid of 2 mL were added to the sample, and it was freezed
while constantly stirring [23]. Freezing/thawing cycles were repeated 1 and 4 times for the LCS and
HCS samples consequently. Then, the polymeric shells were formed at all three samples by LbL
technique [21] from PAH and PSS polyelectrolyte solutions in concentration of 1 mg/mL. One layer
of Fe30y4 nanoparticles in concentration of 0.56 mg/mL was adsorbed into the shell. For each shell
layer formation, 1 mL of absorbing solution was added to the sample. As a result, the following shells
were formed on the template surface: PAH/PSS/PAH/MNPs/PSS/PAH/PSS. The core-shells made in the
current paper remained unchanged for at least six months and retained their zeta-potential.

4.4. Colorimetric Titration Measurements

The concentrations of magnetite in all the samples were measured by colorimetric titration, based on
the qualitative reation of Fe3* ions with ammonium thiocyanate. First, the magnetite colloid/core-shell
suspension was dissolved in 1M HSOy solution. Then, 20 puL of ammonium thiocyanate were added
to the sample under analysis, and the absorption level at the 473 nm wavelength was measured.
Analogous to it, we measured the absorption of the standard Fe?* solution in 1 M H,SO, with the
known concentration. The final Fe>* ion concentration in the aliquot was calculated according to
Equation (3):

Cpe = ——, ®3)
where Cpe is the concentration of Fe®* ions in the aliquot, Cg; is the concentration of Fe®* jons in

the standard solution, ng, and ng; are absorption levels of the aliquot and the standard solution
consequently. The final magnetite amount was calculated from the received data.
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4.5. TEM, DLS, SEM, and EDX Characterization

The measurements of the size distribution of the nanoparticles were performed using a Zetasizer
Nano ZS instrument (Malvern Instruments Ltd, Malvern, UK).

Transmission electron microscopy (TEM) of magnetite nanoparticles was performed using a
FEGTEM microscope (JEOL, Akishima, Tokyo, Japan) operating at 200 kV. TEM samples were prepared
via a drop-casting technique, where samples were dispersed and deposited onto copper grid mounted
“lacey” carbon films (Agar). All images were processed using the Gatan Digital Micrograph software.

TEM of submicron core—shells’ structure was performed using a Libra 120 Carl Zeiss microscope
(Carl Zeiss SMT AG Company, Oberkochen, Germany) operating at 120 kV. The measurement was made
on the basis of the Center of collective usage of scientific equipment in physico-chemical biology and
nanobiotechnology “Simbioz”, Institute of Biochemistry and Physiology of Plants and Microorganisms
Russian Academy of Sciences (IBPPM RAS).

Submicron core-shell morphology and chemical composition were investigated using a scanning
electron microscope (SEM) MIRA II LMU (Tescan Orsay Holding, Brno, Czech Republic), equipped
with INCA Energy energy-dispersive spectroscopy system. The SEM imaging was performed at the
operating voltage of 30 kV under standard secondary and back-scattered electron modes. For the study
of chemical composition, the energy-dispersive X-ray spectroscopy (EDX) was used.

4.6. Dynamics of Submicron Core-Shell Sedimentation

Submicron core-shell sedimentation rates in an external magnetic field were measured by the
photosedimentometry. The suspension of core-shells in water was placed in the transparent cuvette
(Figure 4a, number 4), through which the laser beam (Figure 4a, number 3) was going. We used a
660 nm semiconductor laser for the sample excitation. The permanent magnet (Figure 4a, number
1) was applied to the cuvette’s wall, so the magnetic field was directed perpendicularly to the laser
path. After that the laser goes through the analyzing suspension and the incident beam reaches
the phototransistor (Figure 4a, number 2). Using the described system, the time dependencies of
the core-shell suspension transparency in an external magnetic field were obtained. The core-shell
movement rates were then calculated.

4.7. MRI Study

In vitro MRI study was carried out using a Philips Achieva 1.5 T high field MRI scanner (Philips
Healthcare, Best, The Netherlands) equipped with a phased array coil. For obtaining Ti- and
Th-weighted images spin-echo sequences (SE) and gradient-echo sequences (FFE) were applied.
The following parameters were used for conducting measurements: The repetition time (TR) was
450 ms and the echo time (TE) was 15 ms for the T1-weighted pulse SE sequence; the TR was 61 ms
and the TE was 2.484 ms for the T;-weighted pulse FFE sequence; the TR was 3000 ms and the TE was
47.7 ms for the T-weighted pulse sequence. In order to increase MR signal in the T;-weighted image
the TR should be decreased, so tissues do not manage to relax after an external influence, and the TE
should be decreased too, because the sample highly changes the T, relaxation and it can influence on
the resulting MR signal in a T;-weighted image. At the same time, the T-weighted image requires to
have both long TR and TE [26].

5. Conclusions

In the current study, we demonstrated the fabrication of magnetic composite submicron carriers
with an ability to control the magnetic resonance contrast properties by changing their structure.
We found that the highest T, and T; gradient contrast can be observed from the core-shell suspension
with magnetite nanoparticles contained only in the shell. The contrast properties in these two modes
become worse with the addition of magnetite nanoparticles by freezing-induced loading and, thus,
increasing their packaging density and interactions between them. Nevertheless, the HCS core-shell

143



Inorganics 2020, 8,11

suspension with 4 FIL loading of magnetite surprisingly possessed the 209% normalized SI change
even for the high magnetite concentration in Ty SE mode. Thus, one can combine a high T; contrast,
not characteristic for the magnetic capsules, and their control by a magnetic field. However, if choosing
the appropriate structure, it can be possible to observe both T and T, contrasts from the carrier for
remote drug delivery and controlled release, all with the verification by MRI visualization, to which
our further studies will be devoted.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-6740/8/2/11/s1,
Figure S1: SEM images of (a) S, (b) LCS, and (c) HCS submicron core-shells.
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Abstract: Gd,O; nanoparticles doped with different amount of Yb%* ions and coated with citrate
molecules were prepared by a cheap and fast co-precipitation procedure and proposed as potential
“positive” contrast agents in magnetic resonance imaging. The citrate was used to improve the
aqueous suspension, limiting particles precipitation. The relaxometric properties of the samples
were studied in aqueous solution as a function of the magnetic field strength in order to evaluate the
interaction of the paramagnetic ions exposed on the surface with the water molecules in proximity.
The nanoparticles showed high relaxivity values at a high magnetic field with respect to the clinically
used Gd3*-chelates and comparable to those of similar nanosytems. Special attention was also
addressed to the investigation of the chemical stability of the nanoparticles in biological fluid
(reconstructed human serum) and in the presence of a chelating agent.

Keywords: paramagnetic properties; gadolinium oxide; relaxation agents; nanoparticles

1. Introduction

The magnetic resonance imaging is currently one of the best diagnostic solutions adopted in clinic
to identify different kinds of pathologies, due to the intrinsic high spatial resolution associated to the
use of low energy radiation. More than 40% of the clinical practices require the administration to the
patients of specific contrast agents. These probes are paramagnetic or super-paramagnetic compounds
able to reduce the longitudinal (T;) and/or the transversal relaxation time (T3) of the water protons in
tissues, thus increasing the sensitivity of the analysis, reducing possible artefacts, and improving the
quality of the collected images [1-3]. Currently, the T1-MRI probes used in clinics are mainly based
on linear and cyclic Gd3*-chelates, because they are characterized by good thermodynamic stability
and kinetic inertness and often well tolerated by the patients [1]. Nevertheless, the amount of contrast
agents required for the analysis is very high (from mM to M) and recently some studies reported on the
accumulation of these probes in the cerebral membrane. To overcome these problems, three different
strategies may be followed: (i) the design of novel paramagnetic probes based on less toxic metals (e.g.,
Mn?*, Fe3*, ... ), (ii) the optimization of the Gd(II)-chelates to enhance the relaxivity performances;
and (iii) the development of nanoparticles containing a large amount of paramagnetic sites, with high
relaxivity at magnetic fields used in clinic (1.5-3 Tesla). This last strategy is particularly interesting
because it favors a lowering of the detection limit of the MRI technique and a reduction of the contrast
agent amount to administrate [4].

The paramagnetic nanoparticles proposed in the literature are composed using a diamagnetic
inorganic support functionalized with Gd(IlI)-chelates, opportunely modified to promote their
chemical attachment on the surface [5-10]; or they are completely inorganic [11,12]. In the last
case, the particles contain directly in the framework paramagnetic Gd** ions, often combined with
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other lanthanides with specific properties [11]. Recently, GdF3, NaGdFy, and Gd;O3 systems were
synthesized and proposed for diagnostic applications [11]. These nanoparticles typically require
a careful design, aiming to reduce the particles size and to increase the surface hydrophilicity.
For instance, Van Veggel et al, recently demonstrated that the best relaxometric performances could be
achieved by decreasing the particles size to below 5 nm, with a consequent increase of the surface to
volume ratio [13]. The selection of the capping agents to confine on the particles surface is another
important topic. Particles with different anions and polymer groups were synthesized in order to
increase the water suspendibility [14-16].

Gd,O3 nanoparticles doped with luminescent lanthanides (Eu®*, Tb%*, Tm3*, and Er®*) [17-21]
have been extensively studied as potential optical imaging and MRI probes. Furthermore, because
of the largest atomic number of Yb3* among the lanthanides, mixed oxide nanoparticles containing
Yb3* and Gd3* ions were proposed as a potential dual CT (computed tomography) and MRI probes,
obtaining interesting results [22].

On the base of these considerations, we adopted in this work a low cost one-pot procedure for
the preparation of Gd,O3 nanoparticles, in order to reduce the reactions time and to eliminate the
calcination steps that typically require high temperatures. Their surface was functionalized with citrate
molecules able to stabilize the particles when dispersed in aqueous solution [23]. The idea to select
citrate as chelating agent is motivated by the interesting results obtained for GdF3 nanoparticles [23].
It was demonstrated that citrate molecules confer both high hydrophilicity to the particles surface, thus
improving the interaction of the metal ions exposed on the surface with the water molecules and high
negative charge density, favoring the stability of the final aqueous suspensions over the time. In parallel,
GdyO3 NPs were also doped with two different Yb3+ loading (5 and 10 mol %). The co-presence of
Gd>* and Yb3* ions in the same particle can open the way to their possible use as dual MRI and CT
contrast agents, as previously demonstrated for parent samples [22]. Specific attention was devoted
to the investigation of their relaxometric properties as a function of the magnetic field and of their
chemical stability in different conditions. These two aspects unfortunately are often missed in the
literature and they require a deep comprehension to opportunely design very efficient MRI probes.

2. Results and Discussion

Gd,03 nanoparticles and the derivative materials containing different Yb>* loading were prepared
by adapting a synthetic precipitation procedure reported in the literature [24]. In detail, Gd*" and Yb3*
precursors were dissolved in a few mL of triethylene glycol (TEG) that contained sodium hydroxide.
TEG molecules work as chelating agent for the metal ions, thus limiting the particle growth [25].
The reaction was carried at 210 °C for 1.30 h in the presence of citric acid in low molar amount,
in respect to Gd>* salt (more details are reported in the experimental section). As clearly demonstrated
in the literature, the citric acid plays two specific roles: (i) it limits the particles size by replacing the
TEG molecules on the particles surface and (ii) it improves the hydrophilic character of the particles
surface and the aqueous dispersion [23]. Nanoparticles with low (hereafter named Gd;O5:Yb LL)
and high Yb** loading (Gd;O3:Yb HL) were also prepared by introducing a solution of 5 and 10 mol
% of Yb3* salt along with the Gd3* precursor in the reaction. A schematic view of the GdyO3:Yb
nanoparticles functionalized with citrate groups are reported in Figure 1A.
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Figure 1. (A) Schematic view of GdyO3:Yb nanoparticles covered on the surface with citrate; (B) X-ray
profiles of Gd,Oj3 (red), Gd;O3:Yb (LL) (green), and Gd;O3:Yb (HL) (blue).

The structural properties of the samples were evaluated by an X-ray diffraction technique.
The diffractogram of Gd,O3 NPs shows two wide bands centered at 29° and 44° 26 (6 indicates the
diffraction angle), attributed to the crystallographic planes 222 e 440, respectively (Figure 1B). This is
typical of the body centered cubic structure, which has already been defined for these materials [26].
An additional component at low angles (ca. 22° 20) may be attributed to the organic fraction on
the particles surface, which is in agreement with the literature data collected for parent samples.
The X-ray profiles of the samples containing Yb?* ions are completely comparable to that of Gd,O3,
thus indicating that the incorporation in the structure of Yb* ions did not modify the structural
features of these nanoparticles (Figure 1B). Furthermore, it is important to note that the presence of a
wide band in the diffractogram of crystalline materials is typically associated to the nanometer nature
of such samples. In light of these considerations, the average particles diameter (d) of all the samples
was evaluated by applying the Debye-Scherrer equation (1) to the (222) reflection peak.

kA
" Bjcosf

)

In the Debye-Scherrer equation, By is the full width at half the maximum intensity (FWHM)
of the deconvoluted peak, A is the X-ray wavelength, 0 represents the diffraction angle and k is the
Scherrer’s constant that is 0.89 for spherical particles. The particle size estimated by X-ray diffraction
(XRD) analysis for the Gd,O3 and derivative materials is approximately below 2.0 nm.

The chemical composition of the nanoparticles was estimated using elemental analysis (ICP-MS).
The samples prior to the analysis were mineralized with concentrated nitric acid at a high temperature.
Considering a density of 28.24 Gd/ nm? [27], the amount of Gd?* ions into Gd,O3 was estimated
to be around 400 per particle. This number decreases to 378 and 349 when increasing the Yb%*
loading in Gd»O3:Yb LL and Gd,O;5:Yb HL, respectively. Further, 22 and 51 Yb?* ions per particle
that corresponded to 5.5 and 12.7 mol % were determined in the two samples at low and high Yb%*
loading. The amount of citrate molecules exposed on the nanoparticles surface was quantified by CHN
analysis, resulting to 2.38 mmol/g for Gd,O3 sample and 2.25 and 2.08 mmol/g for Gd,O5:Yb LL and
Gd03:Yb HL, respectively.

The presence of citrate on the nanoparticles surface was also confirmed through infrared
spectroscopy (IR). IR spectra of Gd,O3 and the samples such as Yb®* ions were collected at room
temperature and appeared very similar (Figure 2).
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Figure 2. Fourier-transform infrared (FI-IR) spectra of GdyOj3 (red), Gd;O5:Yb (LL) (green) and
Gd,05:Yb (HL) (blue).

The two main peaks at 1570 cm~! and 1410 cm~! are clearly detectable and assigned to the
asymmetric and symmetric stretching modes of the deprotonated COO™ groups of citrate units.
However, we must consider the band at 1570 cm ! as a shoulder less intense at high wavenumbers,
visible in all spectra that may be ascribed to the stretching vibrational mode of protonated COOH
groups. The presence of this band suggests that a faction of pH-dependent protonated citric acid is
also present on the particles surface.

The aqueous suspensions of the nanoparticles obtained directly by the synthesis procedure,
without further modifications, were monitored by dynamic light scattering (DLS) analysis.
The suspensions were visibly homogenous, as indicated in the digital photographs reported in
Figure 3A. They appeared stable for ca, in which 1h without particles sedimentation did not require the
use of surfactant or stabilizing agents to improve the particles suspension. Gd,O3 suspension shows
hydrodynamic diameter of ca. 40 nm because of a partial particles aggregation. The aggregation state
was more pronounced for Gd,O3:Yb LL and Gd,O3:Yb HL suspension, with hydrodynamic radius of
ca. 120 nm. A possible explanation of these differences in the aggregates size may be related to the
different charge density exposed on the surface.

B w ]
2 )
SNV

10 100 1000
Particles size (d.nm)

Figure 3. (A) Digital photograph of aqueous suspensions of Gd;O3, Gd;O3:Yb (LL) and GdyO5:Yb
(HL) (from left to right); (B) dynamic light scattering (DLS) analysis of Gd,O3 (red), Gd,O5:Yb (LL)
(green) and GdO3:Yb (HL) (blue) suspensions.
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To have more insights about this aspect, Z-potential analysis was performed on all samples in
aqueous solutions, using the same experimental conditions as the DLS experiments. All nanoparticles
showed a negative charge density with values of —14.0 mV for Gd,O3 and —7.0 and —10.7 mV for
Gdy035:Yb LL and GdpO3:Yb HL suspensions. These values are likely to be associated with the presence
of the citrate carboxylate groups that are not involved in the coordination with Gd** and/or Yb**
ions, which agrees with IR data. Differences in the amount of protonated and deprotonated citrate
groups can be responsible for the different charge density on the surface of the samples and their
aggregation behavior.

Finally, a preliminary relaxometric study was carried out in aqueous solution as a function of the
magnetic field applied, in order to evaluate the mechanisms responsible of the magnetic interaction
with water molecules. The longitudinal (r;) and transverse (1) proton relaxivities defined the efficacy
of 1 mM concentration of paramagnetic center to enhance the relaxation rates of the water protons.
The relaxivity values for all the samples were measured at 40 MHz and 60 MHz at 310 K and neutral
pH, along with the derivative r5/r; ratio (Table 1). The Gd>* concentration in aqueous solutions was
estimated by ICP-MS analysis.

Table 1. The 1y and r,/rq ratio values per gadolinium ion measured at 40 and 60 MHz (310 K).

Samples 0 mM s 1O mM1s™l)  r/r; (@0MHz)  ro/r; (60 MHz)

Gd;,03 14.7 14.2 1.35 1.60
GdyO3:Yb (LL) 147 147 1.39 1.92
Gd,05:Yb (HL) 131 132 143 1.64

For all samples, the 1, /7 values do not change dramatically in the 20-60 MHz frequency range;
they result to be below 2. This behavior suggests that these nanoparticles can be considered as positive
MRI contrast agents [28,29]. The longitudinal relaxivity values calculated at high magnetic fields
are in the 13-14 mM ! s~ range at 40 and 60 MHz, which is also the case for particles containing
different Yb3* loading. Moreover, these values are in line with those calculated for parent Gd,O;3
samples with comparable size [30] and much higher than those observed for commercial Gd**-chelates
contrast agents [28]. The enhancement of the relaxivity value is governed by the dipolar coupling
occurring between the paramagnetic ions and the protons of water molecules. This process involves
two mechanisms: a short-range interaction with the water molecules directly coordinated to the metal
ions (inner sphere contribution (IS)) or involved in H-bond with polar groups in close proximity to the
paramagnetic ions (second sphere mechanism (SS)) and a long-range interaction with the bulk water
molecules in proximity to the particles surface (outer sphere process (OS)) [31]. The contribution of
each mechanism interaction is related to the position of the paramagnetic ions in the final nanoparticle.
Metal ions distributed inside the particles core contributes to the relaxivity enhancement trough OS
mechanism, whereas the paramagnetic centers confined in the surface are accessible to the water
molecules and then they contribute to SS and/or IS mechanisms. It is known that when the inner
sphere contribution is active, its effect is markedly high and it determines the final relaxivity value.
Considering this in terms of Gd,03 nanoparticles, the Gd>* ions are statistically distributed both inside
and on the surface of the nanoparticles where the calculated relaxivity value is an average of conditions
in which different mechanisms (IS, SS, and OS) are involved, which was additionally observed for
GdF; and its parent materials [32].

To analyze in detail the role of the different mechanisms of interaction between the paramagnetic
particles and the protons of water molecules, 'H relaxivity value of the samples dispensed in aqueous
solution are measured as a function of the proton Larmor frequency (Nuclear Magnetic Resonance
Dispersion (NMRD)) [33] at 310 K from 0.01 to 500 MHz (Figure 4).
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Figure 4. 1/T; Nuclear Magnetic Resonance Dispersion (NMRD) profiles for Gd,O3 (red), Gd,O3:Yb
(LL) (green), and Gd,O3:Yb (HL) (blue) at 310 K. The best-fit curves (solid lines) are calculated using
the parameters of Table 2.

The NMRD profiles are typical of macromolecular systems with slow mobility, with a plateau
at low filed, followed by a dispersion from 1 to 10 MHz, and finally a hump at high magnetic fields
with a maximum close to 60 MHz (1.5 T), as previously observed for Gd,O3 and GdF3; nanoparticles
with comparable size (Figure 4) [30]. It is important to note that the relaxivity values calculated at
the different magnetic fields are an average result considering that all the paramagnetic ions in the
particle contribute in the same way to the relaxivity value. The best fit for the NMRD profile was
obtained by applying the Solomon-Bloembergen-Morgan (SBM) [34] and Freed’s [35] equations for
the inner- and outer-sphere proton relaxation mechanisms and considering also the second sphere
contribution. Some parameters were maintained during the fitting: the distance of closest approach
for the outer-sphere contribution agqy was fixed to 4.0 A; the distance between Gd3* ion and the inner
sphere water protons (rgqp) to 3.1 A; and the diffusion coefficient (D3!0), attributed to the outer sphere
water molecules diffusing close to the Gd®* ions exposed on the surface, was fixed to 3.1 x 107> cm?
s~ 1. The more convincing results were obtained by considering one inner sphere water molecule (g =
1) coordinated to the Gd®* ions with TR of 0.35 ns for all samples. The differences in the aggregates
size for the samples are limited and we did not observe a clear and direct relationship between the
particles size and the r; values during the best-fitting procedure. Furthermore, the good overlapping
of the 'H-NMRD profiles of GdyO3 and Gd,O3:Yb LL testified these considerations Nevertheless,
the SS mechanism was present and it corresponded to the presence of one water molecule for Gd,O3
and Gd,03:Yb (LL) samples and 0.75 waters for Gd,O3:Yb (HL), with a distance of 3.5 A and 1y’ of
0.20 ns for the first two systems and 0.17 ns for the particles with high Yb3* loading. The electronic
contributions correlated to the square of the zero-field splitting tensor, A2, The correlation time
describing the modulation of the zero-field splitting (Ty) are comparable for all the samples and the
relative values are reported in the Table 2.

Table 2. Selected best-fit parameters obtained from the analysis of the 1/T1 NMRD profiles (310 K) of
all the nanoparticles.

Samples A% (10" s72) Ty (ps) q TR (ns) q TR’ (ns)
Gd,03 2.83 £0.17 37.0+£23 1 0.35 +0.01 1 0.20 + 0.01
Gd,035:Yb (LL) 2.77 £0.13 326+1.6 1 0.35 +0.01 1 0.20 + 0.02
Gd,03:Yb (HL) 2.78 £0.21 328 +25 1 0.35 +0.01 0.75 0.17 + 0.02
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Finally, the stability of Gd,O3 nanoparticles was also monitored in reconstructed human serum
(Seronorm) by measuring the longitudinal relaxation rate (R;) values at 310 K and 40 MHz over the
time. Despite a limited decrease of the relaxation rate after few minutes of ca, 10%, mainly ascribed
to a possible alteration of the surface properties of the nanoparticles (i.e., replacement of the citrate
ions by other anions present in the serenorm matrix), the values remained constant for 24 h. This test
suggested that no detectable leaching of paramagnetic ions occurred in the matrix (Figure 5A).

In a second more severe test, the particles were treated with increased amount of a chelating agent,
ethylendiammine tetracetic acid (EDTA). The behavior was different for the three samples. For Gd,O3,
we assisted to a progressive decrease of r| value determined at 298 K and 40 MHz by increasing the
EDTA amount. The EDTA/Gd** molar ratio of 0.5 was enough to promote the complete erosion of
the nanoparticles with formation of the Gd(III)-EDTA chelate (Figure 5B). The particles bearing in the
structure Yb>* ions showed a completely different behavior. In the presence of limited amount of EDTA
(EDTA/Gd?* ratio of 0.3-0.5), the 7| value increases and this was mainly evident for the sample with
high Yb** loading. A further increase of the EDTA/Gd>* molar ratio promoted a partial degradation
of the nanoparticles with consequent decrease of the relaxivity values (Figure 5B). The partial increase
of the relaxivity at the beginning was tentatively attributed to the complexation of the Yb3* ions (not
directly responsible of the relaxivity values observed for these NPs) on the surface and to the relative
exposition of other internal Gd** ions, becoming more accessible to the water molecules.
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Figure 5. (A) Stability over the time of Gd,O3 (red), Gd,O3:Yb (LL) (green) and Gd,O5:Yb (HL) (blue)
in Seronorm suspension at 40 MHz and 310 K; (B) r; values (40 MHz, 298 K) for Gd, O3 (red), Gd,O3:Yb
(LL) (green) and GdO3:Yb (blue) as a function of [ethylendiammine tetracetic acid (EDTA)]/ [Gd3+]
molar ratio.

3. Materials and Methods

Gd;03 NPs: 2 mmol of Gd(NO3)3-6H,0O were dissolved in 10 mL of triethylene glycol (TEG).
In parallel, 6 mmol of NaOH were added to other 10 mL of TEG. A third solution was prepared by
dissolving 1.6 mmol of citric acid in 5 mL of TEG. All the solutions were stirred for 1 h at room temperature.
In the second step, the first two solutions containing Gd(NO3); and NaOH were jointed together and
maintained at 210 °C for 30 min. Then, the citric solution previously prepared was added and the final
matrix was stirred at 210 °C for 1 h. A brown suspension was obtained. The solid phase containing
Gd,O3 NPs was separated by centrifugation, and it was washed two times with 30 mL of ultrapure water.
The particles were maintained in aqueous suspension in order to prevent particles aggregation.

Gd;03:Yb NPs: A same procedure previously described for Gd,O3 was adopted for the
preparation of mixed oxides containing low and high Ytterbium loading. The only difference is
related to the molar amount of Gd3* and Yb®* precursor used in the reaction batch. In detail,
for particles with lower Yb3* amount (Gd»O3:Yb LL), 1.9 mmol of Gd(NO3)3-6H,0, and 0.1 mmol
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of Yb(NO3)3-5H,0 were used. On the contrary, 1.8 mmol and 0.2 mmol of Gd(NO3)3-6H,O and
Yb(NO3)3-5H,0, respectively, were dissolved in TEG solvent for the synthesis of the particles with
higher Yb** loading (Gd,O3:Yb HL).

Characterisation Methods

The amount of Gd** and Yb®* in the final materials was estimated using ICP-MS Thermo Scientific
X5 Series (Waltham, MA, USA). The samples were mineralized via dissolution in HNOj3 (5 mL) at
120 °C for 24 h. The amount of citrate in the nanoparticles was quantified by using Euro EA CHNSO
Analyzer of HEKAtech GmbH Company (Wegberg, Germany). XRD patterns were obtained on a ARL
XTRA48 diffractometer (Portland, OR, USA) by using Cu K« radiation (A = 1.54062 A). IR spectra
were collected in air at 298 K in the range (4000-400 cm~ 1) and with a resolution of 4 cm ™! by using a
Bruker Equinox 55 spectrometer (Milano, Italy). The samples were mixed with KBr (10 wt %). DLS and
Z-potential experiments were performed on a suspension of the particles in aqueous medium by using
a Zetasizer NanoZS instrument (Malvern, UK) operating in the particle size range from 0.6 nm to
6 mm and equipped with a He-Ne laser (A = 633 nm).

The water proton longitudinal relaxation rates were measured with a Stelar Spinmaster spectrometer
(Pavia, Italy) operating from 20 to 70 MHz at 310 K. The standard inversion-recovery method was employed
(16 experiments, 2 scans) with a typical 90° pulse width of 3.5 us. The temperature was controlled with
a Stelar VTC-91 airflow heater equipped with a copper—onstantan thermocouple. The proton 1/T;
NMRD profiles were measured on a fast field-cycling Stelar SmarTracer relaxometer over a continuum
of magnetic field strengths from 0.00024 to 0.25 T (corresponding to 0.01-10 MHz proton Larmor
frequencies). Additional data points in the range 20-70 MHz and at 500 MHz were obtained using
a conventional spectrometer using WP 80 magnet interfaced with a STELAR console and Bruker NMR
spectrometers, respectively.

4. Conclusions

In conclusion, Gd,O3 nanoparticles doped in the framework with different Yb®* loading were
successfully prepared through a fast and easily reproducible synthetic approach and they were
decorated with hydrophilic citrate molecules. Nanoparticles that did not incorporate Yb>* were also
prepared as a reference material. In all cases, we obtained appreciable aqueous suspensions, which
were stable and homogeneous without sedimentation. The samples showed relaxivity values at high
magnetic fields, which were improved in respect to the clinically approved Gd(IlI)-chelates and in
agreement with the results observed for comparable Gd;O3 and GdF; nanoparticles reported in the
literature. 'H NMR relaxometry data indicated that the relaxivity values were mainly determined by
the inner sphere contribution, but also second sphere water molecules H-bonded to the polar groups
of citrate contribute to the final relaxivity. The nanoparticles were chemically stable in physiological
medium (human serum). Furthermore, Gd,O3; samples doped with Yb3* ions and with particles
size distribution in aqueous solution centered at ca. Moreover, 120 nm (comparable to the samples
here discussed) were tested both in vitro and in vivo as dual contrast agents and a toxicological study
demonstrated the good biocompatibility and safety of these nanoparticles [22]. These features along
with the co-presence of Gd*>* and Yb3* ions in the same inorganic structure make these nanoparticles
suitable for dual MRI-CT diagnostic analyses.
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Abstract: Water quality has become one of the most critical issue of concern worldwide. The main
challenge of the scientific community is to develop innovative and sustainable water treatment
technologies with high efficiencies and low production costs. In recent years, the use of nanomaterials
with magnetic properties used as adsorbents in the water decontamination process has received
considerable attention since they can be easily separated and reused. This review focuses on the
state-of-art of magnetic core-shell nanoparticles and nanocomposites developed for the adsorption
of organic pollutants from water. Special attention is paid to magnetic nanoadsorbents based on
silica, clay composites, carbonaceous materials, polymers and wastes. Furthermore, we compare
different synthesis approaches and adsorption performance of every nanomaterials. The data
gathered in this review will provide information for the further development of new efficient water
treatment technologies.

Keywords: adsorption; magnetic separation; nanotechnology; water treatments

1. Introduction

The deterioration of water quality by organic pollutants has become a global issue of concern that
requires an effective solution. According to the European Environmental Agency Report, only around
40% of surface waters (rivers, lakes, and transitional and coastal waters) are in a good ecological
status, and 38% are in a good chemical status [1]. Another report, on the quality of 100 rivers from
27 European countries concluded that only about 10% of the river water samples analyzed could
be classified as “very clean” in terms of chemical pollution [2]. Pollutants present in water are
classified as organic and inorganic and can reach surface waters and groundwaters mainly through
industrial effluents, agricultural runoff, sewage plants and other human activities. In general, organic
pollutants including aromatic compounds, dyes, pesticides, and antibiotics are toxic and/or resistant to
microbial degradation. Once these organic pollutants enter the water bodies, water is no longer safe
for drinking purpose and sometimes the complete removal of these pollutants from the water is a very
difficult process.

Dyes are released by various industries, such as food, cosmetics and especially textiles [3,4].
According to incomplete statistics, over 35,000 metric tons of dyes are released into the environment [5].
Emerging contaminants, as pharmaceutical and personal care products, pesticides, food additives,
surfactants, etc., are present in different water resources in the range of ng L‘l—p.g L1 [6]. These
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compounds are generally non-biodegradable or poorly biodegradable, thus becoming stable and
persistent compounds when released into surface and groundwaters [7]. On the other hand, aromatic
compounds, as phenols, anilines and polycyclic aromatic compounds, are also environmentally relevant
contaminants and can be widely found in the effluents from dyestuffs, pharmaceuticals, petrochemicals,
and other industries [8]. In recent years, there has been growing concern about the presence of these
compounds in the aquatic environment due to their wide distribution and potential adverse health
effects even at low concentration [8,9].

Various water treatment processes have been developed to reduce organic compounds’ levels in
waters, such as photocatalysis, ozonolysis, electrolysis, membrane process and adsorption. Among these
methods, adsorption is one of the most promising techniques in water remediation due to its low cost,
easy operation, the possibility of regeneration and feasibility of application in field conditions [3,6,10,11].
The overall adsorption process consists of the following key steps: (a) pollutant adsorption (b) recovery
of the adsorbent for further reuse (c) adsorbent regeneration, and (d) management of both the
regeneration solution and the saturated adsorbent. Adsorbent regeneration is a crucial economic factor
for industrial applications [5]. Part of the cost that affects the application of the adsorption process lies in
the possibility of reusing the adsorbent material several times. Therefore, the adsorbent material must
have a good affinity to remove contaminants, be stable (i.e., not lose some of its components by leaching
or bleeding) and must be regenerated and used in various adsorption/desorption cycles. To guarantee
the reuse of the adsorbent, the separation process of the adsorbents from the aqueous medium is a key
step to achieve a good performance and cost-effective treatment. Filtration or centrifugation techniques
are often used for the separation process, but both techniques are not cost-effective and are difficult
to handle when large volumes of water are used [11]. Moreover, adsorbents may lead to blockage
of the filters or loss of adsorbent. To overcome these problems, the use of magnetic nanoadsorbents
has been proposed [12,13]. Magnetic separation is an environmentally friendly alternative for the
separation and recovery of nanomaterials, since it minimizes the use of solvents and auxiliaries, reduces
the operation time, and is a cost-effective method compared to conventional separation processes as
filtration or centrifugation [14]. For the reasons outlined above, magnetic adsorbents have emerged as
a new generation of materials for decontamination processes [15]. In particular, the most commonly
employed magnetic carriers for environmental applications are magnetite (Fe304) and maghemite
(v-Fe;O3) nanoparticles, because they are easy to synthesize, environmentally friendly, and have
high saturation magnetization. The magnetic properties of iron oxide nanoparticles, in particular of
those commonly used in environmental applications, are well documented and reviewed elsewhere
and are beyond the scope of this review [16,17]. Bare magnetic iron oxide nanoparticles undergo
oxidation/dissolution, especially in acid solutions [15,18], and co-aggregation because of their high
surface energy [10,18], and even in environmental conditions their chemical stability can be affected [19],
which limits the large-scale application of magnetic iron oxide nanoparticles. Therefore, a large number
of functionalized magnetic nanoparticles and magnetic nanocomposites with new structures and
surface properties have been produced to overcome the deficiencies of magnetic nanoparticles, provide
more active sites and improve their aqueous stability and versatility. Currently, many different materials
have been used in combination with magnetic nanoparticles to manufacture magnetic nanoadsorbents,
such as silica, activated carbon, carbon nanotubes, polymers, metal-organic frame works, and clays,
showing varying extents of effectiveness in removing the organic pollutants from water. Each type of
adsorbent nanomaterial has different surface properties, surface chemical groups, and specific areas
and pore size. The selection of the appropriate material represents a critical factor to guarantee efficient
removal of the organic pollutant.

This review was designed to provide an overview of the synthesis methods, surface properties
and application in organic pollutant removal of different magnetic nanoadsorbents. We will present
recent scientific progress on the preparation of magnetic core-shell nanoparticles and nanocomposites
paying special emphasis on materials with high adsorption capacities. Although there are many review
articles in the literature that cover the application of magnetic nanomaterials in the environmental
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field [13,14,17,20-24], we believe that more specific data gathering is still needed on the synthesis
methods and properties of magnetic nanoadsorbents that have been developed so far, and their
efficiencies and limitations in the water treatments. This information will contribute to the field of
rational design of nanomaterials for water treatment and will help in designing more efficient water
treatment technologies to guarantee adequate water quality.

2. Silica-Based Materials

Silica (chemically SiO,) has a three-dimensional network structure that consists of SiO4 and ends
with oxygen through siloxane groups (Si-O-S5i) or silanol groups (Si-OH) [25]. Silanol groups offer a
rich surface chemistry useful in the adsorption process, since they can complex some molecules and
metal cations. This interaction can be improved by modifying the pH, due to their acid-basic behavior.
In consequence, bare silica can be used as an efficient adsorbent for pollutants, such as dyes, heavy metals
and aromatic compounds [26]. Silica nanoparticles can be porous or non-porous. Mesoporous silica
(mSi0,) is a unique class of synthetic porous material, with a pore size between 2 and 50 nm. Because
of its porosity and higher surface area, mesoporous silica is often preferred as an adsorbent rather
than non-porous silica. The highly adjustable structure, versatile surface chemistry, low production
cost and simple synthesis procedure are the primary benefits that encourage their application in
adsorption. Moreover, silanol groups allow the introduction of a wide variety of functional groups
to the silica surface. Therefore, many surface functionalization methods, post-synthesis or during
synthesis, have been developed to improve the adsorption capacity and selectivity of mesoporous
silica [26-31]. The incorporation of iron and iron oxides, such as magnetite and maghemite, to the
silica structure is usually carried out by two approaches. One method consists in covering a core
of iron oxide nano- or micro-particles with a shell of non-porous silica or mesoporous silica to
produce hierarchical structures known as “core-shell” particles (Figure 1A,B). These structures have
the additional advantage of protecting the iron-based core from leaching and oxidation in water [32]
and, at the same time, of reducing the tendency of aggregation of the particles. In the other method,
magnetic particles are dispersed onto mesoporous silica. Wang and co-workers [33] prepared magnetite
by the hydrothermal method and they covered with a non-porous silica shell via the Stober method.
The obtained Fe;0,@SiO; nanoparticles were tested for the removal of anionic dye Congo Red.
As expected, the adsorption results were strongly pH dependent. The silanol groups at low pH values
are protonated allowing electrostatic interactions between Fe30,@SiO, nanoparticles and Congo Red
molecules, which leads to a higher dye removal performance. These core-shell type particles can be
further modified in different ways. Recently, Cao’s group [34] used the polymer polyvinylpyrrolidone
(PVP) to provide affinity to hydrophobic substances to Fe304@SiO, particles. They prepared magnetic
cores by the miniemulsion method, then covered them with non-porous silica shell and finally with PVP.
The resulted adsorbent (Fe304@SiO,-PVP) was tested for the hydrophobic compound phenanthrene.
The adsorption reaches the equilibrium fast (10 min), and the maximum adsorption capacity was high
compared to previous PAH adsorption reports [35].
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Figure 1. (A) TEM image of non-porous silica covering Fe3O4 nanoparticles (reproduced with permission
from [36], published by Royal Society of Chemistry, 2015; (B) TEM image of mesoporous-silica covering
Fe304 nanoparticles (reproduced from [37], published by Royal Society of Chemistry, 2018); (C) SEM
images of Raspberry-like” supraparticle system (reproduced with permission from [38], published
by ChemNanoMat, 2019); and (D) TEM micrographs of Fe;0,@S5iO,@h-mSiO, (reproduced with
permission from [36], published by Royal Society of Chemistry, 2015).

The incorporation of silane groups is one of the most common procedures to provide affinity
and versatility to an adsorbent for a specific target pollutant [39]. A silane is a group that consists
in a central silicon atom bonded to alcoxy groups (usually methoxy and ethoxy) and at least a
different moiety with a specific group, such as amino, thiol, hydroxy, vinyl, aliphatic chains, aromatic
chains, etc. In a silanization reaction, the surface hydroxyl groups of the solid (e.g., Si-OH in SiO,
or Fe-OH in Fe30,) react with the alcoxy groups of the silane and form a covalent bond (Si-O-Si
in SiO; and Fe-O-Si in Fe;04). The work of Sasaki and Tanaka [40] is an example of a simple
silanization procedure. They covered commercial magnetite with phenyltrimethoxysilane (PTMS)
and studied the adsorption mechanism with several aromatic compounds. The new functionality
incorporated by a silane allows further modifications. For instance, the incorporation of vinyl groups
by grafting of 3-(methacryloxypropyl)trimethoxysilane (MPS) to Fe30,@SiO, nanoparticles allows
a radical polymerization reaction to obtain a polymer covering the nanoparticles [41,42]. Jiaqi and
co-workers [43] lately proposed a dendritic-like structure to enlarge the magnetic silica nanoparticles
area and thus improve their adsorption performance. For this, 3-chloropropyltriethoxysilane (CPTES)
were grafted to Fe30,@SiO, NPs; then a substitution reaction with ethylenediamine and finally a
chemical reaction with maleic anhydride were performed. The obtained carboxylated ethylenediamine
functionalizated nanoparticles (Fe304@SiO,-EDA-COOH) show remarkable magnetic saturation and
high sorption capacity of cationic dye methylene blue and can be reused five cycles. However,
the reported maximum sorption capacity of 43.15 mg g~! corresponds to a relatively high pH of 10.
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Wang’s group [44] developed a novel MOF-based smart adsorbent named Fe;0,@SiO,@UiO-67
for the simultaneous selective recognition, detection and removal of organophosphorus pesticide
glyphosate for the first time. The prepared adsorbent contains Zr-OH groups with high affinity for
phosphate groups, endowing it with an outstanding adsorption capacity for glyphosate. Furthermore,
the adsorbent was able to be reused four times with no significant adsorption capacity decrease.

Other types of magnetic silica-based materials use nanoscale zero-valent iron (nZVI) instead
of iron oxides as a core. nZVI is commonly applied as a catalyst because of its strong reduction
capability. However, there are a few reports of their use to provide magnetic properties to silica-based
materials. Li et al. [35] synthesized nZVI nanoparticles coated with silica and polydopamine using a
two-step process. The obtained adsorbent (Fe@SiO,@PDA) was applied in the removal of anthracene
and phenanthrene from aqueous media, achieving maximum adsorption capacities of 0.185 and
0.367 mg g1, respectively. Interestingly, the adsorption efficiency of Fe@SiO,@PDA barely decreased
after 10 cycles.

Recently, a novel particle system, so-called raspberry-like supraparticles, consisting in
magnetite/maghemite and amorphous silica nanoparticles, was studied in the adsorption of methyl
blue dye [38]. For the synthesis of these nanoparticles, the method of spray-drying was used: droplets
from nanoparticle dispersions were generated in a hot chamber and the solvent was evaporated,
forcing the remaining nanoparticles in the droplets together to form supraparticles. The supraparticle
system consisted of nanoparticles of 10 nm diameter (Figure 1B) and showed a maximum adsorption
capacity of 93 mg g~!. Though this adsorption capacity is comparable or lower than previous reports,
the adsorption kinetics results to be outstandingly fast, reaching equilibrium within 60 s. Further, the
system can be regenerated either thermally or by acid treatment and can be reused consecutively with
a slight loss in adsorption capacity.

Currently, it is of interest to have alternative silica sources rather than synthetic reactants, e.g.,
from industrial waste, to prepare silica-based materials and adsorbents. This approach could contribute
to minimize waste and to apply more economic methods. For instance, silica were obtained from
rice husk by calcination and acid leaching and with microwave assistance [45,46]. Additionally,
solid waste coal gasification fine slag as the silica source successfully produced mesoporous glass
microspheres with a specific surface area of 364 m? g~! and an adsorption capacity of 140.57 mg g~! in
methylene blue removal [47]. Recently, silica obtained from rice husk has been used to incorporate
an amorphous silica shell onto magnetite obtaining core—shell nanoparticles [45]. These particles
were then amino-functionalized with (3-aminopropyl)trimethoxysilane (APTMS) and tested in the
adsorption of methylene red dye.

The preparation of core—shell magnetic mesoporous silica is generally a multi-step procedure:
synthesis of magnetic nanoparticles, coating with mesoporous silica, removal of template,
and functionalization of the mesoporous silica shell. Among the many synthesis procedures for
mesoporous silica [28], the hydrothermal method, based on the sol-gel Stober method, is the most
frequently reported for adsorbent preparation. This process consists in the polymerization of a silica
precursor (e.g., TEOS) directed by micelles of a templating agent that lead to a mesoporous silica covering
formerly prepared magnetic cores in a perpendicularly aligned pore arrange. Then, the templating
agent remaining inside the pores is usually removed by calcination [37] or reflux in ethanol/acid
water mix [48]. The pore size, particle size and morphology of mesoporous silica can be adjusted
by selecting different template agents, by controlling pH and by using additives [29]. For instance,
the synthesis of MCM-41 typically involves the cationic surfactant cetyltrimethylammonium bromide
(CTAB); meanwhile, the neutral co-polymer with larger molecular weight Pluronic P-123 is used in
preparation of SBA-15 [30]. Adding a co-solvent, like trimethylbenzene (TMB), to expand the micelle
formed by the templating agent is another way to obtain wider pores [49]. Finally, the functionalization
of mesoporous silica can be done post-synthesis or even during synthesis.

Zhang and co-workers [37] prepared these kinds of magnetic silica-based particles functionalized
with cyclodextrins and they tested them as an adsorbent of the antibiotic doxycycline (DOX).
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Cyclodextrins (CDs) are a class of macrocyclic molecules with a hydrophilic exterior and a lipophilic
interior cavity, and they can form inclusion complexes with organic molecules, which can be trapped
in the hydrophobic cavity through multiple interactions, including inclusion interactions, hydrophobic
interactions, electrostatic attractions, and m-7 interactions. First, magnetite was prepared via
the solvothermal method and later these particles were covered with a non-porous silica layer
through a modified Stober method. The as-prepared Fe;O4@SiO, microspheres were put in a
water solution of CTAB and triethanolamine; then, TEOS was added and a mesoporous silica
layer covering the microspheres was formed. After calcination, Fe3O0,@SiO,@mSiO, microspheres
were obtained (Figure 1C). To introduce covalently bound cyclodextrins, the Fe;0,@5i0,@mSiO,
microspheres were added to a basic water/ethanol solution containing APTMS and monochlorotriazinyl
B-cyclodextrin (MCT-3-CD). The obtained Fe30,@SiO,@mSiO,-CD microspheres showed a maximum
DOX adsorption capacity of 78 mg g~! at initial pH of 3.8. The pH of the DOX solution significantly
affected the adsorption process, which is spontaneous at 298 K. The contact time required for antibiotic
adsorption using this adsorbent is short compared to activated carbon.

In order to develop a simple synthesis procedure amenable to scale-up, some authors propose the
functionalization of mesoporous silica during synthesis. One method consists in the co-condensation
reaction adding a silane along with the primary silica precursor in the presence of a surfactant, thus
obtaining structures known as periodic mesoporous organosilicas [50]. Cai’s group reported the first
one-pot synthesis of functionalized magnetic mesoporous silica composites for the adsorption removal
of organic dyes from water [51]. The adsorption of methyl blue on the obtained adsorbent, here termed as
Fe304,@mSi0,—C18, has anegligible influence of solution pH in the range of 4.5-9.5 with an optimal at pH
7.5 and a maximum adsorption capacity of 363 mg g~! according to the Langmuir model. Furthermore,
the adsorption equilibrium was achieved within a relatively short period of time (20 min), because of
the high surface area and short adsorption path of mesoporous solid. Another approach is the work of
Keller’s group [52] in which the surfactant 3-(trimethoxysilyl)propyl-octadecyldimethyl-ammonium
chloride (TPODAC) was used as a templating agent to prepare permanently confined micelle array
core-shell nanoparticles. Maghemite cores were surrounded by TPODAC and TMB as a micelle-swelling
agent, and then TEOS was added to covalently bind the surfactant onto the magnetic cores. Three
different TMB:TPODAC weight ratio were tested. The authors studied the adsorption performance
of the as-prepared nanoparticles (y-Fe,O3@mSiO,-TPODAC) on methyl orange, sulfamethoxazole,
gemfibrozil, acenaphthene and phenanthrene. It was found that larger amounts of TMB (TMB:TPODAC
60%) results in a noteworthily higher sorption kinetic rate as well as slightly higher sorption capacity.
In addition, the core—shell nanoparticles showed good adsorption capacity after five regeneration
cycles. The nanoparticles show relatively low surface area and magnetic saturation; however, they
proved to be a versatile adsorbent for dyes, ECs and PAHs.

Composites consisting of magnetic nanoparticles dispersed in a mesoporous silica matrix were
also developed and applied as adsorbents. Ghanei [53] prepared iron oxide nanoparticles embedded
in SBA-15 mesoporous silica functionalized with 3-methacryloxypropyltrimethoxysilane followed by
a polymerization with acrylic acid monomer. The obtained adsorbent M-SBA-15/CPAA proved to
have a noteworthy adsorption capacity towards Acid Blue 25 dye. However, the adsorption process
proved to be strongly pH-dependent and the maximum corresponds to highly acid conditions (pH 2).
Other composites functionalized via polymerization onto silica surface were used for removal of the
dyes [54].

Hollow mesoporous silica spheres (Figure 1D), in contrast with conventional mesoporous silicas
such as MCM-41 and SBA-15, have some additional features including low density, high adsorption
capacity, high storage capacity and permeability, turning them into promising materials for applications
in drug delivery, catalysis and adsorption [36]. Thus, the preparation of nanocomposites with magnetic
cores inside the cavities of hollow mesoporous silica spheres, namely rattle-type or yolk-shell magnetic
mesoporous silica nanocomposites, is of great interest for a variety of environmental applications.
The study of Jin and co-workers [55] is the first report about the adsorption capacity of rattle-type
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nanoparticles. The synthesis consists in preparation of magnetic particles, covering with silica and a
sacrificial template (resorcinol-formaldehyde resin polymer), a further layer of mesoporous silica and
calcination to remove the organic matter. The prepared spheres, here named y-Fe,O3@SiO,@h-mSiO,,
present a similar fast removal rate of methyl blue to mesoporous MCM-41. The adsorption capacity
increase with the pH, with a value of 41 mg g~! at pH 7.2.

Table 1 summarizes the adsorption capacities and some physicochemical properties of the
silica-based nanocomposites described in this section.

Table 1. Application of magnetic silica-based nanoadsorbents for organic pollutants removal from water.

Surface Area Magnetic Adsorption
Adsorbent (2 g-1) Saturation Organic Pollutant Capacity Ref.
& (emu g~1) (mg g™1)

Fe;0,@SiO, - 48.06 Congo red 50.54 [33]
Fe;0,4@SiO,-PVP 60.82 30.89 Phenanthrene 18.84 [34]
Fe;0,4@Si0,-VTEOS-DMDAAC - - Methylene blue 109.89 [41]
Fe;0,@SiO,-EDA-COOH - 58.7 Methylene blue 43.15 [43]

. Methylene blue 58.67
Fe;0,@Si0,@Zn—-TDPAT - >20 Congo red 1773 [56]
Fe;0,@Si0,@Ui0-67 - 20.9 Glyphosate 256.54 [44]

. Anthracene 0.484
Fe@SiO,@PDA - 51.98 Phenanthrene 0184 [35]
Fe30,/Si0; 10 nm SP 193 >25 Methylene blue 93 [38]
Fe;0,@Si0,-NH, - >40 Methylene red 81.39 [45]
Fe30,4@Si0,@mSi0,-CD 119 30.99 Doxycycline 78 [37]
Fe;0,@Si0,-C18 303 22.62 Methylene blue 363.64 [51]

Methyl orange 104

Gemfibrozil 50

v-Fe;03@mSiO,-TPODAC 1.63 7.09 Sulfamethoxazole 50 [52]

Acenaphtene 0.83

Phenanthrene 0.95

Direct blue-6 142.7
mMCM-41-g-p(GMA)-TAEA 185 19.6 Direct black-38 79.9 [54]
M-SBA-15/CPAA 159 2.68 Acid blue 25 909.09 [53]
v-Fe;O3@Si0,@h-mSiO, 329 - Methylene blue 41 [55]
MNCM-1 576 29 Methylene blue 248 [57]

3. Clay-Based Composites

Clays are naturally occurring adsorbents, although their hydrophilic character and natural
negative charge limits the adsorption capacity of many hydrophobic organic pollutants and anionic
compounds [4,58,59]. Despite this, their swelling capacity and ability to interleave and/or graft different
substances makes them as a very attractive option to develop different composites. Several techniques,
such as the incorporation of organic cations, polymers and metals using pillaring, have been used
to modify the surface and structural properties of clays [60-63]. Adsorption studies using modified
clay minerals as adsorbents have shown remarkable results [60,64,65]; however the small particle size
and low density of these materials makes it difficult to separate them from the aqueous solution [66].
Therefore, conferring magnetic properties to clay minerals could open a wide range of possibilities
for water treatment. The preparation of magnetic clay mineral composites has been the subject of
various studies [3,4,6,10,11,67,68]. The interlayer space, channels, siloxane surfaces and edges of the
clay minerals provide hosting sites to stabilize magnetic NPs, thus leading to the formation of magnetic
nanoparticles/clay mineral nanocomposites [18]. Typical synthesis routes to prepare magnetic clay
minerals nanocomposites are pillaring, coprecipitation and intercalation (Figure 2). Pillaring represents
a simple synthesis route where two strategies are possible; the combination of magnetic NP and
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pillared clay mineral, where the pores of the pillared clay minerals host the magnetic NPs (route A1,
Figure 2), or the use of magnetic NPs as pillars to expand the interlayer space of clay mineral in order
to create magnetic pillared clay mineral nanocomposite (route A2, Figure 2). Co-precipitation is the
other simple and widely used route of synthesis, based on the in-situ formation of the magnetic NPs in
an aqueous dispersion of clay mineral (route B, Figure 2). The intercalation method is usually used
in two ways; on the one hand, using surfactant-modified magnetic NP, which is stabilized into clay
mineral (route C1, Figure 2), and on the other hand, the inclusion of magnetic NP into surfactant
intercalated clay mineral, where the surfactants change the surface and expand the interlayer space of
the clay minerals to match and facilitate the entrance of the magnetic NPs (route C2, Figure 2).
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Figure 2. Scheme of typical synthesis routes to obtain magnetic nanoparticle/clay mineral 2:1 type
(MNP/CM) nanocomposites: (A1) pillaring with nonmagnetic pillar; (A2) pillaring with magnetic
pillar; (B) coprecipitation; (C1) intercalation of MNP into surfactant intercalated clay mineral; (C2)
intercalation of surfactant-modified MNP into clay mineral.

Expansible and non-expansible clay minerals have been used to prepare magnetic nanocomposites.
Magdy et al. [10] prepared magnetic nanocomposites of kaolin and magnetite (Fe304/kaolin) by the
co-precipitation method in one step, and tested the prepared nanocomposites as adsorbents in the
removal of the anionic Direct Red 23 dye. They achieved a complete removal of dye under the following
set of operating conditions: initial dye concentration = 20 mg L1, adsorbent mass = 0.75 g, T = 25 °C
and pH 7. Additionally, the adsorption followed the Langmuir isotherm with a maximum adsorbent
capacity of 22.88 mg g~!. On the other hand, Chang et al. [4] prepared magnetic nanocomposites from
montmorillonite (Mt) and magnetite (Fe3O4/Mt) by a co-precipitation method. This study revealed
that Fe3O4 nanoparticles are present on the surface of Mt. The magnetic nanocomposite showed a
good adsorption efficacy (99.47%) in methylene blue removal.

Another possibility of very interesting modification results from the preparation of magnetic
clay mineral nanocomposites with the incorporation of one or more extra components to improve
some of the mentioned properties or incorporate new ones. Mu et al. [69] developed several magnetic
nanocomposites combining in-situ intercalation, polymerization and coprecipitation techniques.
They polymerized aniline molecule, during the synthesis of Fe3Oy in a suspension of Mt, obtaining
polyaniline (PANI) and Fe304 supported on the surface of Mt (Mt/PANI/Fe30,). They tested these
materials in the adsorption of three dyes, methylene blue, brilliant green and congo red. One of the
developed nanocomposites removes 99.6%, 96.2% and 98.1% of methylene blue, brilliant green and
congo red, respectively, from 100 ppm dye solutions, with nanocomposite dosages of 1 g L1, at 25 °C.
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They also studied the reuse of Mt/PANI/Fe30, using BM, and after five cycles the adsorption capacity
did not decrease (in all cases it was close to 100%).

Arya and Philip [6] incorporated powdered-activated carbon, chitosan and sodium
tripolyphosphate as a binding agent to magnetite nanoparticles supported in bentonite, with the
aim of developing a new adsorbent compound capable of removing anionic, cationic, hydrophilic
or hydrophobic contaminants. They studied the efficiency of this adsorbent to remove atenolol,
ciprofloxacin and gemfibrozil from aqueous systems. The authors found a high removal of atenolol
and ciprofloxacin (85% and 95% respectively, with an adsorbent dosage of 1.5 g L‘l), which can be
attributed to the hydrophilic nature and the interchange capacity of clay—chitosan, since both pollutants
are predominantly cationic at the working pH. On the other hand, the hydrophobic nature of activated
carbon may be the main factor in the adsorption of genfibrozil (90% removal).

Diagboya and Dikio [11] developed magnetic adsorbent composites with feldspar clay (FLC),
pericarp of oak fruits (PER) and magnetic nanoparticles. The nanocomposites were prepared by the
co-precipitation method in the presence of FLC free of organic matter and sieved PER; then, the product
obtained was pyrolyzed at 250 °C for 4 h. Magnetic adsorbents (BMF-0.5 and BMF-1) were used to
study the removal of methylene blue. The authors performed three adsorption/desorption cycles of
methylene blue; they observed that the adsorption capacity decreases in each cycle. The second cycle
was lower than the first by approximately 7% for both nanocomposites and the third cycle decreased
by a similar proportion.

On the other hand, Fizir et al. [68] developed magnetic halloysite nanotubes (MHNTs) by
the method of co-precipitation followed by polymer grafting onto the nanocomposites, to adsorb
norfloxacin. Combining the advantages of the high adsorption capacity and the magnetic properties of
this biocompatible clay nanotube and the advantage of the polymer shell in improving the controlled
and sustained release of the drug, they formulated a novel bioactive agent.

Beé et al. [3] used an extrusion method to obtain a magnetic adsorbent that was prepared by
trapping maghemite nanoparticles (y-Fe,O3) and montmorillonite (MMT) in cross-linked chitosan (CS)
beads, in order to obtain an efficient adsorbent for cationic and anionic contaminants. They prepared
pearls with different clay contents and performed adsorption experiments with methylene blue.
They observed that the adsorption capacity of methylene blue increased as the amount of clay increased
and the increase occurred over the entire pH range studied (3-12). The maximum uptake of methylene
blue (82 mg g~! at pH 9.9) was obtained with the material that had the highest proportion of clay; this
indicates that the adsorption properties of the clay were not affected by encapsulation in the beads.
Table 2 summarizes the adsorption capacities of the magnetic-clay-based nanocomposites described in
this section.
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Table 2. Application of magnetic clay-based nanoadsorbents for organic pollutants’ removal from water.

Surface Area Magnetic Adsorption
Adsorbent (m2 g-1) Saturatign Organic Pollutant Capacgy Ref.
(emu g~1) (mg g~
Atenolol 15.6
Clay:chitosan:PAC:MNP 95 1.91 Ciprofloxacin 39.1 [6]
Gemfibrozil 24.8
Fe;Oy/Mt 148 - Methylene blue 106.4 [4]
Magnetizsggssan/clay - - Methylene blue 82 [3]
MSEP 112 31.8 Atrazine 1.79 [67]
MHNTs - 42.87 Norfloxacin 99.6 [68]
Fe;0y/kaolin 32 12.32 Direct red 23 22.88 [10]
Fe304-Sep 81 26.22 Bisphenol A - [66]
BMEF-1 - - Methylene blue 14.93 [11]
BMF-0.5 - - Methylene blue 12.35 [11]
Mt/PANI/Fe;04-2 - 36.52 Methylene blue 184.5 [69]

4. Carbon-Based Materials

Different carbon-based materials have been utilized for adsorption of pollutants, including
activated carbon, graphitized carbon black, porous carbon, graphene oxide (GO) and carbon nanotubes
(CNTs), due to the versatility of types of interactions that can accomplish with pollutants, such as
electrostatic, hydrophobic and m— interactions [70]. These materials differ in their structures and
physicochemical characteristics, as pore size/shape, pore volume, surface area and surface functionality.
For instance, CNTs can be considered as hollow graphitic nanomaterials comprising one (single-walled
carbon nanotubes, SWNTs) or multiple (multiwalled carbon nanotubes, MWNTs) layers of graphene
sheets, while GO is a derivative of graphene, which has abundant active functional groups such as
carboxyl, hydroxyl and epoxy [71].

During the last decade, much effort has been devoted to developing efficient synthetic routes to
shape-controlled, highly stable, and well-defined magnetic carbon hybrid nanocomposites. Several
methods including the filling process, template-based synthesis, chemical vapor deposition, the
hydrothermal/solvothermal method, the pyrolysis procedure, the sol-gel process and the self-assembly
method can be used for the synthesis of high-quality magnetic carbon nanocomposites [72].

A list of magnetic carbon-based nanocomposites with their adsorption capacity for organic
contaminants and some physicochemical properties has been summarized in Table 3. In some
cases, the magnetization of the carbon-based materials enhances the adsorption properties when
compared to the pristine carbon material. This is explained considering that magnetic nanoparticles
can increase the porosity of carbon materials, which favor the diffusion of contaminants to more
available adsorption sites.

Fe30y4 supported on reduced Grapheme Oxide (rGO) nanocomposite for the removal of harmful
pesticides, namely simazine, simeton, atrazine, prometryn, and ametryn, was synthetized by Boruah
et al. [73] using an eco-friendly in-situ solution chemistry approach, GO was synthesized from
graphite powder and reduced to the rGO sheet using ascorbic acid as a reducing agent. Then, Fe3O,
nanoparticles were synthesized adopting the chemical co-precipitation method in the presence of
rGO, yielding Fe304/rGO nanocomposite. Their study reveals that Fe304/rGO nanocomposite exhibits
excellent adsorption performance towards the adsorption of the five pesticide molecules, compared to
Fe304 nanoparticles and rGO sheets. The corresponding adsorption efficiencies for simazine, atrazine
prometryn, ametryn, and simeton were found to be 88%, 75%, 91%, 93% and 81%, respectively.

In general, carbon-based nanomaterials have a unique m—7t electronic structure that provides
excellent properties to be used as adsorbents for the removal of aromatic compounds [74,75]. Yang
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et al. [76] compared the adsorption capacity of aromatic compounds (1-naphthylamine, 1-naphthol and
naphthalene) between reduced graphene oxide/iron oxide composites (GO/Fe30,4) and multi-walled
carbon nanotube/iron oxide composites (MWCNTs/Fe30y). They found that electron-donor—acceptor
(EDA) interaction was the primary adsorption mechanism and the higher polarity of adsorbates
lead to higher adsorption capacity. In particular, GO/Fe304 showed better adsorption capacity than
MWCNTs/Fe30y, probably due to GO/FezOy4 presenting more available and abundant adsorption sites.

Fan et al. [77] prepared magnetic 3-cyclodextrin—chitosan/graphene oxide materials (MCCG) via
a chemical route to remove methylene blue from aqueous solution. In this synthesis procedure, the
carboxyl group of GO chemically reacts with the amine group of the magnetic 3-cyclodextrin—chitosan
composite to yield the magnetic carbon-based sorbent. MCCG showed excellent sorbent properties,
benefiting from the high surface area of graphene oxide, hydrophobicity of 3-cyclodextrin and the
abundant amino and hydroxyl functional groups of chitosan. The maximum adsorption capacity
of MCCG was 84.3 mg g~!, which was higher than those reported for other adsorbents such as
graphene/magnetite composite (43.8 mg g~!), pyrophylite (4.2 mg g~!), carbon nanotubes (46.2 mg g™'),
exfoliated graphene oxide (17.3 mg g~!) and B-cyclodextrin—chitosan (50.12 mg g~!) [78-80]. Among
other magnetic carbonaceous materials with high sorption capacity to remove methylene blue, magnetic
graphene sponge, (Fe304-GS) synthetized using a simple method, in which Fe;O4 nanoparticles are
mixed with GO and subsequently lyophilized to obtain Fe3O4-GS, was reported by Yu et al. [81]
This magnetic graphene sponge presents quite high adsorption capacity for MB (526 mg g~!) and
facile regeneration.

Alizadeh Fard and Barkdoll [82] prepared magnetic carbon nanotubes (MCN) to remove six
micropollutants (Metolachlor, Bisphenol-A, Tonalide, Triclosan, Ketoprofen and Estriol) from water.
In this work, to prevent the formation of other species of iron oxide, the synthesis of MCNs was
performed separately: first, the magnetic nanoparticles were produced by a simple hydrothermal
method. Then, the magnetic nanoparticles were mixed with the HNOj3-treated CNTs. MCN presented
good adsorption capacity in which Bisphenol-A, Ketoprofen and Tonalide were the most effectively
removed micropollutants, with 98%, 96% and 96% removal within 47 min, respectively.

Gong et al. [83] developed magnetic multi-wall carbon nanotube (MMWCNT) nanocomposite
using a modified sol-gel process. The negatively charged MMWCNT surface over a wide pH range is
one of the main characteristics that allows the removal of cationic pollutants. The adsorption properties
of this adsorbent were examined using cationic dyes (methylene blue, neutral red and brilliant cresyl
blue). They observed that dye adsorption capacity increased when pH increased from 3 to 7, while
beyond 7, the adsorption capacity was not significantly altered. The comparison of the adsorption
results with MWCNT and activated carbon indicated that MMWCNT nanocomposite showed the
main advantage of the convenience of separation compared to the adsorption treatment in aqueous
media. By using another synthesis strategy, Zhao et al. [84] prepared MWCNTs decorated with Fe3Oy
nanoparticles modified with polyaniline (MWCNTs/Fe304/PANI) and used this material to test the
adsorption of methyl orange and Congo red. The MWCNTs/Fe304/PANI showed high adsorption
capacity toward the tested dyes (446.25 mg g~! for methyl orange and 417.38 mg g~! for congo red).
The nitrogen containing functional groups of PANI, along with the synergistic effect between MWCNT
m-conjugated bonds and PANI 7t-conjugated bonds, contribute to boosting the effective adsorption
sites and thus increase the adsorption capacity toward MO and CR. Another important result obtained
from the authors is that the presence of PANI prevented Fe304 nanoparticles from dissolving, and
hence improved the stability of MWCNTs/Fe304/PANI in solution. In order to confer more carboxyl
groups to magnetic carbon nanotube nanocomposites, Deng et al. [85] prepared carbon dot-modified
magnetic carbon nanotubes (CMNTs) by three consecutive steps including the preparation of MWNTs,
the synthesis of carbon dots and the surface modification of MWNTSs using carbon dots. This adsorbent
has a moderately high adsorption capacity of carbamazepine (65 mg g~! at pH 7) and can be regenerated
and reused up to six times with capacity loss less than 2.2%.
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Liu et al. [86] assembled activated carbon and Fe3O4 nanoparticles (Fe304/AC) by a facile one-step
thermal decomposition process and tested Fe3O4/AC for the adsorption of rhodamine B and methyl
orange. Fe30,4/AC showed a high surface area (about 1200 m? g~!), which was much higher than
pure AC (about 750 m? g~1), and wide pore size distribution. These properties benefit the adsorption
and the rapid inter-diffusion of the dye molecules through interconnected channels. The obtained
magnetic composite exhibited better adsorption of the dyes than its pure AC counterpart. Another
approach to assemble Fe3O, nanoparticles with activated carbon was reported by Shan et al. [87]
through the ball milling method. They obtained two ultrafine magnetic activated carbon (Fe3O4/AC)
and biochar (Fe304/BC) hybrid materials. The use of biochar drastically increased the surface area
of the magnetic composite, while in case of AC the surface area decreased, probably because some
pores in AC are blocked by the Fe304 nanoparticles produced in the milling process. However, in both
cases, the authors obtained a higher adsorption capacity than pristine carbon materials using two
pharmaceuticals as model contaminants (i.e., carbamazepine and tetracycline). On the other hand,
Yu et al. [88] reported a higher sorption capacity of tetracycline (473 mg g~!) using a magnetic graphene
oxide sponge (Fe304-GOS) as sorbent. The material was prepared by lyophilizing the dispersion of
Fe304 nanoparticles and graphene oxide (GO).

In the study performed by Lompe et al. [89] the adsorption capacity for nine micropollutants
(Diclofenac, Fluoxetine, Estradiol, Norethindrone, Atrazine, Carbamazepine, Deethylatrazine,
Sulfamethoxazole and Caffeine) on fresh and aged magnetic powdered activated carbon (MPAC) was
investigated. They demonstrated that MPAC produced via co-precipitation can be customized with
respect to its magnetic properties without compromising its adsorption capacity beyond the reduction
expected for lower powdered activated carbon (PAC) contents. Maximum adsorption capacities of
PAC and MPAC for all pollutants ranged between 1 and 80 mg g~
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Table 3. Application of magnetic carbon-based nanoadsorbents for organic pollutant removal

from water.
Magnetic Adsorption
Adsorbent Su(r‘flazceﬁ:ea Saturation Organic Pollutant Capacity Ref.
& (emu g~1) (mg g™1)
1-Naphthylamine 2.85
GO/Fe304 272 - 1-Naphthol 2.70 [76]
Naphthalene 2.63
1-Naphthylamine 1.45
MWCNTs/Fe;04 77 - 1-Naphthol 1.13 [76]
Naphthalene 1.05
Magnetic-cyclodextrin—
chitosan/graphene oxide 402 55.1 Methylene blue 84.3 [771
Fe304-GS - 44 Methylene blue 526 [81]
Methylene blue 15.9
MWCNT 61 - Neutral red 20.5 [83]
Brilliant cresyl blue 23.0
Rhodamine B 182.4
Fe304/AC 1200 165 Methyl orange 150.3 186]
Methyl orange 446.2
MWCNTs/Fe30,4/PANI - 429 Congo red 417.4 [84]
Carbamazepine 62.7
Fe304/BC 365 190 Tetracycline 94.2 1871
Carbamazepine 135.1
Fe304/AC 486 208 Tetracycline 45.3 1871
Fe;0,4-GOS - 1.1 Tetracycline 473 [88]
CMNTs 184 5.6 Carbamazepine 65 [85]
Diclofenac, Fluoxetine,
Estradiol,
Norethindrone,
MPAC 430-780 5-30 Atrazine, 1-80 89]
Carbamazepine,
Deethylatrazine,
Sulfamethoxazole and
Caffeine

Metolachlor, Bisphenol
MCN - - A, Tonalide, Triclosan, 18-28 [82]
Ketoprofen and Estriol

5. Polymer-Based Materials

Polymers can be chemically anchored or physically adsorbed on magnetic nanoparticles to form a
core—shell structure, acting as a protective layer and simultaneously providing active sites to adsorb
pollutants. The core-shell structured can be synthesized by using the seed polymerization method
and surface-modified Fe3O4 particles as the seeds [90]. This method allows the development of novel
porous materials with high surface area and porosity to improve their adsorption performances [91].

Fe304@polyaniline, a typical Fe3O4-based magnetic core—shell material, was synthesized for the
removal of pollutants such as humic acid, separation of organic dye, extraction and analysis of phenolic
compounds and analysis of pyrethroids in tea drinks and polycyclic aromatic hydrocarbons [92]. As a
magnetic core-shell material, polyaniline shows great promise, because it can effectively decrease the
chance of aggregation, enhance the adsorption properties for organic pollutants via 7— and van der
Waals interactions, and improve the stability of magnetic core-shell composites. However, the most
appropriate composition of core-shell structure demands that the ratio between magnetic core and shell
dimensions be optimized, since insufficient core magnetic oxide could determine a limited magnetic
response and insufficient polymer component could result in poor adsorption capacity. Furthermore, to
increase the maximum adsorption capacity and the versatility of the nanomaterials, several functional

169



Inorganics 2020, 8, 24

groups such as carboxylate, phosphate, sulfate, hydroxyl, amino and amide groups have been explored
for the modification of conventional adsorbents. Hou et al. [93] prepared a core-shell nanoadsorbent
based on Fe3O4 nanoparticles surface-modified with a copolymer, using 2,4-diaminophenol and
formaldehyde for the adsorption of anionic dyes (amaranth, orange II and acid red 18) and obtained
good adsorption capacities, fast adsorption processes and high saturation magnetization.

Liu et al. [94] reported the synthesis of magnetic nanospheres functionalized with -cyclodextrin
(B-CD) by the one-pot solvent thermal method using 3-CD immobilized Fe;O4 magnetic nanoparticles
with tetra-fluoroterephthalonitrile as the monomer. This material showed fast adsorption kinetics for
methylene blue, high dispersibility in aqueous phase, a short equilibrium time (5 min), high recovery
and good recyclability (keeping the adsorption efficiency above 86% after five uses). The maximum
adsorption capacity of methylene blue was 305 mg g1

During the last decade, porous organic polymers, including polymers of intrinsic
microporosity [95], metal-organic frameworks (MOFs) [96], covalent organic frameworks (COFs) [97],
porous aromatic frameworks [98] and hyper-cross-linked polymers (HCPs) [99] have attracted extensive
interest because they have the advantages of low density, excellent chemical and physical stabilities,
high surface area, easy control of pore size and functional modification [100]. MOFs are coordination
polymers with intriguing structural motifs that can be self-assembled from organic ligands and metal
ions or clusters of metal ions. In the last years, MOFs have been developing rapidly and have actually
attracted extensive attention in the field of porous materials due to their high surface areas, with a range
from 1000 to 10,000 m? g1, and a permanent porosity that is superior to those of porous materials such
as activated carbon and zeolites [101]. While the use of MOFs as sorbents in gas phase is well-known,
some MOFs show limitations in liquid phase adsorption due to their relatively low stability in water and
their hydrophilic nature. However, in recent years, the development of water-stable MOFs has increased
considerably [102]. Numerous different synthetic approaches, including slow diffusion, hydrothermal,
electrochemical, mechanochemical, microwave-assisted heating and ultrasound can be applied to
produce MOFs relying on the resulting structures and features [103]. Several magnetic adsorbents
with MOF structure have been synthesized. Yang et al. [104] synthesized a new type of Fe;0,@MOF
magnetic porous composite material with a core-shell structure of Fe304 nanoparticles coated with
petal-like ZIF-67 crystals (Zeolitic imidazolate framework-67), in which Co?* firstly combines with
SO;2~ provided by poly-styrenesulfonate sodium salt to form nucleation. This adsorbent showed high
adsorption capacity for methyl orange (anionic dye) owing to the nature of Lewis base coordinated
Co(II) and its high porosity. The equilibrium adsorption capacity was as high as 738 mg g‘l, which was
significantly higher than other adsorbents like coconut shell activated carbon (368 mg g~!) and clay
(300 mg g~1) [91]. Hamedj et al. [105] produced a magnetic MOF for the elimination of malachite green
and methyl red from wastewaters. Metal-organic framework (MIL-101(Fe)) was prepared from FeCls
and terphthalic acid. Moreover, they used an extremely tinny film of 3, 4-dihydroxy-Lphenylalanine
(PDopa) as an eco-friendly and effective binder between MIL-101(Fe) and Fe3O4 nanoparticles, in order
to prevent detachment of the MOF from the magnetic material. In this regard, the authors were able
to obtain the perfect capacities of adsorption (833 and 1250 mg g~! for malachite green and methyl
red, respectively). Moreover, the MIL-101(Fe)@PDopa@Fe3O, adsorbent can be used almost four
times to remove dyes. Wu et al. [106] prepared magnetic copper-based MOF (Fe304/HKUST-1) as an
effective and recyclable adsorbent for the removal of ciprofloxacin and norfloxacin (two fluoroquinolone
antibiotics) from aqueous solutions. The maximum adsorption capacities of the magnetic composites
toward ciprofloxacin and norfloxacin reached 538 mg g~ and 513 mg g™, respectively, noticeably
higher than those values of most of the reported adsorbents for these two compounds.

Covalent organic frameworks (COFs), an emerging class of ordered crystalline porous polymers,
are constructed from light elements and linked to organic monomers by strong covalent bonds
that have an ordered m-structure with pore uniformity. In general, COFs are derived from MOEF.
They show comparable surface areas, ordered channel structures, well defined pore apertures,
low densities, and thermal and chemical stability [91]. COFs with various functionalities and high

170



Inorganics 2020, 8, 24

crystallinity have been synthesized and several materials have been reported in the environmental
field. Functionalized crystalline polyimide, polycationic and polyanionic COFs have been used for
the removal of contaminants with varying physical and chemical properties. It is noteworthy that the
size-sieving effect played a major role in the application of COFs for the removal of pollutants. Based
on the literature, COFs” high surface areas (e.g., 3500 m? g~!) give COFs more potential as adsorbents
than zeolites or activated carbon [107]. Strategies to obtain water-stable materials with highly ordered
structures and large surface areas are reviewed. By means of post-synthetic modification approaches,
pore surfaces can be tuned to target specific contaminants based on size-dependent separation and
charge-selective separation. Immobilization of COFs on solid substrates is a strategy to improve
stability and dispersibility, while taking advantage of the properties of all materials present in
the composite [108]. Yi et al. [109] prepared core-shell-structured magnetic COF nanocomposites
(Fe304@COQOFs) for the adsorption of triclosan and triclocarban in aqueous solutions. Fe;0,@COFs
was fabricated on the Fe;O4 nanoparticles using an in-situ growth strategy at room temperature via a
condensation reaction of 1,3,5-tris(4-aminophenyl) benzene and terephthaldicarbox-aldehyde in the
presence of dimethyl sulfoxide. The adsorption behaviors showed high adsorption capacity and fast
adsorption of triclosan and triclocarban. Different magnetic COF composites were also reported for
the extraction of bisphenols [110] and polycyclic aromatic hydrocarbons (PAHs) [111] from water.

Hyper-cross-linked polymers (HCPs) can be synthesized by using external crosslinker. The porosity
can be improved by using various kinds of reactive monomers or different amounts of crosslinking.
For instance, Hu et al. (2019) [100] have synthesized a magnetically hyper-cross-linked polymer
using benzylamine and benzene as the reactive monomers, which combined the advantage of the
amino-modified HCP (HCP-NH;) and the magnetic Fe3O4 nanoparticles to adsorb organic pollutants
such as tetracycline, ethyl orange, methylene blue, bisphenol A and 2,4-dichlorophenol in aqueous
solution. The magnetic HCP presented high BET specific surface area (532.62 m? g~1), well-developed
mesoporous (0.3786 cm® g~1) and good magnetic properties. The adsorption experiments indicated
that the magnetic HCP-NH; showed highly efficient adsorption properties for organic contaminants.
In particular, the maximum adsorption capacity of the magnetic HCP-NH, for tetracycline was 694 mg
g1 at 298 K, which was much higher than that of HCP-NH, (389 mg g™!). Based on the adsorption
performance, the authors propose that tetracycline removal was mainly driven by coordination
interaction, cation exchange and hydrogen bonding interactions that involve polymer functional
groups and magnetite surface groups.

Recently, various biomaterials based on natural polymers have been developed for improving
adsorption capacities, increasing environmental compatibility and operating efficiently. Alginate-based
composites have been extensively studied for applications in environmental sectors due to their
biocompatible, nontoxic, and cost-effective properties [112]. Various alginate-based composites
that enhanced adsorption performance have been reported for the removal of various pollutants
including dyes, heavy metals, and antibiotics in water and wastewater. Environmental applications
of alginate depend partly on the fact that the rich surface functional groups (e.g., carboxyl and
hydroxyl) could capture metallic or cationic ions via ion exchange between the crosslinking cations
and target pollutants. Alginate beads may serve as a stable matrix for other types of absorbents that
are too fine in particle size and too difficult to separate from aqueous solution. Magnetic adsorbents
can be developed by encapsulating magnetic functionalized nanoparticles in alginate beads along
with different covalently cross-linked agents, such as molecules of different sizes and structures,
including adipic dihydrazide, lysine, and poly-(ethylene glycol)-diamines [113,114]. Talbot et al. [115]
reported the synthesis of alginate/maghemite nanoparticles for the adsorption of methylene blue.
A co-precipitation method in alkaline medium followed by oxidation of magnetite into maghemite
led to a stable colloidal dispersion, which was added to sodium alginate solution in order to obtain
the magnetic nanocomposite. The nanocomposites showed high adsorption capacity in a wide pH
range and a reuse performance higher than 98% even after ten adsorption/desorption cycles. On the
other hand, Mohammadi et al. [116] fabricated superparamagnetic sodium alginate-coated Fe3;O4

171



Inorganics 2020, 8, 24

nanoparticles by a co-precipitation method, obtaining good removal efficiency of malachite green
(48 mg g™).

Chitosan is another biopolymer that is widely used in environmental applications, owing
to its low-cost source and environment-friendly nature. It has abundant reactive amino and
hydroxyl groups, which can serve as binding sites turning it a potential adsorbent for organic
pollutant removal [117,118]. Solubility of chitosan in an acidic medium limits its wide application
in water treatment; thus, various cross-linking agents such as glutaraldehyde [119], sodium
tripolyphosphate [92], and epichlorohydrin [120] offer an important pathway to improve its chemical
stability and extend its potential applications. Zheng et al. [121] prepared poly([2-(methacryloxy)ethyl]
trimethylammonium chloride)-grafted magnetic chitosan microparticles via free radical polymerization
to obtain novel superior adsorbents with a huge electrostatic “force field” for capturing food dyes.
The nanocomposite morphology was nearly spherical with approximately 125 um average diameters,
with a specific surface area of 150 m? g~! and average pore diameters of 33.8 A. Compared to unmodified
adsorbents, the adsorption capacities toward Food Yellow 3 and Acid Yellow 23 were considerably
enhanced after modification, indicating that the dyes were captured by electrostatic interaction and ion
exchange. On the other hand, polymer-grafted magnetic microspheres (GMMs) were prepared by graft
polymerization of 2-acrylamido-2-methylpropane sulfonic acid and acrylic acid onto the surface of
chitosan/magnetite composite microspheres and were used as an adsorbent to remove methylene blue
from aqueous solutions [122]. The authors reported a maximum adsorption capacity for methylene
blue of 926 mg g1, which is notably higher than the reported values for other adsorbents. Table 4
shows the adsorption capacities of the polymer-based magnetic nanomaterials with higher organic
pollutant uptake.

Table 4. Application of magnetic polymer-based nanoadsorbents for organic pollutants removal

from water.
Magnetic Adsorption
Adsorbent Surfazce _[}rea Saturation Organic Pollutant Capacity Ref.
(m* g~1) -1 -1
(emu g~1) (mg g~1)
Bio-magnetic membrane
capsules from PVA-alginate - 11.02 Malachite green 500 [123]
matrix
Magnetic nanocellulose from - 214 Methylene blue 166.67 [124]
olive industry solid waste
Fe304-amine-functionalized
chitosan with - 17.5 Diclofenac sodium 469.48 [125]
p-Benzoquinone
Magnetic 3-cyclodextrin
porous polymer 70.63 448 Methylene blue 305.8 [94]
nanospheres
Metoxuron = 1.13,
Magnetic porphyrin-based . Mono-linuron = 0.95,
porous organic polymer 310 459 Phenylurea herbicides Chlorotoluron = 0.86, 102l
Buturon = 1.10
Magnetic copper based . . L
metal-organic frameworks 327.9 4 Fluoroql'llr\'olone Clproﬂoxagm— 538 [106]
antibiotics Norfloxacin =513
(MOF)
Magnetic polyimide-Mg-Fe Tetracycline 185.53
layered double hydroxides 26.38 2,4-dichlorophenol 176.06 [126]
core-shell composite Glyphosate 190.84
Magnetic mesoporous lignin Diesel Diesel = 22370
from date palm pits 640 37.81 Gasoline Gasoil = 21010 [127]

6. Waste-Based Materials

Within the framework of the circular economy, several efforts have been made to add value to
wastes, converting them into renewable raw material for the production of fine, bioplastic and auxiliary
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chemicals for technological and environmental applications. In particular, the modification of different
industrial and household wastes into adsorbent materials has been the subject of much research,
since it represents an economically sustainable method of waste valorization [128-130]. Among them,
the most common are agricultural residues, for example the skin of different fruits and vegetables,
remnants of branches and leaves, remnants of rice, corn, olive and many others. The reuse of waste
from the paper industry, the metallurgical industry, cement and sludge from water treatment plants
has also been studied [131].

For the synthesis of waste-derived magnetic materials, most studies use magnetite nanoparticles
as the magnetic agent to modify the starting adsorbent sourced from wastes. Safarik and co-workers
published two short studies in which they synthetized magnetic adsorbents by putting a stable
suspension of magnetite in contact with powdered peanut husk and pine sawdust, respectively [132,133].
They tested these materials against a broad spectrum of organic dyes, obtaining, in particular, maximum
adsorption capacities for crystal violet of 80.9 and 51.2 mg g~!. Zuorro et al. [134] achieved remarkable
adsorption performance for a waste-derived magnetic material obtained from a similar procedure,
in which a suspension of coffee silverskin wastes was mixed with magnetite ferrofluid for 1 h at
room temperature. This magnetic adsorbent was tested for methylene blue adsorption, achieved an
adsorption capacity of 556 mg g~ within 2 h at pH 6, and showed good reusability potential, with only
a 14% decrease in adsorption after eight regeneration cycles with HCI. Minh et al. [135] also obtained a
magnetic adsorbent from ground coffee wastes with an adsorption capacity toward methylene blue
of 128 mg g~!. On the other hand, Stan et al. [136] studied four different magnetite-starch materials
prepared through an environmentally friendly synthetic route which consist of a co-precipitation
method using water as the solvent and sodium bicarbonate as the precipitating agent. One of the four
materials was made using bare magnetite and the other three used magnetite synthetized with fruit
waste vegetable extract as surfactant. Removal efficiencies of optilan blue dye were between 72% and
89% for these materials. The authors also found that the use of fruit extract in the magnetite synthesis
did not improve adsorption performance.

Another method to prepare waste-derived magnetic materials consists in the synthesis of magnetite
nanoparticles in an aqueous system where the adsorbent is previously dissolved. Aydin and co-workers
used a high-alkaline waste which is produced by the Bayer process in aluminum production called
“red mud” and used it along with Fe(Il) and Fe(III) salts to synthesize a magnetic-red mud material
for adsorption of organophosphorus pesticides and antibiotics [137,138]. With an isoelectric point
near eight, this material showed relatively low adsorption capacity towards pesticides, in the order of
ug g~1, and good performance against antibiotics with a maximum adsorption capacity of 200 mg g~
for ciprofloxacin. Madrakian et al. [139] used the solid fraction of tea leaves previously washed
and boiled, and tested the obtained magnetic adsorbent performance for seven common cationic
and anionic organic dyes. The maximum adsorption capacities for the seven dyes were between 82
and 128 mg g~!. Similar results were obtained by Madrakian et al. [140] using Platanusorientalis tree
leaves as a raw material for the production of waste-derived magnetic materials. The adsorption
capacities of five dyes were between 89 and 133 mg g~!. The authors claim there is no significant
loss in adsorption capacity after ten adsorption-desorption cycles for this material. Jodeh et al. [124]
prepared magnetic cellulose-based materials from olive industry solid waste and tested the adsorption
performance of these materials with methylene blue. In this study, the cellulose was extracted in a
powder form by a multistep pulping and bleaching process. The extracted powder cellulose was
converted to nanocrystalline cellulose (NCs) by acid hydrolysis and finally dispersed in an aqueous
solution of Fe(II) and Fe(IlI) to obtain magnetic cellulose nanocrystalline through a co-precipitation
method. The magnetic material showed good methylene blue adsorption capacity, ranging from
148 to 196 mg g~1. Sun et al. [141] synthetized a magnetic material from wastes of Vallisneria natans,
a widespread fast-growing aquatic plant, using a chemical co-precipitation method. This material
achieved an outstanding methylene blue adsorption capacity (474 mg g"l), almost constant in a wide
range of pH values (from 5 to 9).
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Yu et al. [142] prepared magnetic modified biomass from beer yeast and tested the adsorption
potential by using methylene blue and basic violet as model dyes. The magnetic material was prepared
by two steps that included the preparation of pyromellitic dianhydride (PMDA)-modified biomass
in N,N-dimethylacetamide solution and the preparation of magnetic PMDA-modified biomass by a
co-precipitation method under the assistance of ultrasound irradiation. The modified biomass achieved
maximum adsorption capacities of 609 and 521 mg g~! for methylene blue and basic violet, more than
six times higher than the unmodified biomass adsorbent. Increasing pH showed a positive effect on
adsorption capacities, showing values above 300 mg g~! over a pH range between 3 and 9.

Core—shell magnetite nanoparticles, using soluble organic matter extracted from urban public
park trimming and home gardening residues as a covering material, were used as sustainable and
removable magnetic adsorbent materials [143-145]. The soluble organic matter (SBO) was obtained
through 230 days of green residues composting followed by alkaline digestion and ultrafiltration
of the soluble matter. Magnacca et al. [143] used the obtained Fe304-SBO nanoparticles for crystal
violet removal from waters, and the results showed a good adsorption capacity (244 mg g™!) at pH 7.
On the other hand, Nistico et al. [144] studied the removal of polycyclic aromatic hydrocarbons (PAHs)
by using Fe304-SBO nanoparticles. They found that a thermal treatment at 550 °C under nitrogen
atmosphere of the Fe304-SBO nanoparticles enhance their adsorption performance towards PAHs.

Liu et al. [146] developed a synthesis procedure that uses iron mud. This procedure consist of
a simple co-precipitation method where iron mud, previously dissolved with 2% HNOj3 overnight,
acts as an Fe(IIl) source, and the addition of ascorbic acid (AA) reduces part of the Fe(Ill) to Fe(II)
needed for the formation of magnetite at alkaline conditions. Increasing the AA/Fe** ratio during
synthesis resulted in increased saturation magnetization values, crystallite size and reduced BET
specific area. To further reduce the production cost, acid wastewater from a propylene plant was used
to replace nitric acid in digestion of iron mud. Samples with higher crystallite size exhibited less BET
specific surface area and less adsorption capacity. Results yield maximum methylene blue adsorption
capacities of 87 mg g~! for the material synthetized with a 0.1 AA/Fe®* ratio. A list of magnetic
waste-based nanomaterials with their adsorption capacity for organic contaminants is summarized in
Table 5.
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Table 5. Application of magnetic waste-based nanoadsorbents for organic pollutants removal

from water.
Magnetic Adsorption
Adsorbent Suf[f:ceﬁé\)rea Saturation Organic Pollutant Capacity (mg Ref.
& (emu g~1) g™
Magnetic Sawdust - - Crystal violet 51.2 [132]
Acridine orange 714
. Bismark brown 95.3
Magnetic Peanut husk - - Crystal violet 80.9 [133]
Safranin O 86.1
Fe304-Coffe Skin - - Methylene blue 556 [134]
Fe;0,4-Ground coffe waste - - Methylene blue 128 [135]
Fe;0,4-Starch 62 51 119
Fe304-Av1-Starch 78 43 Optilan blue 111 [136]
Fe304-Wm-Starch 63 49 63
Diazinon 1.9
Malathion 1.7
Fe304-Red mud 84 12 Parathiion 29 [137]
Chlorpyrifos 39
Fe;04-Red mud 84 12 Ciprofloxacin 200 [138]
Neutral red 127
Reactive blue 88
Congo red 83
Fe;04-Tea Waste - - Janus green 130 [139]
Methilene blue 119
Crystal violet 114
Thionine 128
Malachite green 89
Neutral red 101
Fe30y4-Tree leaves - - Methylene blue 128 [140]
Crystal violet 117
Methyl violet 133
Fe304-Olive cristal cellulose - 21 Methylene blue 166 [124]
Fe304-Acuatic Plant 7 3 Methylene blue 474 [141]
Methylene blue 609 ,
Fe304-Beer Yeast - - Basic violet 501 [142]
Fe;04-SBO 35 51 Crystal violet 244 [143]
Fe304 (MP-10) 70 9 Methylene blue 99.4 [144]
Fe;04 (MP-3) 176 5 87.3
FesOy (MP-3w) 119 4 Methylene blue 56.7 [146]

7. Conclusions and Future Perspective

Magnetic core-shell nanoparticles and nanocomposites containing iron oxide nanoparticles are a
very attractive option to be used in water treatment, due to their advantages in terms of improving
some of the properties of unmodified materials for the adsorption of pollutants, namely: (i) a synergistic
combination of adsorbent materials where a material is chemically anchored or physically adsorbed
on magnetic nanoparticles; (ii) the use of low-cost materials; (iii) facilitation of the separation of the
aqueous medium by a simple magnetic process, reducing the overall cost of the process; (iv) the
possibility of being reused successively; (v) potential for change in the physicochemical properties of
the nanoparticles and nanocomposites surface just by adjusting the experimental conditions, offering
a high versatility to be applied to a wide range of contaminants (anionic, cationic, hydrophilic or
hydrophobic). Therefore, nanoadsorbents with magnetic response has shown several advantages
that could be used in the development water treatment technologies. In this review, the adsorption
capacities of magnetic nanomaterials based on silica, clay, carbonaceous materials, polymers and waste
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were highlighted in order to provide valuable information related to their efficiency of various organic
pollutants’ removal.

Although magnetic core-shell nanoparticles and magnetic nanocomposites possess different
structural characteristics and different removal mechanisms of organic molecules, their adsorption
capacities for various organic pollutants are similar. It is worth mentioning that there are some cases
where ultra-high adsorption uptake of organic contaminants was achieved. On the other hand, the
preparation of nanoadsorbents by combining magnetic iron oxide nanoparticles with materials such as
clays, carbon or polymers enable to control the aggregation of the magnetic nanoparticles and improve
their performance in aqueous media.

Despite the growing interest in the synthesis of magnetic nanoadsorbents for water treatment in
last years, nowadays there are few industrial applications and most of the research work is based on
small-scale studies. We believe that further studies are needed to address large-scale applications, taking
into account design aspects related to stability, adsorbent regeneration, and separation from the aqueous
medium. This could help to identify the key operating conditions to achieve low-cost removal of the
contaminant with minimal environmental impact. Along with these studies, the efficient production
of magnetic nanomaterials at large scale must be investigated further, taking into consideration the
environmental impact of manufacturing these materials.
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Abstract: This study reports the ability of magnetic alginate activated carbon (MAAC) beads to
remove Cd(II), Hg(Il), and Ni(II) from water in a mono-metal and ternary system. The adsorption
capacity of the MAAC beads was highest in the mono-metal system. The removal efficiency of such
metal ions falls in the range of 20-80% and it followed the order Cd(II) > Ni(II) > Hg(II). The model
that best fitted in the ternary system was the Freundlich isotherm, while in the mono-system it was
the Langmuir isotherm. The maximum Cd(II), Hg(II), and Ni(II) adsorption capacities calculated
from the Freundlich isotherm in the mono-metal system were 7.09, 5.08, and 4.82 (mg/g) (mg/L)"",
respectively. Lower adsorption capacity was observed in the ternary system due to the competition of
metal ions for available adsorption sites. Desorption and reusability experiments demonstrated the
MAAC beads could be used for at least five consecutive adsorption/desorption cycles. These findings
suggest the practical use of the MAAC beads as efficient adsorbent for the removal of heavy metals
from wastewater.

Keywords: heavy metals; magnetite nanoparticles; adsorption; nanocomposite; hybrid;
multi-metal; water

1. Introduction

Water pollution by heavy metals has become a serious problem due to the adverse effects on
ecosystems and human health. More specifically, cadmium (Cd), mercury (Hg), lead (Pb), or nickel
(Ni) are known to be highly carcinogenic and mutagenic at low concentrations, and may produce
acute toxicity or even dead in living organisms, when present slightly above their allowed limits [1-3].
Although diverse technologies have been developed for the removal of heavy metals from water
sources [4], there is still an urgent need for facile cleaning procedures that ensure high efficiency in the
low concentration ranges. Chemical precipitation, ion precipitation, ion exchange, and adsorption are
some of the most used techniques due to their potential for scaling up. Among them, the use of natural
biopolymers, such as alginate, agarose, chitin and pectin [5-7] in metal biosorption from wastewaters
has gained much attention in recent years. Alginate is a polysaccharide derived from brown algae and
in the majority of the studies it has been used in the form of calcium alginate beads, due to its practical
handling [8]. Nevertheless, the separation of the loaded biomaterial from the medium is often a
problem. To overcome this problem, magnetite nanoparticles (Fe304-NPs) are being incorporated onto
the biosorbent matrix [9-11] giving the possibility to magnetically manipulate and separate the hybrid
materials from the water matrix. Magnetic alginate beads are a very attractive material with multiple
properties such as high specific surface area, rapid recovery, cost-effectiveness, and chemical versatility,
for which they are amenable to be combined with materials to increase their affinity for pollutants.
Humic acid [12], Cyanex 302 [12] and microalgae [7] were incorporated into alginate beads for their
affinity to metal ions. Different authors have shown the ability of several alginate beads composition
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to uptake metal ions from aqueous solutions. It was observed that magnetic alginate beads containing
silica coated with iron carbide nanoparticles enhanced more the adsorption of copper ions than alginate
beads alone [13]. In addition, it was studied that magnetic nanoparticles functionalized with citrate
ions present an enhanced adsorption of Pb(II) metal ions from solution [14]. In one of our previous
works [15], magnetic alginate beads tailored with commercial activated carbon revealed a high capacity
for cadmium ions uptake. A 35% removal percentage of cadmium ions was achieved over 1 h with
less than 15 mg of adsorbent used. These nanostructured beads revealed to be a great assessment for
industrial use, for their high adsorption surface area, easy handling, and magnetic separation from
any aqueous media. For these reasons, the same nanostructured beads were used in the present study
and tested under more realistic conditions by studying their adsorption capacity when exposed to a
mixture of heavy metals. With this aim, different adsorption tests were performed on mono-metal
and ternary systems, comprising Cd(II), Hg(II) and Ni(II) metals ions, which are commonly found in
waste water from industry and mining effluents. To gain insights in the adsorption mechanism other
relevant aspects (e.g., metal-adsorbent mechanisms, metal distribution on beads surface and internal
structure, metal desorption, reuse, porosity, among others) were studied in detail.

2. Results and Discussion

2.1. Morphology of Magnetic Beads

The morphology of the MAAC beads and commercial activated carbon was examined using
scanning electron microscopy (SEM) and transmission electron microscopy (TEM). In Figure 1a,
SEM micrograph shows that commercial activated carbon presents a disordered layer-like structure,
which was further studied with TEM, reveals a wide variation in the layer size range between 40 pm to
320 pum (Figure 1b). SEM micrograph (Figure 1c) of a representative MAAC bead shows a spherical
morphology with a porous and layer-like structure on the surface inherited from the precursor
commercial activated carbon. The internal structure, as can be observed in Figure 1d, is a combination
of activated carbon layers within the interconnected porous network of alginate in MAAC beads.

Figure 1. Commercial activated carbon SEM (a) and TEM (b) micrograph. SEM image of the MAAC
bead surface (c) and internal structure (d).

2.2. Structural and Textural Characterization

The X-ray diffraction pattern of the MAAC beads in Figure 2a shows the presence of sharp
diffraction peaks located at 20 = 30.1, 35.5, 43.2, 53.5, 57.1, 62.7°. This is the characteristic diffraction
pattern arising from the reflection of planes (022), (113), (004), (224), (115) and (044) corresponding to
crystalline Fe304-NPs embedded in the porous beads. The MAAC bead'’s surface was also analyzed
by Fourier transform infrared (FT-IR)spectroscopy. As shown in Figure 2b, the peaks at 3228 cm™~! and
1076 cm™! are related to the -OH and —~C-O stretching vibration bands of alginate, respectively, while
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peaks at 1585 and 1286 cm ™! are attributed to the asymmetric and symmetric stretching vibrations of
the carboxyl groups of alginate, respectively [16]. Finally, the band at 558 cm™! is due to collective
vibrations of the magnetite lattice [17], which confirms the successful incorporation of Fe304-NPs into
the alginate matrix.
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Figure 2. (a) X-ray diffraction and infrared spectra and (b) IR spectra of MAAC beads.

The mean particle size of the Fe304 nanoparticles employed for the synthesis of the MAAC beads
were calculated from the X-ray diffraction (XRD) pattern (Figure S1) according to the linewidth of the
(113) plane refraction peak using Scherrer equation:

L = KA/Bcoso 1)

where L is the mean size of the ordered (crystalline) domains, A is the X-ray wavelength, {3 is the width
of the XRD peak at half height, K is a shape factor, about 0.9 for magnetite and 6 is the Bragg angle The
particle diameter calculated from the X-ray diffractogram, using the Scherrer equation was 9.58 nm.
By TEM the image (Figure S1) we can observe nanoparticles with a size of 20 nm. The difference
between TEM and XRD can be attributed to the fact that “crystallite size” is not synonymous with
“particle size”, while XRD is sensitive to the crystallite size inside the particles.

2.3. Specific Surface Are and Pore-Distribution

The textural properties of commercial activated carbon (commercial AC) and MAAC beads were
analyzed with Brunauer-Emmett-Teller (BET) porosimetry and shown in Table 1. The surface area of
commercial AC (849.32 mz/g) is within the theoric range for activated carbons (500 to 3.000 mz/g) [8].
The surface area of the MAAC beads is 107.13 m?/g which is two orders of magnitude higher than the
reported 6.25 m?/g for calcium alginate beads [18], and can be ascribed to the presence of activated
carbon. The pore volume of the MAAC beads (0.075 cm®/g) was smaller than the one of commercial
AC (0.28 cm®/g). In addition, the pore diameter size of the MAAC beads (1.24 nm) is slightly smaller
than the commercial AC (1.26 nm). This could be attributed to the deposition of the commercial AC
on the surface of the MAAC beads (both surface and internally), leading to a complete filling of the
smaller pores.

187



Inorganics 2020, 8, 40

Table 1. Textural parameters of Commercial AC and MAAC beads.

Samples BET Surface Area (Sggt) 1 (mz/g) Pore Volume (cms/g) Pore Diameter 2 (nm)
Commercial AC 849.32 0.28 1.26
MAAC 107.13 0.075 1.24

! Spgr is the BET surface area evaluated at a relative pressure (p/p0) of 0.99. 2 Pore diameter calculated using the
Barrett-Joyner-Halenda (BJH) method.

2.4. Magnetic Properties of MAAC Beads

Figure 3a shows the variation of magnetization, M, as a function of temperature of MAAC beads
in the range 5 to 350 K in an external magnetic field of 100 Oe recorded in zero-field cooling (ZFC)
and field cooling (FC). From the curves it is clearly observed the superimposition of the ZFC and FC
curves take place at 275 K. The superimposition of ZFC and FC curves is one of the characteristic
features of a superparamagnetic system. The magnetic content on the MAAC beads was calculated by
thermogravimetric analyses (TGA), which was equal to 23%. Figure 3b illustrates the magnetization
curves of bare Fe304-NPs and of the MAAC nanocomposite beads. The saturation of magnetization
(Ms) for the synthesized Fe304-NPs (69.23 emu/g) was higher than the observed for the MAAC beads
(48.62 emu/g). This may be attributed to the coating effect of alginate trapping the Fe304-NPs in the
gel matrix. However, the MAAC beads have superparamagnetic behavior and are easily separated
from solution with the help of an external magnetic force.
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Figure 3. ZFC and FC curve recorded at 100 Oe (a) and magnetization curve of MAAC bead and
Fe304-NPs at 25 °C (b).

3. Adsorption Study

3.1. Desorption and Reusability

The reusability of the MAAC bead was study by repetitive adsorption and desorption cycles of
Cd(II) metal ions using 0.01 M HCl solution, as the desorption solution. The q (mg/g) desorption of
cadmium was calculated directly from the amount of cadmium adsorbed and amount of cadmium
desorbed using Equation (2):

(Madsorb - Mdesarb) 14

d tion) =
q(desorption) i

@
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where M 4501 and Myesorp are the adsorbed and desorbed amount of metal ions (mg/g), respectively;
V (L) is the volume of desorption solution and M (g) the mass of the MAAC beads used. The desorption
percentage was calculated using the following Equation (3):

% Desorption = M x 100 3)
adsorb

The desorption of cadmium from MAAC bead showed a fair desorption percentage over the five
cycles, as can be observed in Figure 4. However, the adsorption capacity decreased with increasing
regeneration cycle number, except for on cycle number two. The cadmium metal ions have entered
inside of the beads structure after the first cycle (Figure S2) resulting in the maximum adsorption
capacity on cycle two. Continuous adsorption resulted on internal pore saturation and consequently,
on the decreased of adsorption capacity and increase amount of desorbed cadmium metal ions found
in solution. Furthermore, the results suggest a reduction of the metal ions from the matrix in the
first fourth cycles and more than 50% of metal was recovered. After the fifth cycle, the desorption
percentage decreased to 20%, since cadmium metal ions remained inside of the beads structure
after the third desorption cycle. Thus, it can be said that these beads have the potential to be
reuse up to four cycles under the chosen conditions. For further studies, factors, such as time and
desorbent concentration must be considered for maximum desorption capacity for more than 5 cycles.
In previously studies [19], hydrochloric acid proved to be a good desorbent within 2 h of repetitive

adsorption and desorption cycles.

Il ~dsorption
8 [ Desorption | g0
“ =-=:9% Desorption

’ - g
— 150 S
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Figure 4. Adsorption and Desorption cycles of cadmium from MAAC beads (mean + SE of 15 replicates).
3.2. Effect of pH

The influence of pH on Cd(II), Hg(II) and Ni(II) adsorption capacity by the MAAC beads was studied
at pH range of (2.0 to 9.0). In Figure 5, the adsorbed metal ions per adsorbent mass q (mg/g) are presented
for all tested pH values. As can be seen, the adsorption process for Cd(II) and Ni(Il), was constant
between the pH values of 4.5 to 7.0, followed by an increase at higher pH values. On contrary, Hg(II)
adsorption depends in a non-predictable way on the pH, attaining a maximum adsorption capacity at pH
4.5, followed by a steep decrease at pH 6.5 and a large increment up to pH 9.0. The higher concentration
of hydrolyzed ions such as H* allow an enhanced binding of Hg(IT) metal ions to the sodium alginate
surface [19]. Besides this binding mechanism being more enhanced at pH 2.0 for Hg(II) ions, at pH 4.5 all
metal ions revealed to have a constant and high adsorption capacity at this pH, being the selected for the
experiments at the mono and ternary system. The increasing adsorption at higher pH values for all metal
ions may be attributed to the formation of hydroxyl ions [20].

At higher pH values, the decreased adsorption capacity by Cd(II) coincides with the decreasing
concentration of Cd(II) and the precipitation of Cd(OH); into solution. The Cd(OH); ionic species are
adsorbed by the MAAC beads occupying the available sites and preventing the further adsorption of
Cd(I) ions [21]. For nickel an increasing trend at higher pH values was observed. This characteristic
trend is attributed to the specific adsorption of cationic hydroxo-complexes, which is the pH range
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more favorable for the formation of these species [22]. The hydrolysis of mercury, on the other hand,
begins at very low pH values (pH < 4.5) with the formation of Hg(OH)* and at pH values (pH > 4.5)
the adsorption capacity suddenly increases because of the formation of mercury neutral species
Hg(OH), [23],

—4&—Ni (1)
50| —*—Ha ()
=
D15
=
T 10
5
0

4 6 10
Initital pH

Figure 5. Effect of initial pH on Cd(II), Hg(II) and Ni(II) adsorption onto MAAC beads (mean standard
deviation + 0.3).

3.3. Adsorption of Mono and Ternary Systems

Batch adsorption experiments were performed using a defined amount of MAAC beads in mono
and ternary systems containing Cd(II), Ni(II) and Hg(II) metal ions. The effect of the initial metal ion
concentration on adsorption was studied for solutions prepared with a set of concentrations 10 to
250 mg/L, and applying previously optimized conditions (magnetic agitation at 300 rpm, using 14 mg
of adsorbent during 6 h) at fixed pH = 4.5. The equilibrium adsorption capacity (g.) was calculated
according to the following equation [24]:

(Co — CE)V

e = M (4)

The removal efficiency (R%) of Cd(Il), Hg(II) and Ni(Il) in the mono-component system was
calculated using the following equation:

(Co-Ce)

R% =
Co

x 100 ®)
where g, is the equilibrium adsorption capacity (mg/g); Cp and C. are the initial and equilibrium
concentration (mg/L) of metal ions, respectively; V is the volume of working solution (L) and M is the
weight (g) of adsorbent used. Alternatively, 4, can be expressed in terms of molarity, g (mol/g), to gain
insights into the number of moles (atoms) that adsorb on the cleaning beads (Figure S3).

In Figure 6, the adsorption capacity, g (mg/g), of Cd(II), Ni(Il) and Hg(II) by the MAAC beads, for
the mono and ternary metal adsorption batch tests are presented versus the initial concentration in
the batch solution of each metal. From all tested metals under the current experimental conditions,
it is evident that Cd(II) ions are preferentially adsorbed in both tests, being in the mono-metal case
(Figure 6a) the adsorption capacity of Cd(II) ions twice the adsorption observed for Ni(II) and Hg(II).

In addition, in the mono-metal test, the adsorption of cadmium and nickel ions increases uniformly
indicating ongoing adsorption process onto the MAAC beads, on contrary to mercury, which shows a
decreased adsorption at the initial concentration of 150 mg/L. In the ternary metal system (Figure 6b),
the adsorption capacity is generally smaller than in the mono-metal case, indicating a competition
between the metal ions in the ternary system for available binding sites on the MAAC beads [25], with a
striking exception at initial metal concentration of C = 150 mg/L, where all metal ions are adsorbed
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with more efficacy. Moreover, the similarities of the adsorption capacity curve of all ions in the ternary
system with the mercury adsorption feature in the mono-metal system suggests that mercury has an
important role modulating the adsorption mechanism, which will deserve future studies.

The removal efficiency decreases when the initial metal ions concentration is increased (Figure 7),
a trend that was already observed in a previous study [15]. This behavior is mainly ascribed to the
saturation of the available binding sites during the adsorption process, leading to a reduction of the
adsorption capacity.
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—A—Ni (II) —a— Ni (II)
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Figure 6. Effect of initial metal concentration on the adsorption capacity of MAAC beads for
(a) mono-metal and (mean SD + 1.45) (b) ternary experiment at pH 4.5 (mean SD + 1.27).
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Figure 7. Removal efficiency or mono-metal and ternary experiments at pH 4.5.

3.4. Competitive Adsorption Evaluation

The interactive effect of Cd(Il), Hg(II) and Ni(II) was investigated in the ternary system. For that,
an evaluation ratio was introduced to assess the type of adsorption competition between each metal
ion in the system and combined [26]. The evaluation ratio is expressed by the following Equation (6):

%

Qe
where E, is the evaluation ratio; Q, (mg/g) is the amount of metal ions adsorbed in a ternary system
and Q. (mg/g) is the amount of metal ions adsorbed in the mono-metal system. If the evaluation ratio,

E > 1, the presence of other metal ions have enhanced the adsorption of other metal ions in solution
(synergism effect); when E = 1, this means that the presence of other metal ions would not influence the

E (6)
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adsorption of another metal ion; and when E < 1, the presence of another metal ion would suppress
the adsorption of one another (antagonism effect). The evaluation ratios of individual Cd(II), Hg(II)
and Ni(II) in the ternary system and the whole mixture are listed in Table 2.

Table 2. Individual and sum of the evaluation ratios of Cd(II), Hg(II) and Ni(II) in the ternary system

for MAAC beads.
Initial Concentration (mg/L) 10 70 150 200 250
Adsorbent Metal Ions Evaluation Ratios
Cd(In) 1.08 0.58 1.10 0.35 0.56
Hg(II) 0.14 0.66 1.46 0.44 1.36
MAAC Ni(IT) 1.05 0.63 1.38 0.20 0.26
Cd(IT) + Hg(IT) + Ni(IT) 0.68 071 1.48 0.32 048

Cadmium and nickel in both mono and ternary systems were most efficiently adsorbed than
mercury (Figure 6a,b). On contrary, the study of the evaluation ratios in terms of competitive scenario
reveals that mercury ions are the least suppressed of all three metal ions. The results compiled in
Table 2, reveal an antagonistic effect (E < 1) almost in all concentrations in the individual metals and on
the whole mixture of the ternary system, except at C = 150 (mg/L), where E = 1.48 (E > 1), indicating an
average synergistic behavior between the metal ions. For high values of initial metal concentrations of
C =200 (mg/L) and C = 250 (mg/L), the degree of suppression is large for nickel and cadmium ions,
while mercury adsorption is favored by a synergistic effect. Moreover, for C > 70 (mg/L) mercury is the
least suppressed metal and benefits from an enhancement effect, in part due to the increase electrostatic
repulsion among the cations that would limit the adsorption of the metal ion [27].

3.5. Adsorption Isotherms

To determine the adsorption capacity of the MAAC beads in a mono-metal and ternary system,
adsorption studies with initial concentrations ranging from C = 10 (mg/L), to C = 250 (mg/L), were
carried out. The adsorption equilibrium was studied fitting the experimental data to the linear
equations of Langmuir and Freundlich isotherm models.

Langmuir isotherm model [28]:
G__1 .G ”
e KLqm q m

Freundlich isotherm model [29]:
1
log g. = log Kr + ;logCE ()]

where g, (mg/g) is the amount of metal ions adsorbed; C. (mg/L) is the adsorbate concentration in
solution, both at equilibrium; K; (L/mg) is the Langmuir adsorption constant; and g, (mg/g) is the
maximum adsorption capacity for monolayer formation on the adsorbent. The value K can be defined
as the adsorption or distribution coefficient and represents the quantity of metal ions adsorbed onto
the beads. The value of 1/#n indicates surface heterogeneity, which becomes more heterogeneous as
its value gets closer to zero. A fundamental characteristic of the Langmuir isotherm is to predict the
affinity between sorbate and sorbent using a dimensionless constant, known as separation factor Ry,

which can be represented as:
1

1 + K. Co
where Cp (mg/L) is the adsorbate initial concentration. The value of R, stands between 0 and 1
for favorable adsorption, while R; > 1 represents unfavorable adsorption, R, = 1 represents linear
adsorption and R, = 0 for irreversible adsorption processes [28].

Rp )
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Table 3 lists the parameters of Langmuir and Freundlich isotherms models computed from the
experimental tests using MAAC beads for mono-metal and ternary systems adsorption.

Table 3. Langmuir and Freundlich isotherm parameters.

Langmuir Parameters Freundlich Parameters
. Metal
Adsorption System K K,
Tons qm L 2 F 2
(mg/g)  (L/mg) Ru R " n (mgl-(/mng-1) R

Cd(In Cd(1n) 59.17 0.048 0.103 0.981 252 0.397 7.09 0.983
Hg(II) Hg(1I) 25.00 0.040 0.118 0.922 3.94 0.254 5.08 0.865
Ni(II) Ni(II) 37.04 0.031 0.144 0.945 279 0.358 482 0.995
Cdn 56.18 0.029 0.339 0.758 2.49 0.401 6.11 0.889
Cd(ll)}\;’i (ﬁ)‘O’(H) + Hg()  181.82  0.007 0.164 0.681 1.50 0.668 3.35 0.901
Ni(II) 172.71 0.001 0.456 0.561 1.14 0.878 0.35 0.953

The models of Langmuir and Freundlich equations in general described the data well, although
the mono-metal system seems to be better described by Langmuir while the ternary system by the
Freundlich isotherm, as suggested by the correlation coefficient values R?. The Langmuir constant, Kp
values were higher for the mono-metal system, revealing a higher adsorption capacity. Contrary to
the ternary system, where the presence of other metal ions in the system decreased the adsorption
capacity due to the competition of available adsorption sites onto the MAAC beads. The R, parameter
values stand below 1, indicating favorable and weakly reversible adsorption of studied metal ions
onto MAAC beads. The values of n determined with the Freundlich equation were generally higher
than 1.0, indicating heterogeneous adsorption process for all metal ions onto the beads. Among all
metals, Cd(II) was the most highly adsorbed with a Freundlich Kr constant of 7.09 and 6.11 for both
mono-metal and ternary system, respectively. In our study, the adsorption cannot be simply related
to the physicochemical properties of metal cations, since cadmium with higher atomic weight and
ionic radius than nickel was more intensely adsorbed [30]. Thus, adsorption in the ternary system
was better described by the Freundlich adsorption isotherm, revealing heterogeneous surface with
different affinity sites on MAAC beads.

4. Materials and Methods

4.1. Synthesis of MAAC Beads

The procedure of the MAAC beads synthesis is described in our previous study [15]. Briefly, Fe304-NPs
were synthesize by reverse coprecipitation method [16]. In the synthesis, 15 mL of 1.0 M FeCl3-6H,O
(Alfa Aesar, Madrid, Spain) and 0.5 M FeSO,4-7H,0O (Sigma, St. Louis, MO, USA) were mixed and added
dropwise into a 3.5 M NH4OH solution of 20 mL at 60 °C. The reaction proceeded for 30 min under
mechanical agitation. The magnetic nanoparticles were then washed and re-dispersed in distilled water.

Beads were prepared in cross-linking solution using calcium chloride solutions as the cross-linking
agent. Next, 2.0 g of sodium alginate (Sigma, St. Louis, MO, USA) was subsequently added to the
previously prepared Fe304-NPs solution (35 mL). After obtaining a homogeneous solution, 3.0 g
of commercial activated carbon was added and the solution was mechanically agitated for 4 h.
The obtained suspension was added dropwise into a previously prepared bath of 0.13 M CaCl, (Sigma,
St. Louis, MO, USA) and 450 uL Tween 20 (Fluka, Steinheim, Germany) under continuous magnetic
speed of 450 rpm using a New Era NE-300 syringe pump (Biogen, Madrid, Spain). Beads were instantly
formed and were left in the bath around 30 min for hardening. Afterwards, the beads were collected
with a magnet and cleaned with distilled water. Finally, the magnetic beads were dried at 60 °C.

4.2. Effect of pH

The effect of pH on adsorption capacity of Cd(II), Hg(II) and Ni(II) metal ions was conducted
individually by mixing (14 mg) of adsorbent with 20 mL of 10 mg/L~! metal ions concentration.
The adsorption capacity was studied at pH values of (2.0, 3.0, 4.5, 5.0, 6.5, 7.0, 9.0) under magnetic
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agitation (300 rpm) at ambient temperature for 6 h. The pH values were adjusted with 0.01 M HCl
and 0.05 M NaOH using a Milwaukee pH51 waterproof (Aldo, Madrid, Spain). After that, the metal
concentration present in the supernatant was determined.

4.3. Adsorption Study

Parameters such as adsorbent dosage, rotation speed and agitation type were already optimized
in a previous study [16]. The effect of the initial metal concentration was studied with the following
conditions (magnetic agitation of 300 rpm, 14 mg adsorbent dosage and contact time of 6 h). A set
of solutions with a volume of 15 mL and varying metal concentration between 10 to 250 mg/L were
prepared. The pH value was adjusted for each metal with 0.05 M HCL and 0.02 M NaCl using a
pH meter Milwaukee pH51 waterproof (Aldo, Madrid, Spain). For the ternary adsorption system,
solutions with equal concentrations (mg/L) of Cd(II), Ni(Il) and Hg(II) were prepared with the same
above experimental conditions used.

4.4. Desorption and Reusability

For the desorption experiments, hydrochloric acid as desorbent solution was used. First, the
adsorption experiment was carried out by preparing 15 replicates of 20 mL of 10 mg/L solution of
Cd(Il), using (14 mg) of adsorbent. The solutions were magnetically agitated (300 rpm) for 1 h at
ambient temperature. Before performing desorption, the beads were magnetically separated from
solution and washed with distilled water. Subsequently, the beads were added to the eluting solution.
The desorption was carried out by mixing the beads with 20 mL of 0.01 M HCI solution for 30 min
under ultrasonic agitation. In the end of each adsorption and desorption cycles, the concentration of
Cd(II) on the supernatant was measured. The beads surface and internal structure was analyzed by
energy dispersive x-ray spectroscopy (EDX) mapping on each cycle for adsorption and desorption.

5. Characterization

The XRD measurements were performed using a Philips diffractometer (Panalytical, Callo End, UK)
with Cu Ko radiation (A = 15406 A), with a step size of 0.02° and a counting time of 2 s per step from 10°
to 80° (20). The Fourier transform infrared spectra (FT-IR) was recorded on a Varian FT-IR 670 (Varian,
Palo Alto, CA, USA) spectrophotometer in the range 400-4000 cm™~'. The morphology of the activated
carbon and hybrid magnetic beads were characterized by TEM using a JEOL JEM-1011 microscope
(JEOL, Tokyo, Japan) operating at 100 kV and by SEM analysis using a ZEISS FE-SEM ULTRA Plus
microscope operated at 30 kV (Zeiss, Oberkochen, Germany). The BET specific surface area and the pore
size distribution of the samples were characterized under N, adsorption-desorption isotherms at 77 K
using Micromeritics ASAP 2020 instrument (Micromeritics, Norcross, GA, USA). The TGA were studied
using Perkin Elmer Pyris 7 (Perkin, Waltham, MA, USA) under an oxygen flow (20 mL/min) with heating
rate of 50 °C up to 840 °C. A superconducting quantum interference device (SQUID) magnetometer
(Quantum Design, Darmstadt, Germany) was used to analyze the magnetic properties of the MAAC beads.
The FC and ZFC measurements were recorded at an applied field of 100 Oe by scanning between 5 and
350 K. Magnetic properties were assessed by measuring the magnetization curve using a vibrating sample
magnetometer (VSM) (DMS, Massachusetts, MA, USA) with an applied field between —10 and 10 kOe
at room temperature. The concentration of Cd(Il), Hg(II) and Ni(II) ions was measured by inductively
coupled plasma optical mission spectrophotometry (ICP-OES) using an emission spectrometer Perkin
Elmer Model Optima 3300 DV (Perkin, Waltham, MA, USA).

6. Conclusions

Hybrid magnetic beads made by encapsulation of magnetite nanoparticles with sodium alginate
and commercial activated carbon proved to be effective on the adsorption of Cd(II), Hg(Il) and
Ni(II) metal ions. The MAAC beads present a superparamagnetic behavior, although with a moderate
saturation magnetization around 50 emu/g, their efficient magnetic separation from solution was allowed.

194



Inorganics 2020, 8, 40

Their magnetic functionality is a crucial design parameter for industrial applications in which remote
manipulation and extraction enhances the decontamination procedure. The quantitative studies on the
equilibrium adsorption in the ternary metal system revealed a competitive adsorption process established
between the different metal ions. The adsorption affinity, Cd(II) > Ni(II) > Hg(II), was clearly established
in both mono and ternary system. The equilibrium for both systems was generally better described by the
Freundlich model, indicating an heterogenous adsorption process. Cadmium metal ions were the most
adsorbed by the MAAC beads, and consequently, it was the metal studied for the desorption experiment.
The desorption rate was significant using hydrochloric acid and the beads tolerate well the desorption
process without structure damage. These results support the potential application of the MAAC beads for
the removal and recovery of metal ions from contaminated aqueous medium.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-6740/8/6/40/s1,
Figure S1. X-ray diffractogram (a) and Transmission electron microscopy (TEM) (b) of Fe3O4 nanoparticles.
Figure S2. Cadmium weight percentage obtained by EDX analysis of the surface and internal structure of the
beads on the adsorption and desorption cycles. Figure S3. Adsorption capacity q (mol/g) at the mono-system (a)
and ternary-system (b).
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