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Hysteresis enhancement on a hybrid Dy(lll) Single Molecule
Magnet/iron oxide nanoparticle system
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In this paper we report the synthesis and characterization of hybrid molecular-inorganic systems composed of
superparamagnetic  iron (NP) and
(Pr2NH2)s[Dy12(OH)16(SALO)a(SALOH)s(NO3)s(H20)0.5]NOs (Dy12) single-molecule magnets. The hybrid NP-Dy1, system presents
an enhancement of the magnetization hysteresis with respect to the isolated components while retaining the morphological

oxide nanoparticles coated with a shell of oleic acid

characteristics of the parent NPs.

Introduction

The rapid growth in high-speed computers and ultra high-
density magnetic storage devices has stimulated high interest
on the development of nanoscale magnetic materials.1234
Spintronics is now one of the most active areas of
nanotechnology and in particular nanomagnetism. In molecular
spintronics the aim is to combine spintronics with the
possibilities offered by molecular systems such as single
molecule magnets (SMMs)> that can exhibit the same
properties of ferromagnetic materials® at the molecular level.”8
The efforts in preparing high performing SMMs have been
focused in increasing spin®1l or anisotropy, with the latter
being a more successful approach. Increasing anisotropy has
been attempted by preparing heterometallic 3d-4f SMMs!12 or
pure 4f SMMs,13 which in most cases have not outperformed
the archetypical SMM, Mnj,-Ac.1415 Very recently the goal has
shifted to reaching the axial limit in linear Dy(lll) complexes to
achieve better SMMs.1617 Following this strategy, Layfield
reported a dysprosocenium complex that displays record
effective barrier and hysteresis up to 80 K,181% Long et al
reported a magnetostructural correlation for Dy metallocenes2?
and Reta and Chilton showed that vibrational phonon coupling
had an important role in the energy barrier for magnetization
reversal.?!

The technologies require not only
miniaturization but also low energy costs, and the use of one or
several SMM molecules in functional devices implementing
molecular spintronics would represent a giant step. The control
and understanding of the intrinsic properties of the isolated
SMM molecule on the surface and the interaction between the
molecules and the surface is a key point. In the last decades
several research groups worldwide have been dedicated to the
study of surface deposition of molecular systems and their
characterization. We have deposited nanomagnets and
luminescent complexes on mica and HOPG (highly oriented
crystalline pyrolytic graphite).22.23 Most of the efforts have been
devoted to the deposition of SMMs, such as those reported by
Sessoli et al. on Mny; and Fes on surfaces of Au(111) or HOPG.24-
26 Carretta and Winpenny have deposited the CryNi
nanomagnets on Au(111) with spectacular results.27.28
Veciana,?? Dreiser3%31 and Ruben32-34 have published excellent
examples of the use of mononuclear Tb(Pc), SMMs on surfaces
or on carbon nanotubes. The transition metal-pthalocyanine
complexes have been widely studied on magnetic surfaces,
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showing strong ferromagnetic coupling to the substrate that
can be tuned by intercalation of a graphene layer between
nanomagnet and substrate.3> Gambardella and co-workers
showed in 2011 how for the terbium pthalocyanine SMM
Tb(Pc); on Ni the SMM is coupled to the substrate but it behaves
as a separate magnetic unit.36 In 2016 Dreiser and Ruben
demonstrated that an oxide thin film between the SMM and the
substrate allows to observe the SMM's properties such as
hysteresis.3? These two last results show how a layer between
molecule and substrate might play a really important role for
the design of spintronic devices. This is further supported by the
fact that the molecular properties can be affected by covalent
grafting as shown by Murugesu in 2013: the dynamic properties
of a Dy SMM were altered by coordination to Au nanoparticles,
thus showing that covalent grafting of SMMs could greatly
affect their properties3’” without apparently changing the
substrate properties.

Iron oxide has been proposed as a good substrate to explore the
interaction between an SMM and a magnetic substrate.38 In
particular, we have been interested in the use of iron oxide
nanoparticles with a layer of an organic surfactant as substrate
for SMMs.3940 |ron oxide nanoparticles of 10-20 nm are
superparamagnetic and easy to fabricate* and they can
perform many technological functions, such as being
information storage units, sensors, contrast agents for
imaging,4243 therapeutic agents**4> or drug carriers.*¢ In most
cases, a core-shell functionalization4’.48 is necessary to fine-tune
the properties of the NP for the desired function. This is done
most of the times using an inorganic shell with different
magnetic properties from the iron oxide (magnetite in most
cases) core.49-3152-54 Qther strategies to prepare stable and
well-defined nanomaterials based on star-like block copolymers
as nanoreactors are also possible, with magnetic or plasmonic
NP.35-58 There have been few reports of iron oxide NP decorated
or functionalized with SMMs or molecular magnets. In our two
previous papers we showed that the SMMs grafted onto
magnetite NP can retain their magnetic properties in the hybrid
system.3240 Zoppellaro and co-workers showed how the local
magnetic field of the NP can be used to change the properties
of a softer magnetic shell, in which they embedded iron oxide
NPs.5? The effect however can go both ways, since the shell can
also affect the properties of the core material. In 2015 Prado
and coworkers demonstrated that the nanoparticle properties
can be altered by surface modification with a paramagnetic
system: a hysteresis enhancement was observed for Fe;O; NP



with Co(ll) paramagnetic complexes covalently bound to the
surface.®

In this paper we report a hybrid molecular/inorganic system
based on a dodecanuclear Dy(lll) SMM and iron oxide NPs. We
show how the decoration of monodisperse, superparamagnetic
iron oxide NPs with the Dy(lll) SMM Dy, results in an
enhancement of the magnetization vs. field hysteresis loop,
which is observed at temperatures as high as 30 K.

Experimental

All the chemicals and solvents were purchased from commercial
sources and used as received. Microwave assisted reactions
were performed in a CEM Discover microwave reactor. SALOH
stands for monodeprotonated 3,5-di-tert-butylsalicylic acid
(C15sH21037), while SALO for the deprotonated form (CisH2003%),
Pr,NH; stands for protonated dipropylamine.
(PI"zNHz)s[DY12(0H)15(SALO)4(SALOH)8(N03)8(Hzo)o_slN03'8(Me
CN)-3.25(H,0)-(CsH14NO)NO;3 (Dy:,)

Dy(NOs)3-xH,O (0.42 mmol, 0.147 g) and 3,5-di-tert-
butylsalicylic acid (0.105 g, 0.42 mmol) were solved in 5 mL of
MeCN. Then, 1-dimethylamino-2-propanol (51 uL, 0.42 mmol)
and dipropylamine (58 pL, 0.42 mmol) were added leading to a
colourless solution. The mixture was treated at the microwave
at 140°C applying a power of 250 W during 5 minutes. The beige
pale solution was cooled down to room temperature. Crystals
were obtained by slow evaporation after 9 days. Dy;; was
characterized using single crystal X-Ray Diffraction. Yield: 0.023
g (10%). Calculated Elemental Analysis for
(Pr2NH2)s[Dy12(OH)16(SALO)a(SALOH)g(NO3)s(H20)0.5]NO3-3.25(
H,0)-(CsH1saNO)NOs: C, 39.50%; H, 5.64%; N, 3.43%. Found
Elemental Analysis: C, 39.14%; H, 5.71%; N, 3.48%. IR data (KBr,
cm1): 3434 (m, b), 3077 (w, b), 2958 (s), 2909 (w), 2870 (w),
1617 (m), 1551 (s), 1464 (w), 1446 (s), 1385 (s), 1365 (w), 1300
(w), 1245 (m), 1202 (m), 1151 (w), 1123 (w), 1026 (w), 817 (m),
744 (w), 723 (w); where strong (s), medium (m), weak (w), broad
(b).

Iron oxide nanoparticles (NP)

The synthesis of iron oxide nanoparticles was carried out by
modification of a published procedure 41. Iron oleate (2.78 g, 3
mmol), oleic acid (0.96 mL, 3 mmol) and eicosane (10 mL) were
mixed in a three neck round-bottom reaction flask and heated
to 60 °C, to melt the solvent. Then the reaction mixture was
heated to 366 °C, with a heating rate of 3.3 °C/min under stirring
and kept refluxing for 10 min and then cooled down to 50 °C. To
precipitate the NPs a mixture of 40 mL of acetone and 10 mL of
hexane was added to the reaction flask. The NP were separated
by centrifugation and washed with the acetone/hexane (4:1)
mixture three times. Two different experiments yielded NP of
10.4 and 13.3 nm.

Preparation of hybrid NP-Dy;, system

20 mg of precipitate NPs were shaken with 2 mg of Dy, in
chloroform for 72 h. The decorated nanoparticles were
magnetically separated and washed several times to avoid
contamination with non-attached SMMs. The presence of Dyi;
on the hybrid system was confirmed by the peaks of Dy on EDX
(from TEM images) and XPS.

Characterization techniques. Infrared spectra were collected
on a KBr pellet on an AVATAR 330 FT-IR at Departament de
Quimica Inorganica i Organica, Seccié de Quimica Inorganica,
Universitat de Barcelona. The 'H-NMR measurements were
performed at the NMR Service of CCiT-UB on a Varian Unity 400
MHz. Elemental analysis was performed at Servei de
Microanalisi in CSIC (Consell Superior d’Investigacions
Cientifiques). Single-crystal X-Ray diffraction were recorded on
a Bruker APEXII SMART diffractometer using Molybdenum Ka
microfocus (A=0.71073 ,&) as a radiation source belonging to
GMMF. The structure was resolved by direct methods
(SHELXS97) and refined in F2 (SHELX-97). Crystallographic file
for Dy;, can be downloaded free of charge at the Cambridge
Structural Datacentre (ccbc 1879195,
http://www.ccdc.cam.ac.uk/). Magnetic measurements were
performed at the Unitat de Mesures Magnetiques of the CCiT-
University of Barcelona on a Quantum Design MPMS XL
superconducting quantum interference device (SQUID)
magnetometer equipped with a 5 T magnet. Diamagnetic
corrections for the sample holder and for the sample using
Pascal’s constants were applied.

TEM: Specimens were analyzed using a JEOL JEM-2100 LaB6
transmission electron microscope with energy dispersed
analysis of X-rays (EDX), operating at 200 kV. The spectrometer
is an Oxford Instruments INCA x-sight, with Si (Li) detector,
acquisition was accomplished using the INCA Microanalysis
Suite version 4.09 software. Images were recorded with Gatan
CCD Camera Orius SC1000 and Digital Micrograph v.1.82.80
software.

X-ray absorption spectroscopy (XAS) and X-ray magnetic circular
dichroism (XMCD): The X-ray absorption measurements were
performed at the X-Treme beam line®? at the Swiss Light
Source, Paul Scherrer Institut, Switzerland. Spectra were taken
on a powder sample pressed into indium foil in total electron
yield (TEY) mode. The X-ray beam direction and the magnetic
field axis were parallel to each other, and the spot size at the
sample was approximately 1 mm2. The degree of circular
polarization was 99.5 %. The spectra were normalized to the
photon flux by simultaneously recording the TEY on a gold
mesh, located before the measurement station. Spectra at
remanence were obtained after applying a field of 6.8 T and
then ramping down the field to 0.0 T.

Results and discussion

Usually high-nuclearity compounds have been synthesized via
the “serendipitous self-assembly” approach.1.62 Nevertheless,
controlled synthesis®® and microwave-assisted synthesis
applied to coordination chemistry have also provided
interesting results.646> The microwave reactor offers a unique
environment of high temperature and high pressure, generated
by the super-heating of the reagents/solvent molecules with
dipolar moment by the microwave radiation.56.67 This results in
shorter reaction times and in an enhancement of the
reproducibility of the
reaction of hydrated Dy(NOs)s with a salycilic acid derivative

(3,5-ditertbutyl-2-hydroxy-benzoic acid, SALOH;) in MeCN in

reactions. The microwave assisted



the presence of the weak base dipropylamine produces a
dodecanuclear Dy(lll) coordination complex, Dyi,. The complex
co-crystallizes with the nitrate salt of protonated
dimethylaminopropanol. If the dimethylaminopropanol was not
part of the reaction mixture all our attempts failed to produce
Dyi2 in a crystalline form. Both in the microwave reactor or on
normal benchtop conditions, precipitates were obtained the IR
analysis of which showed similarities with Dyi,, but no single-
crystals were obtained. This fact has been previously observed
in similar reaction systems.2264 |n this case, it could be
attributed to the co-crystallization observed. The Dyi;
molecules are very large and for efficient packing smaller
molecules like dimethylaminopropanol are needed to fill the
accessible voids (see the next section for more information).
The reaction can be performed in regular benchtop conditions
(stirring at room temperature) and a precipitate is obtained. The
IR and magnetic properties of these precipitates confirms that
they are indeed Dyi,. When the organic base is changed to
triethylamine, a similar Dyi; complex is obtained, but other
bases like pyridine do not produce Dy:> complexes.

Description of crystal structure

Crystallographic and data collection parameters for Dyi, are
shown in Table 1. Crystal structural analysis reveals that Dyi;
crystallizes in a triclinic system with the space group P-1. The
metal-oxo core is composed by four [Dys(us-OH)4]8 cubanes
sharing two of the four dysprosium vertexes (Figure 1).

Table 1. Crystallographic and data collection parameters for Dy;, at 100K. R; =
0.0586 and wR =0.1538.

Crystal system Triclinic a/® 105.294(2)
Space group P-1 B/° 99.649(2)
a/A 20.9834(10) v/° 98.715(2)
b/A 22.3764(11) Volume/A-3 15739.6(13)
c/A 36.0227(16) z 2

Figure 1. Crystal structure of Dy;;, showing the metal-oxide core and the whole
structure, as a ball-and-stick representation and the different coordination modes
of SALO and SALOH ligands. Carbon: grey; hydrogen: light grey; oxygen: red,
nitrogen: light blue; dysprosium: green.

Each cubane is composed by four dysprosium(lll) ions and four
bridging ps-OH groups forming a distorted cubane [Dyas(us-
OH),4]8. The Dy—O—-Dy angles range from 90.9(1)° to 111.1(1)°.
The core is surrounded by twelve SALOH ligands. Four are
bridging two Dy ions in coordination mode | of Figure 1. The
other four are bridging three Dy(lll) ion in coordination mode II.
These SALO ligands are coordinated to two Dy ions of different
cubanes and to one in the shared vertex. The remaining four
SALOH ligands are capping the [Dyas(p3-OH)4]8* cubanes in
coordination mode |. To complete their coordination sphere
Dy(Ill) ions are coordinated to a bidentate nitrato ligand. All the

Dy(lll) ions are octacoordinated except one that s
enneacoordinated in 50% of the molecules due to the
coordination of a water molecule. Five protonated

dipropylamine cations act as counterions and in the cavity
formed by the SALO ligands there sit a nitrate and water
molecule disordered over two positions. The nitrate salt of the
protonated 1-dimethylamino-2-propanol co-crystallizes with
the complex. The crystal structure shows large solvent
accessible voids were additional severely disordered solvent
molecules may sit. Dyi; is @ new structural type for molecular
Dy(Ill) complexes, however a MOF with structurally similar
Na;Dyi; nodes has been reported by Yi Xia Ren and co-
workers.58

Magnetic properties of Dy;,

The temperature dependence of magnetic susceptibility of Dyi,
was measured in the temperature range of 2.0 to 300 K with
applied magnetic fields of 198 and 3000 Oe. As shown in Figure
2, the experimental XT value of 169 cm3-K-mol-! at 300 K for Dy;,
is in agreement with the expected value of 170 cm3-K-mol-! for
twelve uncoupled Dy(lll) ions (S = 5/2, ®His/2, g = 4/3). Upon
cooling the value gradually decreases down to 50 K, below this



temperature the xT product sharply decreases to reach 99
cm3-K-mol-? due to the progressive depopulation of excited M,
sublevels. The Dy—O-Dy angles of Dy, are similar to those of
reported Dy, cubane-like compounds with weak ferromagnetic
coupling that exhibit slow magnetic relaxation.6%70
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Figure 2. A) Magnetic susceptibility data as xT vs T plot for Dy, at dc field of 0.5 T.
B) Out-of-phase (x") magnetic susceptibility vs. T for Dy;, at the indicated
frequencies for the oscillating field (solid lines are guides for the eye).

The magnetization vs field at 2 K at first increases rapidly and
then slowly without reaching full saturation at 5 T (Figure S1).
The maximum value for M is 65 g for Dyi,. This value is lower
than the expected saturation value of 120 pg for twelve free
dysprosium ions, which along with the lack of saturation on the
M vs. H data at 2 K suggests the presence of a combination of
weak magnetic exchange and magnetic anisotropy in Dy;;.71.72
The relaxation dynamics of magnetization were investigated
using Alternate Current (AC) susceptibility measurements.
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Figure 3. Anisotropy axes on each Dy(lll) ion calculated with Magellan, (top) view
along z, (bottom) view on the xy plane. Magnetization vs. field hysteresis for Dy;,
measured using a microsquid as a function of scan rate and temperature. At 0.03K
Hc = 425 Oe.

Figure 2 shows the out-of-phase (x') signal vs T for Dy;; at
various frequencies of the oscillating ac field. Only the tail of an
out-of-phase peak is observed. Molecular anisotropy can be
affected by the local tensor of anisotropy on each Dy ion and
their relative orientations leading to slow relaxation of the
magnetization, although the magnetic interactions are
expected to be very weak. These can be modelled with
Magellan.”® The program relies on an electrostatic model and a
doublet ground state for Dy(lll) quantized along the anisotropy
axis with m;=+15/2. Figure 3 shows the anisotropy axes for each
Dy(Ill) as calculated by Magellan. Not all twelve anisotropy axes
align parallel, but they are not completely perpendicular, thus
they provide the Dy;; with some axial anisotropy. This is in
agreement with Dy having a small energy barrier for
magnetization relaxation, as obtained from ac data. The out-of-
phase ac susceptibility data was fitted using a Debye model
between 1.8 and 3.2 K. The relaxation times obtained for the
fitting were used to extract an effective energy barrier using
Arrhenius model: Ues = 5.75 Kand 1, = 1.827e-7 s with a values
between 0.46 and 0.51. The large values of o indicate a wide
distribution of relaxation processes, as expected due to the
crystallographic disorder (see Supplementary Information,
Table S1 for fitting parameters and Arrhenius plot). Dy, did not
display hysteresis of the magnetization down to 2 K, so the
hysteresis at lower temperatures were studied using a
microsquid. Magnetization vs. field hysteresis loops were
collected as a function of the scan rate and as a function of
temperature. The opening of a narrow hysteresis loop below 1
K can be observed, as shown in Figure 3, with broad features. A
clear dependence on the field scan rate is observed, as expected
for SMMs. High nuclearity molecules often present broad steps
in their hysteresis loops due to the existence of several
pathways for magnetic relaxation, in agreement with the large
alfa values obtained from the Debye model.747>

Preparation of hybrid molecular/inorganic systems

Iron oxide NP can be prepared in monodisperse form and can
be functionalized with surfactants such as dopamine,
oleylamine or oleic acid. In this way, the nature of the exposed



surface for interaction with a molecule can be tuned. Given the
hydrophobic nature of our complex Dy, with exposed tert-
butyl groups, oleic acid was chosen as surfactant to promote a
large number of weak Van der Waals interactions between the
aliphatic groups.’® The nanoparticles were prepared following
reported procedures by the thermal decomposition method. By
this controlled synthesis one can obtain monodisperse,
crystalline iron oxide NP of diameters between 10-20 nm. Two
experiments provided NPs of 10.4 nm diameter with a relative
standard deviation (RSD) of 6.8% and NPs of 13.1 nm diameter
with a RSD of 5.3%, in agreement with the published
procedure.41.77
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Figure 4. Transmission Electron Microscope images of oleic acid coated NPs (A and
B) and the hybrid material NP-Dy;, (D and E). The cartoon is a schematic
representation of the core/shell system where shell = oleate (red) or oleate/Dy.,
(green) and core = iron oxide NP (blue). Histograms for the sample of oleic acid
coated NP (C) and the hybrid material NP-Dy;; (F).

The obtained iron oxide nanoparticles were characterized by
TEM and SQUID. The NP were crystalline, and diffraction
pattern obtained at the TEM coincide with magnetite, Fe3Oa.
The iron oxide NP are coated with a self-assembled monolayer
of oleate. In order to prepare the core-shell hybrid NP-Dy;;
material a sample of NP and of Dy;, were dissolved in CHCl; and
mechanically shaken at room temperature for 72 h. After this
time, the NP-Dyi1, were separated using a hard magnet. The
black solid was dispersed and washed with CHCl; several times,
in order to remove Dy, not attached to the NP. The hybrid
material was characterized by TEM and EDX, TEM images are

shown in Figure 4. The core-shell hybrid material NP-Dy;, is
formed by fairly monodisperse and crystalline iron oxide NP
coated by an oleic acid/Dys; shell, Figure 4 shows a cartoon of
the material with the TEM images. The NP-Dy;, have diameters
of 10.4 nm with a RSD of 5.4% (Figure 4) and 13.3 nm with a RSD
of 10.5% (Supplementary material). The Energy-Dispersive X-
Ray spectroscopy (EDX, Figure S4) showed the presence of Dy
on the nanoparticles. The iron oxide NP as observed by TEM
suffer no change in size, shape or aggregation when they are
decorated with Dy, SMMs. In contrast, a blank sample of NP
that underwent the functionalization process without the
addition of Dy;; SMM showed greater size changes and a much
more noticeable aggregation as observed by TEM (Figure S8).
The average distance between iron oxide NP cores in oleic acid
coated NP and NP-Dy;; is approximately the same, about 2-3
nm. This fact could imply that Dy;, SMMs are embedded or
wedged into the oleic acid shell, even replacing some of the
oleic acid. Molecules with the SALO ligand have a tendency to
have hydrophobic pockets where aliphatic chains fit very well.
We have seen this before in coordination complexes that
contain the SALO ligand® and this is again observed in the
crystal packing of Dyi,. This kind of CH--HC Van der Waals
interactions are important, even though weak, in particular for
tert-butyl groups’® and can be relevant in many instances of
self-organization, in example in complex molecule deposition,”®
or in substituted C¢o molecules that form dynamic crystalline
frameworks held together by these kind of interactions, also
called 'sticky fingers'.”? An approximation can be done to
calculate the number of molecules surrounding each
nanoparticle, assuming a model system with only one layer of
molecules on each NP. The dimensions of each Dy;; complex
can be extracted from the crystal structure. In the unit cell, two
molecules pack in a volume of 15.73 nm3, so each Dyi; has
approximate dimensions of 2x2x1.5 nm3. Assuming that the NPs
are spherical and a radius of 5 nm each NP has a surface of 314
nm? that is covered by oleic acid. A number between 50 and 150
molecules of Dy, could be grafted onto the NP in one single
layer or embedded on the oleic acid shell. XPS analysis of the
D12-NP sample showed small peaks corresponding to Dy (Figure
S5). Thermogravimetric analysis (Figures S5 and S6) shows
different profiles of organic matter loss up to 500°C for oleate-
NP (9.2 and 6.2 % weight loss for 10.4 nm and 13.1 nm NPs
respectively) and Dyi-SMM hybrid system (11.4 and 7.4 %
weight loss for 10.4 nm and 13.1 nm iron oxide core NPs
respectively). The values obtained agree with an incomplete
coverage of the surface of oleate-NP with Dy;; SMMs.
Magnetic characterization of hybrid SMM-NP systems

The oleic acid covered NP are magnetic at room temperature
and the hybrid system D1,-NP retains this property. Ac magnetic
susceptibility data and magnetization vs. field hysteresis data
were collected. Data are shown in Figure 5. These nanoparticles
are superparamagnetic. At 2 Kthe iron oxide NP are blocked and
present a small coercive field Hc = 50 Oe (10.4 nm NPs, Figure
5B) and 375 Oe (13.1 nm NPs, Supplementary material). The
saturation value per gram of material (including the oleic acid)
for the magnetization Ms at 5 T is 50.14 emu-g1. The hybrid



systems NP-Dyi; are also magnetic at room temperature and
can thus be separated using a hard magnet.

AC measurements were done on the hybrid NP-Dy;, systems to
determine the blocking temperature of the superparamagnetic
nanoparticles and are shown in Figure 6 for 10.4 nm NPs The
hybrid system presents a small shift in the ac magnetic
susceptibility blocking temperature: for NP-Dy;; the maximum
shifts to 130 K at 1000 Hz. In addition, more pronounced
frequency dependence is observed for NP-Dy;, than for the
untreated NP and a small feature that was not present in the
out-of-phase ac magnetic susceptibility of the NP appears
around 30-50 K for NP-Dy. Similar results are obtained for NP-
Dyi> with 13.1 nm parent NPs (see Supplementary material).
This feature cannot be readily assigned to Dy;;. The NP-Dyi;
present an enhancement of the hysteresis of the magnetization
vs. field with respect to the isolated NP or Dyi; at the same

temperatures.
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Figure 5. A: Out-of-phase AC magnetic susceptibility data for iron oxide
nanoparticles with oleic acid surfactant at two frequencies (10 Hz and 1000 Hz; no
applied dc field). B: magnetization vs. field hysteresis for the oleic acid covered
iron oxide NP (10.4 nm) at 2 K.

The data are shown for 10.4 nm parent NP in Figure 6. For NP-
Dy, at 2 K the saturation magnetization per gram of material
(including oleic acid and Dy;; SMM) at 5 T Ms is 55.48 emu-g?,
larger than that of the NP before decoration with Dy;;. The NP-
Dyi2 hybrid system at 2K has a Hc of 487 Oe, nearly ten times
the coercive field of the oleic acid coated iron oxide NP at the
same temperature for NP of 10.4 nm. Larger iron oxide NP of

13.1 nm were also functionalized with Dy, SMMs, an
enhancement of the hysteresis was also observed but the effect
was less pronounced: the coercive field at 2 K for the NP-Dy1»
system was 5.4 times larger than that of the parent 13.1 nm
NPs. A sample of NP that underwent the functionalization
treatment without SMMs showed clearly extensive aggregation
in TEM images and thus the observed magnetic properties can
be attributed to this aggregation. Hysteresis loops were
collected for the hybrid system at 8 K, 30 K, 100 K and 200 K.
The hybrid system NP-Dy;; (10.4 nm) still presents hysteresis of
the magnetization with Hc = 100 Oe up to 30 K and NP-Dy;; (13.4
nm) shows Hc = 700 Oe at 100 K. At 200 K, above the blocking
temperature of the iron oxide NP, the hybrid system does not
present hysteresis, as expected. The magnetization vs. field
hysteresis loops for NP-Dy1; at 2K and 8 K show a step that can
be attributed to the addition of the hysteresis loops of the NP
material and the hysteresis loop of the SMMs Dy;,.8°
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Figure 6. A) Out-of-phase AC magnetic susceptibility plot for NP-Dy;; (10.4 nm)
and B) magnetization vs. field hysteresis for the hybrid system NP-Dy;, (10.4 nm)
at various temperatures.
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The ZFC hysteresis loops for NP-Dy1; show a small exchange bias
field of -28 Oe (10.4 nm) at 2 K. Hysteresis cycles were measured
at different field cool magnetic fields. They all showed an
exchange bias fields (HE) that shifts to more negative values as
the FC field is increased below 1T (see Supplementary Material,
Figure S2) and at fields above 1 T HE shifts to more positive
values. Similar results were observed for the larger NP-Dy1
system. This kind of horizontal shift in the hysteresis loops is
usually attributed to coupling.36:49.81
Exchange bias has been observed in core-shell NP,%% in coupled

antiferromagnetic



aggregates of SMMs8283 or on SMMs coupled to a magnetic
surface33.84 additionally to the seminal studies on biasing on
heteromagnetic multilayers.81.85.86 To ascertain the origin of the
enhanced hysteresis in NP-Dyi;; X-ray magnetic circular
dichroism (XMCD) data were collected at the Fe L3 and Dy My s
edges, which reveal the element specific contributions to the
magnetic properties. The strength of the XMCD signal is known
to be proportional to the total, spin and orbital, magnetic
moment localized in the Fe 3d and the Dy 4f shells, respectively.
The XAS and XMCD data recorded at 2 K on the hybrid NP-Dy;,
are shown in Figure 7. The absence of a remanent
magnetization on the Dy ions shows that they do not contribute
directly to the remanence enhancement with respect to the
pristine NPs. Thus, the hysteresis enhancement is due to the
iron oxide NP of the hybrid system. Clearly, a synergic effect
between the anisotropic Dy;; layer and the relaxation dynamics
of iron oxide leads to the observed hysteresis enhancement.
Furthermore, the lack of remanence XMCD signal at the Dy edge
is indicative that the coupling between Dy, and iron oxide NP
is very weak and not observable at the temperature of the
measurement.

A spin-canting phenomena on the surface of the magnetite NP
similar to the effect of ultrathin shells observed by Moon et al53
or enhanced interparticle coupling®” through the paramagnetic
layer of Dyi,, as observed for multilayer systems by Magnus et
al® could be responsible for the hysteresis enhancement,
however this is not supported by the magnetization data.
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Figure 7. XAS and XMCD recorded on a powder sample of NP-Dy;, at the (a,c) Fe
L3 and (b,d) Dy Mys edges at 2 K in field and at remanence as indicated in the
plots.

The ratio between remanence magnetization and saturation
magnetization Mrem/Msat for the iron oxide NP is 0.20 while
for the hybrid system NP-Dy;; it is 0.24 for 10.4 nm NP. The
values are similar for larger NP and NP-Dy;; and indicate
antiferromagnetic inter-NP interactions that are similar in both
systems, before and after decoration with Dyi1; SMM. A similar
enhancement of the magnetic properties of the iron oxide NPs
has been observed by Prado et al. by coordination of a Co(ll)

coordination complex to Fe;Os3 NPs.®0 They propose that
covalent linking of the two species through oxo-bridges and the
resulting magnetic interaction are key for the observed
enhancement of the magnetic properties. In the reported
hybrid system the through-space interaction between Dy;; and
the iron oxide via the oleic acid monolayer results in a significant
enhancement of the magnetic properties of the NP without
affecting morphology, shape, size or aggregation of the
functionalized NP. The large magnetic moment of Dyi, is
directly related to the hysteresis enhancement observed since
other hybrid systems with Dy*? or 3d-4f3° complexes previously
reported by us did not display such manifest hysteresis
enhancement. Furthermore, the effect observed is directly
related to the surface/volume ratio of the parent NP: the
enhancement is more important for smaller NP. For a
surface/volume ratio of 19% the coercive field is 10 times larger
upon functionalization with Dy;> while for a surface/volume
ratio of 15% the coercive field is just 5 times larger for the hybrid
system.

Conclusion

Hybrid molecular/inorganic NP-Dyi, systems have been
prepared with Dy;; SMMs and iron oxide NP. In this system Dy,
is separated from the magnetic iron oxide substrate by an
oleate layer and Dyi; SMMs are isolated from each other. The
hybrid system displays enhanced magnetization hysteresis up to
100 K, depending on the size of the parent NP. The magnitude
of the effect is size-dependent and thus directly related to the
surface/volume ratio of the parent NP. Applications such as
information storage in core-shell NPs are proposed but are
hampered by overall morphology deterioration caused by the
usual means of growing the shell from the core. Hybrid SMM-
NP systems are promising, since they can overcome some of the
problems core-shell NP present like morphology deterioration
and aggregation but there are still many issues to be addressed
such as the possibility of self-assembly of SMM-NP, robustness
or thermal stability. Furthermore, implications to molecular
spintronics are important since surface modification of a
substrate with SMMs can have important effects even if the
SMM is not strongly coupled to the substrate. To avoid this
strong coupling of the SMM to the surface, an intermediate
material is necessary, as we show here, a SAM of simple organic
molecules can be used to this effect. In summary, here we show
a post-synthetic approach to fine tuning the magnetic
properties of iron oxide NP without affecting their
morphological or structural properties (size and shape) with
enhanced magnetic properties. This can open up new
possibilities for application of such hybrid systems by taking
advantage of the enhanced Hc and of the control on the SMM-
NP system afforded by the wet chemical post-synthesis
modification of the NP.
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