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ABSTRACT

The rational design of complex nanostructures is of paramount importance to gain control over their chemical and physical properties.
Recently, magnetic-plasmonic heterostructured nanocrystals have been recognized as key players in nanomedicine as multifunctional
therapeutic-diagnostic tools and in catalysis. Here we show how the properties of gold-iron oxide heterostructured nanocrystals can be tuned
by chemical doping of the magnetic subunit. The divalent cations in the iron oxide were substituted with cobalt and manganese to obtain a
general formula Au-MFe204 (M = Fe, Co, Mn). Magnetic properties of the heterostructures could be tuned, while maintaining well-defined
plasmon resonance signatures, confirming the dual magnetic-plasmonic functional capability of these nanostructures.
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1. Introduction

The significant progresses in the colloidal synthesis of inorganic
nanocrystals (NCs) during these last decades opened the path to the
preparation of complex colloidal nanostructures with a fine control
on the mean size and chemical composition. In particular,
significant momentum has been brought by recent exciting
advances in the synthesis of heterostructured nanocrystals (HNCs)
[1,2], in which two or more inorganic materials are combined at
the nanoscale. This novel class of nanomaterials offers great
opportunities towards the realization of complex multifunctional
nanoplatforms for a wide range of applications, thanks to the
combined action of the two functionalities or to the onset of new
properties arising from the direct interaction of the two inorganic
domains. Recently, significant efforts have been devoted to the
realization of magnetic-plasmonic HNCs, in particular those based
on gold (Au) and magnetite (FesOs). The extremely high interest
towards these systems was mainly driven by the large potential in
the biomedical field: indeed, both Au and FesOs NCs can be
employed as contrast agents for different imaging techniques
(Magnetic Resonance Imaging (MRI) [3], X-Ray Computed
Tomography (CT) [4,5], Photoacoustic imaging, among others [5]),
heat mediators for antitumoral thermal therapies (magnetic
hyperthermia [3] and photothermal therapy [5]) and as building
blocks for the realization of biocompatible active nanoplatforms
for delivery, targeting and sensing applications [3,5]. Within this
framework, the combination of Au and FesO4 in a single

nanosystem offers the possibility not only to strongly increase their
functionality, but also to employ them in different modalities [6,7].
This concept is particularly interesting in the field of imaging: the
integration of two or more different techniques allows overcoming
the intrinsic limitations of the single ones and providing
complementary information for a better diagnosis [6-8]. Fhe
multimedal-nature—of-Au-FesO, HNCs haves— been demonstrated
to act as efficient contrast agents for MRI alone [9-11] or in
combination with epifluorescence/reflectance laser scanning
confocal microscopy [12] and with X-ray-CT [13,14]—Fhe-centrast
enhancement-capability-of-Au-Fe;0,-HNGs--MRIwas-reported-to
be—comparable—to—that-observedfor-singleFe;0,-NCs—of similar
sz ondee chighelnes e supc e Fe O —depnins
with-octahedral-shape[11}. The concept of multimodal approach
can be applied also in the field of therapy, for example through the
simultaneous application of two different hyperthermic techniques
(as recently demonstrated by Espinosa et al. [15]) or through the

design of drug-delivery nanoplatforms based on a different

functlonallzatlon of the two counterpartsdihe—pessibmthty—te

respeeHe%he%mgle%ehmquesﬁalene—G Concernlng Au-Fe30,
HNCs, the investigation of their hyperthermic properties is still

limited to the magnetic actuation, and high values of hyperthermic
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efficiency have been recently reported [16]. On the other hand,
interesting nanoplatforms based on Au-Fes04s HNCs have been
developed, for example for a specific targeted drug-delivery
approach against breast cancer {threugh—the—functionatization—of
Fez0.-domain-with-Herceptin-and-Au-one-with-cis-platinum)-[17]

or for the realization of dual responswe drug dellvery systems

Fespec—nvely} [18]

Besides biomedical applications, Au-Fes0s HNCs have
demonstrated to act as promising catalysts for different chemical
reactions (CO-oxidation-[19-25]—+reduction-of-hydrogen-peroxide
[24]-and-nitrophenols-[24],-oxygen-evolution-reaction-[25])-and as
building blocks for sensing applications (for example as-hotspetsin
Surface-enhanced-Raman-Spectroscopy-{26]-as catalytic agents in
electrochemical sensors based-en-the-hydrogen-peroxidereduction
[26,27] or—in—the—reduction—of-As(HbH—[28}-and as actuators or

hotspots in optical sensors in-vitro-[28-31]-and-in-vive-f31]). The
high interest of these systems in catalysis is due to their improved

catalytic performances with respect to the single Au and Fes;O4
counterparts, a behavior that was ascribed to the presence of
synergistic effects occurring at the interphase between the metallic
and the metal oxide counterparts, related to electron transfer
phenomena across the interface [32]. Further interest arises from
the possibility of magnetic separation from the reaction mixture
and from the higher stability of the metallic component against
temperature, aggregation and leaching [6].

Within this framework, a significant improvement for the
applicability of Au-Fe;O4 HNCs is represented by the possibility to
finely tune their plasmonic and magnetic properties, and thus to
design HNCs with well-defined physico-chemical characteristics.
This aspect is particularly relevant concerning the magnetic
counterpart, since the use of systems with proper magnetic
characteristics (hard or soft magnetic behavior) can strongly
improve the specific application. Besides the influence of mean
shape and size, it is well known from the literature that the
magnetic properties of magnetite NCs can be efficiently tuned also
by the partial or total substitution of Fe(ll) with other divalent
cations, leading to the formation of mixed spinel ferrites [33,34].
For cobalt ferrite CoFe,Os, the substitution of Fe(ll) with Co(ll)
leads to a strong increase of the magnetic anisotropy with respect
to magnetite, both in the bulk and at the nanoscale [35-38]. On the
other hand, the total substitution of Fe(Il) with Mn(ll) (leading to
manganese ferrite, MnFe,0,) causes the increase of the magnetic
permeability [37]. Nevertheless, to our knowledge, such high
flexibility has been explored so far only for non-epitaxial
heterostructures, where the spinel ferrite domains are combined
with plasmonic units through simple electrostatic interactions or
the mediation of a third material or a functional molecule [39-41].
On the other side, an epitaxial relation grants for a stronger
interaction between the two components, largely expanding the
potential of the materials. Unfortunately, the literature about
magnetic-plasmonic epitaxial HNCs is exclusively focused on
Au-Fe;04, except for the work by Guo et al. [42], who report the
formation of Au-CoFe,O4 HNCs from laser ablation, a technique
less accessible and with a lower degree of control with respect to
the standard colloidal syntheses. A similar example of
magnetic-plasmonic epitaxial HNCs prepared by a colloidal
strategy is based on silver (Ag-CoFe;0,), [43] which, however,
presents different chemical stability and optical properties than Au.
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However, the synthetic procedure adopted in this case is unsuitable
to prepare the Au analogue due to the different reactivity of the
metal precursor.

The lack of reports on Au-MFe;O, HNCs (M=Co, Mn, etc...)
can be ascribed to the fact that the main synthetic strategy reported
in the literature for the preparation of Au-Fe;O, HNCs is based on
the use of the iron precursor Fe(CO)s. Indeed, Jiang et al.
demonstrated that the use of such precursor involves the
heteronucleation of metallic iron onto the surface of gold
preformed nanoparticles and the successive oxidation to Fe;O4[44].
In these conditions, the formation of mixed spinel ferrite phase is
not trivial, and the occurrence of different secondary inorganic
phases is highly probable.

With the aim to fill this gap, in this work we present the
synthesis of Au-CoFe;Os and Au-MnFe,Os HNCs by thermal
decomposition of the respective acetylacetonate salts in the
presence of preformed oleylamine-capped Au NCs. Metal
acetylacetonates are commonly used for the synthesis of mixed
spinel ferrites nanoparticles [45] and thus they are expected to be
better suited for the preparation of Au-MFe,Os HNCs.

The structural, magnetic, optical and magneto-optical
characterization indicates the successful epitaxial growth of the
ferrite domains onto the gold surface and the effective
incorporation of Co(ll) and Mn(ll) into the lattice, with a
consequent variation in the magnetic and magneto-optical
properties of the final Au-MFe,Os HNCs.

2. Experimental

2.1 Materials. All samples were prepared under argon
atmosphere using commercially available reagents. Cobalt(Il)
acetylacetonate  (Co(acac),-2 H.0) (>99%), manganese(Il)
acetylacetonate (Mn(acac)2) (>99.9%), oleylamine (>98%), oleic
acid (90%), 1,2-dodecanediol (90%), benzyl ether (Bz,O) (98%),
1-octadecene (ODE) (90%), hexane (=99%), toluene (=99.7%) and
ethanol (99.9%) were purchased from Aldrich Chemical Co.
Gold(l) chloride trihydrate (HAuCl, 3H,0) (99.8%) and iron(l11)
acetylacetonate (Fe(acac)s) (99%) were from Strem Chemicals Co.

2.2 Synthesis of Au NCs. Gold NCs were prepared by reduction
of gold(lll) chloride trihydrate (HAuCls-3H,0) by oleylamine at
high temperature, using a modified procedure from Hiramatsu et
al.[46]. A mixture of HAuCIl, 3H,0 (120 mg, 0.03 mmol) and
oleylamine (3 mL, 9.12 mmol) in phenyl ether (Ph,O, 20 mL) was
heated to 120 °C at 4 °C/min with vigorous stirring and kept at this
temperature for 45 min. Once the mixture was cooled to room
temperature, the obtained Au NCs were precipitated by addition of
EtOH (60 mL) and successive centrifugation (4000 rpm, 10 min).
This washing procedure was repeated twice. The obtained product
could be readily dispersed in hexane or other nonpolar solvents,
giving stable suspensions. Transmission Electron Microscopy
(TEM) and extinction spectrum of the obtained Au NCs are
reported in Fig. S1 in the Electronic Supplementary Material.

2.3 Synthesis of Au—FesOs HNCs. A mixture of Fe(acac)s
(0.177 g, 0.5 mmol), Au NCs (0.011 g in ~5 mL of hexane),
oleylamine (0.53 g, 2 mmol), oleic acid (0.565 g, 2 mmol),
1,2-dodecanediol (0.508 g, 2.5 mmol) in 50 mL of solvent
(1-octadecene or benzyl ether) was heated up to 205 °C at
5 °C/min under Ar flow and kept at this temperature for 2 h. Then,
the reaction was heated up to reflux (315 °C for ODE, 290°C for
Bz,0) at 6 °C/min and kept at this temperature for 2 h before being
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let to cool down to room temperature and then exposing it to air.
The HNCs suspensions were purified by centrifuging the reaction
mixture twice with a mixture of 2-propanol and methanol and
re-dispersing it in hexane.

2.4 Synthesis of Au—CoFe2O4 HNCs. A mixture of Fe(acac)s
(0.117 g, 0.33 mmol), Co(acac), (0.05 g, 0.17 mmol), Au NCs
(0.011 g in ~5 mL of hexane), oleylamine (0.53 g, 2 mmol), oleic
acid (0.565 g, 2 mmol), 1,2-dodecanediol (0.508 g, 2.5 mmol) in
50 mL of solvent (1-octadecene or benzyl ether) was heated up to
205 °C at 5 °C/min under Ar flow and kept at this temperature for
2 h. Then, the reaction was heated up to reflux (315 °C for ODE,
290°C for Bz,0) at 6 °C/min and kept at this temperature for 2 h
before removing it from the heating source, allowing to cool down
to room temperature and exposing it to air. The HNCs suspensions
were purified by centrifuging the reaction moisture twice with a
mixture of 2-propanol and methanol and redispersing it in hexane.

2.5 Synthesis of Au—MnFe2O4 HNCs. A mixture of Fe(acac)s
(0.117 g, 0.5 mmol), Mn(acac), (0.05 g, 0.17 mmol), Au NCs
(0.011 g in ~5 mL of hexane), oleylamine (0.53 g, 2 mmol), oleic
acid (0.565 g, 2 mmol), 1,2-dodecanediol (0.508 g, 2.5 mmol) in
50 mL of solvent (1-octadecene or benzyl ether) was heated up to
205 °C at 5 °C/min under Ar flow and kept at this temperature for
2 h. Then, the reaction was heated up to reflux (315 °C for ODE,
290°C for Bz,0) at 6 °C/min and kept at this temperature for 2 h
before removing it from the heating source and allowing it to cool
down to room temperature before exposing it to air. The HNCs
suspensions were purified by centrifuging the reaction product
twice with a mixture of 2-propanol and methanol and redispersing
it in hexane.

2.6 Structural and magnetic characterization. The
morphology, average size and size distribution of the obtained
HNCs were determined by TEM using a CM12 PHILIPS
microscope operating at 100 kV. Samples were prepared by drop
drying a diluted suspension of NCs in hexane onto 200 mesh
carbon-coated copper grids. The mean diameter and the size
distribution of each sample were obtained by statistical analysis
over 300 particles analyzing the recorded images with the ImageJ
software.[47] For non-spherical nanostructures, the diameter of the
circle that circumscribes the HNCs was considered, while the size
estimation of magnetic domains was performed as schematized in
Fig. S2.

High-resolution TEM images (HRTEM), scanning transmission
images in annular dark field mode (STEM-ADF), and energy
dispersive X-Ray spectra (EDXS) were acquired at 200 kV on a
JEOL JEM-2200FS (HRTEM point resolution 0.19 nm, STEM
spot size 2 nm). Elemental maps from Au-M, Fe-K, Co-K, and
Mn-K ionization edges were extracted from STEM-EDXS.

Powder XRD measurements were carried out using a Bruker D8
Advance diffractometer equipped with a Cu Ko radiation and
operating in 6-0 Bragg Brentano geometry at 40 kV and 40 mA.
Lattice parameters, a, and the mean crystallite diameters, dxrp,
were evaluated with TOPAS software (Bruker) using the method of
Fundamental Parameter Approach, considering a cubic space group
Fd3m and Fm3m for the ferrite and gold phase, respectively.

ICP-AES measurements were performed in triplicate by a Varian
720-ES  Inductively Coupled Plasma Atomic Emission
Spectrometer, on samples (~1 mg) digested in concentrated aqua
regia (HCI suprapure and HNOj3 sub-boiled in 3:1 ratio) and in the
presence of H,0O,, diluted with ultrapure water (>18 MQ/cm) and
analyzed using Ge as internal standard. Calibration standards were
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prepared by gravimetric serial dilution from mono-standard at 1000
mg/L. The wavelengths used for Co, Fe, Mn and Ge were 238.204,
238.892, 257.610 and 209.426 nm, respectively.

Magnetic measurements were performed using a Quantum
Design MPMS SQUID, operating in the 1.8—-350 K temperature
range and with an applied field up to 5 T. The samples were
deposited from hexane suspensions onto a Teflon sample holder,
the diamagnetic contribution of which was subtracted during data
processing. Zero Field Cooled/ Field Cooled (ZFC/FC) curves
were obtained by measuring the temperature dependence of the
magnetization applying a probe magnetic field (5 mT), after
cooling the sample in the absence (ZFC) or in the presence (FC) of
the field.

2.6 Optical and magneto-optical characterization. Optical
absorption spectra were recorded on a Jasco V-670 (Jasco
Corporation) commercial spectrophotometer in the 300 - 2000 nm
range using 5 mL quartz cuvettes.

Magnetic Circular Dichroism (MCD) spectra were recorded in
the 300-2000 nm range using an in-house built setup [48] equipped
with a 300 W Xe arc lamp coupled to a Oriel 1/4 m Cornerstone
260 monochromator, and a liquid-cooled electromagnet. The setup
covers a wavelength range from 300 to 2200 nm and reaches static
fields up to 1.4 T at room temperature. Light propagation was set
parallel to the static magnetic field. Circular polarization was
obtained using a photo-elastic modulator (Hinds Instruments
PEM-100) able to switch at a rate of 47 kHz between right- and
left-circular light polarization and dichroism was recorded by
lock-in detection at the modulation frequency. The differential
absorption signal (4A) between the two opposite polarizations is
retrieved via phase sensitive detection with a lock-in amplifier
referenced at the polarization modulation frequency. Offsets and
spurious dichroism from the setup were corrected by subtraction of
two MCD spectra recorded at the same magnetic field but with
opposite sign. The magnitude of dichroism signal (4A) was
calibrated through a standard technique using a Fe(CN)¢** solution
as a reference. Samples were prepared by mixing 50 ul of each
HNCs toluene suspension (~ 1 mg/ml of Au and ~2 mg/ml of
Fe+tM, where M=Mn, Co) with 100 ul of a
poly-methyl-metacrylate (PMMA) solution in toluene (10 % w/w)
and casting 50 pl of the mixture on a glass slide and allowing the
solvent to evaporate, obtaining thin optically addressable films.

3. Results and discussion

3.1 Synthesis of HNCs. Au-MFe;O, HNCs (M = Fe, Co, Mn)
were prepared following the seeded-growth approach described in
a previous work for Au-FesO, [49], i.e. through thermal
decomposition of metal acetylacetonates in the presence of
oleylamine-capped 10 nm Au NCs. In order to investigate the
effect of the reaction solvent on the morphology of the HNCs, the
synthesis was repeated in the same conditions but using two
solvents with lower and higher polarity, respectively: 1-octadecene
(ODE) and benzyl ether (Bz;O). TEM images (Fig. 1) show the
formation of monodisperse HNCs when iron (1) acetylacetonate
(Fe(acac)s) alone was used as single metal precursor. Consistently
with the literature [50,51] and previous observations [49], the
morphology of HNCs can be tuned from dimer (Fe-ODE) to
flower-like (Fe-Bz,0) just by increasing the solvent polarity. The
size of the iron oxide domains grown onto Au NCs, evaluated as
reported in Fig. S2, is approximatively constant in both samples

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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(Table 11Fable-1). Repeating the synthesis using a stochiometric
mixture (2:1) of Fe(acac); and Co(acac), in BzO leads to
monodisperse HNCs (Co- Bz,0) with flower-like morphology and
similar mean size as Fe-Bz,O. However, when the synthesis was
carried out in ODE (Co-ODE), flower-like particles were again
observed instead of dimers. The occurrence of flower-like
morphology was also observed when Mn(acac), was used in the
reaction mixture with both solvents investigated (Fig.1), although
with ODE (Mn-ODE) a sizeable secondary population of isolated
ferrite nanoparticles occurs. The mean size of ferrite domains in
Mn-Bz;O (~9 nm) was found to be slightly lower than that of
Fe-Bz;0 and Co-Bz;0 (~11 nm, Table 11Fable-1).

The M:Fe metal ratios were determined by ICP-AES (Table S1).
In the case of Co-Bz,0, the Co:Fe ratio (0.45) was found to be in
excellent agreement with that of stochiometric cobalt ferrite
CoFe;04 (0.5), as a first indication that Co(ll) was successfully
incorporated into the spinel lattice. However, a value slightly
higher than the stoichiometric one was observed for Co-ODE
(0.75), suggesting the presence of a secondary cobalt-rich phase,
such as CoO or metallic Co. Concerning Au-MnFe,O4 samples,
Mn:Fe lower than the stoichiometric value (~0.21 and ~0.14 for
Mn-ODE and Mn Bz;O, respectively) were observed for both
Au-MnFe;0, HNCs. A significant reduction of the Mn:Fe values
with respect to the ratio of precursors has already been reported by
Orbaek et al. [52], who attributed this behavior to the higher
thermal decomposition temperature of Mn(acac), (248°C) with
respect to Fe(acac); (184°C), resulting in a preferential
incorporation of iron ions with respect to manganese ones and thus
to a non-stoichiometric manganese ferrite. This hypothesis is
consistent with the observation of a higher Mn:Fe ratio for
Mn-ODE, for which the reaction temperature was higher (315°C)
with respect to Mn-Bz;O (290°C). Assuming that all the Mn is
incorporated in the spinel lattice, the observed Mn:Fe values
correspond to the formula MngsyFez4504 and MngsgFez 204 for
Mn-ODE and Mn Bz,0, respectively. From ICP-AES the relative
percentage of the magnetic oxide phase and the gold domain was
also evaluated. By comparing the samples from the Bz,O series,
we note that Fe-Bz;O shows a lower Fe:Au ratio (~0.8) with
respect to Co-Bz,O ((Fe+Co):Au ~2.1) and Mn-Bz0,
((Fe+Mn):Au ~1.7). These data suggest that in the case of
Co0-Bz,0 and Mn-Bz,O a higher number of ferrite domains grow
onto the Au surface, and this hypothesis is consistent with TEM
images (Fig. 1).

Overall, these results suggest that the change of the divalent
cation in the metal precursor has a significant effect on the process
of formation of HNCs, promoting multiple heterogeneous
nucleation onto Au NCs and reducing the influence of the polarity
of the reaction solvent on the final morphology when Fe is
replaced by Co or Mn. A possible explanation of such behavior can
be related to the fact that the different metal-surfactant complexes,
formed during the reaction and which decomposition leads to the
formation of the spinel ferrite phase, have a different thermal
stability and this strongly influences the process of nucleation, i.e.
number and size of the nuclei formed in the reaction [53].

In order to better highlight the effect of the chemical
composition of the spinel ferrite phase on the magnetic and optical
properties of Au-MFe,O4 HNCs, in the next we will focus only on
the series of flower-like samples obtained from Bz,O (Fe-Bz:0,
Co0-Bz,0, Mn-Bz;0), which are characterized by a homogeneous
morphology and similar mean size. For the sake of completeness,
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in the Supporting Information we also report the UV-VIS spectra
(Fig. S3) and the Powder X-ray diffraction (XRD) patterns (Fig.
S4, Table S2) of the series obtained from ODE (Fe-ODE, Co-ODE,
Mn-ODE).

3.2 Structural characterization of HNCs. The XRD patterns of
Fe-Bz,0, Co-Bz;0 and Mn-Bz,0 are reported in Fig. 2. For all the
samples, the diffraction patterns of two cubic crystalline phases are
present, matching in peak position and relative intensity the
reference patterns of gold and of the isostructural family of spinel
ferrites (magnetite, maghemite, cobalt ferrite, manganese ferrite),
without evidence of any additional inorganic phase within the
sensitivity range of the instrument. The lattice parameters (a) of the
gold and the spinel ferrite phases, reported in Table 22Fable-2,
were found to be in good agreement with the reference values. In
the case of Fe-Bz,0, a slightly lower value than the reference one
for magnetite (8.396 A) was observed: this is a feature commonly
observed for iron oxide nanoparticles and it is attributed to the
partial oxidation of Fe(ll) to Fe(lll). On the other hand, the value
of lattice parameter of Mn-Bz,0 was found much lower (8.419 A)
with respect to the reference value for manganese ferrite (8.499 A),
but consistent with a non-stoichiometric manganese ferrite
MnyFes.<O4, as already suggested by ICP-AES.

The mean crystalline sizes of Au and spinel ferrite domains,
evaluated from XRD patterns, are reported in Table 22Fable-2. As
observed previously on Au-FesO, HNCs and Au NCs [49], the
crystalline size of Au was found to be smaller with respect to the
NCs size obtained by TEM, feature which can be related to its
polycrystalline multiply-twinned structure. Concerning MFe;O4
domains, the direct comparison of mean size values obtained by
TEM (drem) and XRD (dxrp) is less trivial, mainly due to the
irregular shape of these counterparts. However, an excellent
agreement was found for Fe-Bz,O and Co-Bz,0, suggesting the
high crystallinity of the ferrite domains. On the other hand, in the
case of Mn-Bz;O a lower value of dxgp with respect to drem
suggests a slightly lower crystalline degree.

HRTEM images of the flower-like Au-MFe,O, HNCs (Fig. 3)
confirmed the high crystallinity of both Au and MFe,O4 domains.
Epitaxial relationships along the cubic directions were observed in
all the samples. In particular (220)Au//(220)Fe;Os or
(111)Au//(111)Fes04 epitaxial relations were observed in
agreement with our previous report [49]. In order to investigate the
distribution of the different metals within the HNCs, STEM-EDXS
elemental maps were recorded and compared to the STEM-ADF
reference images (Fig. 4 and Fig. S5). The distribution of Co and
Mn was found to be homogeneous and co-localized with Fe,
confirming thus the successful incorporation of these metals within
the spinel lattice of magnetite. The obtained M:Fe ratio (0.38 for
M=Co and 0.11 for M=Mn) were found to be in good agreement
with values obtained from ICP-AES.

The whole structural characterization clearly confirms the
formation of a highly crystalline cubic spinel ferrite phase,
epitaxially grown onto the top of the preformed Au NCs. In the
case of Mn-Bz,O, the formation of a non-stoichiometric
manganese ferrite is confirmed both by STEM-EDXS elemental
maps and by the observation of a lower lattice parameter. As
discussed in the previous paragraph, the formation of a
non-stoichiometric manganese ferrite can be ascribed in first
instance to a different decomposition temperature of Mn(acac), and
Fe(acac)s. Moreover, the large lattice parameter of manganese
ferrite can represent an additional driving force towards the lower
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incorporation of Mn ions in the ferrite lattice. Indeed, the process
of heterogeneous nucleation between two materials will be more or
less favored depending of the lattice mismatch between the two
crystalline phases. In the case of Au-MnFe,O, HNCs, the lattice
mismatch is higher (~4%) than for Au-FesO, HNCs (~3%),
therefore the heterogenous nucleation of stoichiometric manganese
ferrite is expected to be less favored with respect to that of
magnetite. It is thus reasonable that the minimization of the
mismatch is an additional cause for the low inclusion of Mn ions in
the spinel lattice. Such hypothesis is consistent with the
observation that when the reaction is carried out in ODE an
increase of Mn:Fe ratio and therefore of the lattice parameter,
occurs. In these conditions, the process of heterogeneous
nucleation could be then less favored with respect to the
homogeneous one, leading to the formation of a secondary
population of isolated MnyFe3.xO4.

Overall, these results demonstrate that it is possible to modify
the spinel ferrite composition of Au-MFe,O, HNCs with neither
affecting their shape, average size and crystalline quality nor
observing the formation of secondary undesired phases.

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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Table 111 Mean size, drem (nm), of Au-MFe,O, HNCs and of each component (MFe,O4and Au domains), obtained from TEM analysis, according to the scheme of

Figure 111 Representative TEM images of Au-MFe,O4 HNCs samples prepared by acetylacetonate precursors

Fig. S2.

Sample Fe-ODE Fe-Bz,0 Co-ODE Co-Bz,0 Mn-ODE Mn-Bz,0

HNCs 23+4 32+5 27+6 31+5 24+ 4 29+4

MFe,0, 11+3 11+2 10+3 11+2 7+2 9+2

Au 13+1 11+2 13+3 10+2 12+2 11+3

Table 222 Structural and optical properties of Au-MFe,O, HNCs.
HNCs MFe,04 Au HNCs
Sample drem (NM) drem (NM) dxro (NM) a(A) drem (NM) dxrp (NM) a(A) Amax (M)

Fe-Bz,0 32+5 11+2 10.4+0.3 8.376(3) 11+2 5.98 +0.09 4.077(1) 594
Co-Bz,0 31+5 11+2 10.8£0.2 8.402(2) 10+2 5.11 +0.02 4.081(1) 574
Mn-Bz,0 29+4 9+2 6.9+0.2 8.419(4) 11+3 5.27 +0.08 4.082(2) 602

drem: HNCs average diameter and standard deviation obtained from TEM analysis; a and dxrp: lattice parameter and crystallite mean size obtained from XRD data
analysis (errors are reported in brackets), respectively; inax: Wavelength of the plasmonic resonance.

3.3 Optical, magnetic and magneto-optical characterization
of HNCs. The optical properties of flower-like Au-MnFe,O4 HNCs
were investigated by recording extinction spectra in the
UV-visible-NIR range on toluene suspensions (Fig. 5). All samples
show a well-defined Localized Surface Plasmon Resonance (LSPR)
peak, which is red-shifted and slightly damped with respect to the
starting Au NCs used as seeds. Such behavior is commonly
observed in dimer and flower-like Au-FesO, heterostructured
nanocrystals [10,49,51,54-56] and it can be rationalized

considering the presence of an oxide layer in direct contact at the
Au NCs surface [57,58].

Interestingly, the plasmonic resonance was found to depend on
the chemical composition of the spinel ferrite, with a larger
red-shift for Fe-Bz;O (594 nm) and Mn-Bz;O (604 nm) with
respect to Co-Bz,0 (574 nm). This behavior is probably related to
small differences in the morphology of the samples, rather than to
the specific dielectric functions of the three ferrites.
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Co-Bz,0

Fe-Bz,0

Figure 222 X-ray powder diffraction patterns of Fe-Bz,O, Co-Bz,0 and
Mn-Bz,0, together with the reference patterns of magnetite (PDF 19-0629, blue)
and gold (PDF 04-0784, red).

The magnetization of the flower-like Au-MFe;O, HNCs series
prepared in Bz,0 (Fe-Bz,0, Co-Bz,0, Mn-Bz,0) was investigated
as a function of the magnetic field both at low (5 K) and room (300
K) temperature (Fig. 6a-b) by SQUID magnetometry. For all the
samples, low magnetic saturation values, Ms, per mass of sample
were observed, due to the high percentage of diamagnetic gold.
However when normalized by the effective amount of magnetic
metals obtained from ICP-AES (Table 33Fable-3), Ms rescale to
values close to the respective literature reference values for
nanosized spinel ferrites in the case of Fe-Bz,0 and Co-Bz;O
[36,59], taking into account the error related to the determination
of the amount of magnetic metals in the sample, estimated around
10% (see caption Table 3). On the other hand, for Mn-Bz,0 a
slightly lower value of Ms was observed with respect to the
literature [60,61]. Such behavior can be ascribed to a reduced
crystallinity of the ferrite domains, as evidenced by XRD
measurements, and to a magnetic disorder induced by Mn ions
substitution in the spinel structure. However, this last hypothesis
should be confirmed by further investigation that is beyond the
purpose of this work. At room temperature, Fe-Bz,0 and Mn-Bz,0
show superparamagnetic behavior, while Co-Bz,O exhibits a
hysteretic behavior with coercive field of 44 mT. On the other hand,
at low temperature all the samples show an open hysteresis loop,
with a much larger coercive field observed for sample Co-Bz,0
(1.21 T) with respect to Fe-Bz,0O (37 mT) and Mn-Bz,0 (46 mT).
Such strong increase of the coercive field is related to the
significant increase of the magnetic anisotropy of the material, a
feature that clearly indicates that Co(ll) ions were successfully
introduced into the spinel lattice. Focusing on the hysteresis curves
at room temperature, it is possible to note that Mn-Bz,O shows a
different approach to saturation with respect to Fe-Bz,O and
Co0-Bz,0, characterized by a higher slope of the magnetization at
high field. This behavior suggests a higher magnetic disorder in
Mn-Bz,0, which is consistent with the lower value of saturation
magnetization observed with respect to the literature ones for
MnFe,O, NCs and with the smaller mean size of the MFe,04
domains evaluated from XRD with respect to that of TEM (Table
22TFable-2).

The temperature dependence of the magnetization was
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investigated after a procedure of zero field cooling (ZFC) and field
cooling with a magnetic field of 5 mT (FC) (Fig. 6¢). All samples
show the typical thermal irreversibility of nanosized magnetic
materials and the plateau of the FC curve at low temperature
indicates an ensemble of strongly interacting magnetic
nanoparticles. The blocking temperature, Tg, commonly identified
as the temperature where the ZFC curve reaches its maximum, is
not well defined for Fe-Bz,O and Co-Bz,0, because the ZFC
curves do not reach a maximum in the measuring range. However,
the curve shape clearly suggests Tg very close to room temperature
for Fe-Bz,0 and much higher for Co-Bz;O, coherently with the
increase of magnetic anisotropy. On the other hand, the lower Tg
(280 K) observed for Mn-Bz,0 is consistent with the smaller mean
size of the ferrite domains and with the higher crystalline and
magnetic disorder.

Importantly, the data here presented confirm that it is possible to
significantly tune the magnetic properties of Au-MFe,O4 HNCs by
a simple chemical modification of the magnetic component while
preserving a well-defined plasmonic response.

In order to have a better insight on the electronic structure of the
spinel phases and on the possible interplay between magnetic and
plasmonic components, the flower-like Au-MFe,O, HNCs were
investigated through Magnetic Circular Dichroism (MCD). This
technique is very sensitive to small changes in the electronic
structure of magnetic materials, and is a powerful tool to detect
changes in the chemical composition of spinel ferrites [62,63].
MCD spectra of Fe-Bz,O, Co-Bz;O and Mn-Bz,O dispersed in
PMMA matrix, reported in Fig. 7, show complex profiles
involving several transitions and significant differences can be
observed among the samples. The interpretation of the MCD
spectra of iron oxide and other spinel ferrites is not straightforward,
due to their complex electronic structure. The possible electronic
transitions for these systems can be divided in two main classes: i)
crystal field transitions (CF) between the 3d states of single metal
ions, split in energy due to the ligand field of the surroundings
oxygens; ii) charge transfer transitions (CT), which involve
different metal ions and which can then be further divided in
Intervalence CT (IVCT), in which one electron is transferred to a
neighbor cation, and Intersublattice CT (ISCT), occurring between
cations in different crystallographic sites. Several interpretations in
the assignments of the magneto-optical (MO) transitions have been
proposed in the literature: for the purpose of this work, we adopt
that of Fontijn et al. [64], which to date represents the most
complete and systematic overview of the MO properties of spinel
ferrites. In the followings, square and round brackets indicate ions
in octahedral and tetrahedral coordination, respectively.
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Figure 444 STEM-EDXS elemental mapping of Fe-Bz,0 (a-c), Co-Bz,0 (d-g) and Mn- Bz,0 (h-k). STEM-ADF reference image (a, d, h); Au mapping images (b,
e, i); Fe mapping images (c, f, j); Co mapping image (g); Mn mapping image (k). For each sample, chemical maps were collected using the same experimental
settings (spot size and dwell time).
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Figure 555 Extinction spectra of Fe-Bz,O (black), Co-Bz,O (blue) and
Mn-Bz;0 (red), together with the Au NCs used as seeds (green).
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The MCD spectra of Fe-Bz,0 and Mn-Bz,0 show the presence of
a broad peak in the near infrared region (nIR), centered around
~1560 nm and ~1764 nm, respectively. This transition can be
attributed to an IVCT involving both Fe®* and Fe?*, i.e. a transition
[Fe* e = [Fe* ]y » @nd its presence in Mn-Bz,0 is consistent with
a non-stoichiometric manganese ferrite, as evidenced by structural
and chemical characterization. A similar broad peak can be
observed also in Co-Bz,0, however in this case it is superimposed
to a strong transition with derivative shape, centered at ~1557 nm
and ascribed to the CF transition “A, = 2Ty(F), characteristic of
Co?* in tetrahedral coordination. Another significant fingerprint of
Co?* in Co-Bz,0 spectrum is the intense peak at ~730 nm, which
can be ascribed to the CF transition A, - 2Ty(P), again related to
Co?* in tetrahedral coordination. A shoulder of the latter peak,
localized around 594 nm, can be identified as the IVCT between a
divalent ion and Fe** in octahedral sites, i.e. [M*]—[Fe* ..
We did not expect to observe an analogue transition in Mn-Bz,0O
sample, since from the literature manganese has a strong
preference for tetrahedral sites of the cubic spinel lattice [33].

In the 300-500 nm range, an intense peak is observed for
Fe-Bz,0 and Mn-Bz,O (centered around 430 and 446 nm,
respectively), which can be ascribed to the IVCT transition
[Fe* 12 — (Fe*). : indeed, the transition is observed in Mn-Bz,0,
which has a non-stoichiometric composition and thus contains a
large amount of Fe?, and it is not expected for Co-Bz,0. Finally,
in all samples a peak around 375 nm can be observed (even if
highly damped in the case of Mn-Bz,0), which can be identified as
the ISCT transition [Fe*], — (F€)..

In a magnetic-plasmonic system, both the magneto-optical
fingerprints of the magnetic and the plasmonic moieties are
expected. The latter is in general much weaker than the former. It is
known that non-magnetic systems supporting localized plasmon
resonance give a magneto-optical response, arising from the mode
splitting induced by the applied magnetic field [65-67]. Starting
from the optical line shape of the LSPR, it is possible to accurately
calculate the magneto-optical signature of the plasmonic moiety,
assuming that no interaction with the magnetic component is
taking place. In order to check this point, we fitted the optical
absorption spectra of the polymer-cast HNC samples (Fig. S6; see
ESM for details and fitting results). Each spectrum was fitted as the

9

sum of a Lorentzian peak arising from LSPR, and a Gaussian peak
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Figure 666 a, b) Magnetization curves of Au-MFe,O, HNCs recorded at 5 K
(a) and 300 K (b). In the inset, the magnification of the low field region is
shown. c¢) Temperature dependence of the magnetization after a procedure of
Zero Field Cool (ZFC) and Field Cool (FC). Each curve is normalized to the
corresponding maximum value of the ZFC curve.

approximating high energy interband transitions (Fig. S7). The
plasmonic contribution of LSPR to the MCD spectrum was then
simulated by calculating the difference of two Lorentzian line
shapes, the parameters of which were taken from fitting of the

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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optical peak, and imposing a shift of + half the cyclotron energy to

the LSPR energy hw.=ham +heB/2m, . The calculated
plasmonic contributions to the MCD spectra are reported along
with the experimental spectra of each sample in Fig. S8. It is clear
that in all samples the plasmonic contribution is negligible
compared to that of the oxide, and that the MCD spectrum of each
HNC system is dominated by the magnetic component. In case of a
magnetoplasmonic coupling between the two moieties, the
expected line shape would have been the derivative-like signal of
the plasmon, but with an increased intensity [68]. While this
finding is a downside from the point of view of applicability of
these systems as magnetoplasmonic vectors, this type of analysis
demonstrates a high degree of predictivity in terms of
magnetoplasmonic effects.

4. Conclusions

In conclusion, we have shown that the magnetic properties of
gold/spinel ferrite HNCs can be efficiently tuned by partial
substitution of the divalent metal ions without affecting the optical
properties. Au-MFe;O4 HNCs (M = Fe, Co, Mn) were in fact
successfully synthesized by a seeded-growth approach based on
thermal decomposition of metal acetylacetonates in the presence of
preformed Au-NCs capped with oleylamine. Interestingly, the
HNCs’ morphology changes from dimer to flower-like depending
on the solvent polarity and divalent metal cation used. A complete

Table 333 Magnetic properties of Au-MFe,O4 HNCs.

Nano Res.

structural characterization by XRD and HR-TEM demonstrates the
epitaxial growth of MFe,O4 onto the gold phase and the effective
incorporation of cobalt and manganese ions within the spinel
lattice. Consequently, the magnetic properties reflect the change of
composition: a strong enhancement of the magnetic anisotropy is
observed for Au-CoFe,04 HNCs while in the case of Au-MnFe;O,
HNCs the expected increase of magnetic moment is masked by the
structural and magnetic disorder which characterizes Mn
substitution. Finally, all samples were found to retain a plasmonic
resonance after the coupling with the spinel ferrite phases, showing
well defined plasmonic peaks slightly damped and red-shifted with
respect to the pristine Au NCs. The overall physical properties of
the presented HNCs and the possibility of modifying them
according to the requirements of the specific applications make
them useful building blocks for assembling a new generation of
biomedical devices. Moreover, the growth of the ferrite domains on
the gold cores induces a significant shift of the plasmonic response
towards the nIR region, a spectral region characterized by a higher
transparency of living tissues and thus of high interest for optical
imaging and photothermal therapy. Therefore, given its general
validity, the proposed approach can be viewed as a promising
starting point for the design of magnetic-plasmonic theranostic
agents with optimized properties.

5K 300 K
sample Tg? (K) LiHc (MmT)P Mst (AM%/Kgrerm)° Mg 1ioHc (MT)° Mst (AM?/KgFem)°© Mg
Fe-Bz,0 ~300 37 143 0.30 - 120 -
Co-Bz,0 >300 1210 122 0.77 44 102 0.26
Mn-Bz,0 280 46 100 0.25 - 85 -

aBlocking temperature evaluated as the maximum of the ZFC-FC curve zHc: coercive field; *Msr: experimental magnetization measured at 5 T normalized by the
total amount of Fe+M (M=Co, Mn), taken as an estimate of the saturation value, Ms; 9Mg: reduced remnant magnetization (Mor/Ms7). Errors on direct experimental
measurement of zHc and Mg can be estimated to be less than 1%., while the uncertainty on Tg can be considered as the half-interval between the temperature of two
subsequent acquisition points (2.5 K). The error on Msr is estimated around 10% and this mainly correlated to the accuracy of the measurement of the total amount of

Fe+M (M=Co, Mn) by ICP.
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Figure 777 MCD spectra of Au-MFe,O, HNCs.
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Figure S1 Representative TEM image (a) and extinction spectrum (b) of Au NCs.

pu— >
I - \\ I/ \\
u u
1 N g ’/ \\ //
| P
| C——l ———y u Au
I o S MFezo4
| I \ (M=Fe,Co,Mn)
— ( '
]
\\ /
N
2 — — il
<—>

ferrite

Figure S2 Schematic representation of the evaluation of the total mean size of Au-MFe,O4 HNCs and that of the MFe,O, domains. Black

arrow: distance measured; dashed red line: diameter of the circle that circumscribes the HNCs.
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Table S1 M:Fe ratios (M = Co, Mn) of Au-MFe;O4 HNCs obtained from ICP-AES and corresponding spinel ferrite formula.

Sample Co-ODE | Co-Bz;0 | Mn-ODE | Mn-Bz,0

Co:Fe 0.75 0.45 - -
Mn:Fe - - 0.21 0.14
X (MxFe3xO0a) >1 0.93 0.52 0.38
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Figure S3 UV—Vis spectra of Au-MFe,O4 HNCs dispersions in toluene: Fe-ODE (black), Co-ODE (blue) and Mn-ODE (red), together
with the Au NCs used as seeds (green).
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Figure S4 XRD patterns of Au-MFe,O4 HNCs, together with the reference patterns of magnetite (PDF 19-0629, blue) and gold (PDF
04-0784, red).
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Table S2 Structural and optical properties of Au-MFe,O4 HNCs.
HNCs MFe;04 Au HNCs
sample drem (nm) | drem (nm) dxro (NM) a(A) drem | dxro (NM) a(A) Amax (NM)
(nm)
Fe-ODE 23+4 11+3 10.5 (3) 8.370 (2) 13+1 5.57(6) 4.0776 (7) 586
Co-ODE 27+6 10+3 9.7 (2) 8.388(2) 13+3 4.62(7) 4.0781(9) -
Mn-ODE? 24+5 7+2 - 8.426 (3) 1142 8.5(1.2) 4.0699 (4) 552

drem: HNCs average diameter and standard deviation obtained from TEM analysis; a and dxrp: lattice parameter and crystallite mean size
obtained from XRD data analysis (errors are reported in brackets), respectively; Ama: Wwavelength of the plasmonic resonance. The TEM
data reported for sample Mn-ODE refer only to the population of HNCs, while the population of isolated MnFe,O, was found to have a
mean size of 8 + 3 nm.

Figure S5 STEM-HAADF images of Au-MFe,O, HNCs samples. a-b) Fe-Bz,0; c-d) Co-Bz,0; e-f) Mn- Bz,O
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Figure S6 Extinction spectra of Au-MFe,O, HNCs dispersed in PMMA films: Fe-Bz,0 (black), Co- Bz,0 (blue) and Mn- Bz,0 (red).

Fitting of the UV-VIS spectra and simulation of MCD signal from plasmonic component

Each UV-VIS spectrum of Au-MFe,O4 HNCs dispersed in PMMA (Fig. S6) was fitted as the sum of a Lorentzian peak, arising from
LSPR, and a Gaussian peak, approximating high energy interband transitions (Fig. S7). The parameters of the Lorentzian line shape (peak
amplitude I, peak width y, o is the LSPR peak frequency, with %@, the peak energy in eV), were then used to simulate the plasmonic
contribution of LSPR to the MCD spectrum as the difference of two Lorentzian peaks shifted by + half the cyclotron energy with respect to
the LSPR energy:

(113)

Where Sw=eB/2m. (B amplitude of the magnetic field, e and m. electron charge and mass, respectively). The simulated curves are
reported in Fig. S8, together with the experimental MCD curves.
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Figure S7 Fit (red dotted line) of UV-Vis spectra (black solid line) of Au-MFe,O4 NPs using a combination of a Lorentzian and a
Gaussian function.
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Figure S8 MCD spectra (black) of Au-MFe,Os HNCs in PMMA, compared with the respective UV-VIS spectra (red) and to the
simulated MCD signal ascribed to the plasmonic signal only (blue). a) Fe-Bz,O; b) Co- Bz,0; ¢) Mn-Bz,0.



