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Abstract

Stable ferrofluids of permanently magnetic nanoplatelets of barium hexaferrite (BHF NPLs) in 1-
hexanol were obtained using phosphonic acid- and phosphonate ester-based polar ligands. These
ligands with the different electron-withdrawing groups and alkyl chain lengths of the terminal chain
and linker were synthesized. Their attachment to the surface of the BHF NPLs was studied for various
conditions and followed by a combination of spectroscopic techniques, thermogravimetry, and
electrokinetic measurements. The results confirmed the theoretically predicted surface condensation
of the ligands onto the BHF NPLs surfaces at 120 °C in 1-hexanol, whereas at lower temperatures or in
more polar solvents the ligands were mostly physisorbed. The NPL hybrids with chemisorbed ligands
having surface densities of at least 0.4 molecules/nm? formed stable ferrofluids in 1-hexanol. The
hybridization of the BHF NPLs via the condensation reaction in 1-hexanol creates sufficient steric-
solvation repulsion to overcome the magnetic dipolar attraction between the NPLs and stabilizes the
NPLs in 1-hexanol. Due to the relatively low polarity of 1-hexanol, the ligands remain protonated and
the ferrofluids have negligible electric conductivity. In addition, an increase in the saturation
magnetization of such hybrid BHF NPLs was correlated with their superior sensitivity to a magnetic
field compared to the core NPLs. The ferrofluids can be exploited for the development of novel
magneto-optic sensors that can operate under an electric field.
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1. Introduction

Until recently, two types of magnetic fluids, i.e., magnetorheological fluids and ferrofluids, were
studied and exploited for various applications, such as magnetic dampers and seals, magnetic
separation, and in biomedicine [1-4]. Both types of magnetic fluids consist of highly magnetizable
particles in a carrier liquid. These ferrofluids are stable colloids of superparamagnetic nanoparticles.
The nano-size and lack of remanent magnetization enable the colloidal stabilization of
superparamagnetic nanoparticles by tuning their surface chemistry and the solvent’s properties like in
any other nanoparticulate system. In particular, due to the nano size, they are not affected by gravity
and, due to the lack of remanent magnetization, they do not experience relatively long-range magnetic
dipolar attraction as in the case of permanently magnetic particles. The magnetorheological fluids
consist of magnetically similar but larger soft magnetic microparticles. Since these particles possess
very low remanent magnetization, the magnetic dipole interaction between them is very weak or
negligible in a zero magnetic field. Consequently, such particles can be suspended in a carrier liquid,
i.e., similar to any other nonmagnetic particles affected by gravity.

The first stable dispersions, i.e., ferrofluids, of permanently magnetic nanoparticles were reported
more than a decade ago [5]. These ferrimagnetic barium hexaferrite nanoplatelets (BHF NPLs) were
stabilized in alcohols. The long-range magnetic dipolar attraction between the NPLs was successfully
suppressed by a long-range electrosteric interaction induced by an amphiphilic surfactant,
dodecylbenzenesulfonic acid. The excellent colloidal stability of these systems enabled the
development of the first ferromagnetic ferrofluid [6]. In the highly concentrated (i.e., 28 vol.%)
ferrofluids of the BHF NPLs in 1-butanol, the NPLs are ferromagnetically coupled. Subsequently, the
first known room-temperature liquid magnet with a fully evolved ferromagnetic domain structure in
the remanent state was prepared in the same colloidal system [7]. Each ferromagnetic domain in this
ferromagnetic ferrofluid is composed of regions with ferromagnetically aligned BHF NPLs.

Possible applications based on the known BHF-NPLs ferrofluids, such as sensors and photonic elements
rely on a magneto-optic effect [8-10] however, they cannot be used under an applied electric field. This
limitation arises from a conducting carrier solution prone to an electric breakdown under an applied
electric field. The solutes in relatively highly polar solvents, such as 1-butanol or other shorter alcohols,
can dissociate, and the ions forming a double layer around the surface-charged BHF NPLs are in
equilibrium with the ions in the bulk liquid [11]. In contrast, an electric field can be applied in solvents
with relatively low polarity, in which the solutes cannot dissociate. Consequently, the particles’
surfaces cannot dissociate either. In such systems, the particles should be stabilized through non-
electrostatic repulsive interactions (e.g., steric and/or solvation) [12]. The first reported BHF ferrofluids
were prepared in an apolar solvent from superparamagnetic BHF nanoparticles with poor magnetic
properties [13,14]. Scarce reports [15-17] suggested that ferrofluids of permanently magnetic BHF NPLs
can also be obtained in nonpolar solvents. However, the proposed systems were obtained in highly
viscous (silicon oil and paraffin) or volatile (chloroform) solvents that, in both cases, limit their
applications. The response time to an applied magnetic field increases with the solvent’s viscosity and
limits possible applications of such ferrofluids. On the other hand, a special chemically stable and
super-tight casing is required for chloroform. In this study we aimed to overcome the above limitations
using an alternative, non-volatile solvent of sufficiently low polarity to ensure electrical insulation. At
the same time, we had to tailor the surface chemistry of the BHF NPLs to disperse them in a low-polar
solvent.
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The interparticle interactions and the interactions of particles with a solvent depend on the particles’
surface properties, which can be tuned by functionalizing or hybridizing the particles’ surfaces with
organic ligands. An intuitive solution, for a colloidal system lacking electrostatic repulsion, would be
to functionalize the particles’ surfaces with a dense layer of sterically repelling ligands, such as self-
assembled monolayers (SAMs) [18-20]. SAMs are used in various applications, including, corrosion
inhibition, antifogging, and self-cleaning materials. The ligands attach to the surfaces of metal oxides
via different binding interactions, i.e., covalent, coordinative, and physical interactions, such as a
hydrogen bond, van der Waals, and electrostatic interactions [21-23]. The binding interaction depends
on the ligand’s anchoring group and the surface chemistry of the particles [18,20,21,24,25]. Among
these, the irreversible attachment is ensured only through the covalent interaction, while the stability
of the other interactions is system-dependent (e.g., on the pH, temperature, solution composition).

The phosphonate moieties are excellent anchors for metal-oxide surfaces [21,26-28]. Some studies
suggest a possible covalent binding [21,26,29,30] between a phosphonate moiety with the surface of a
metal (M) oxide forming the M—O—P bonds by condensation of the P-OH groups with the surface OH
groups (Fig. 1). In addition, the P=0 group can coordinate with the surface metal atoms [30,31]. The
interaction of the phosphonic moieties with the metal atoms depends on the nature and oxidation
state of the surface metal, the backbone of the phosphonic ligand, and the reaction conditions
(temperature, pH, etc.). Therefore, the phosphonic ligands can also assemble randomly or in several
layers on metal-oxide surfaces via coordinative, hydrogen, electrostatic, and/or van der Waals
interactions [26,32,33].
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Fig. 1. Schematic of the condensation reaction between a phosphonic ligand and a metal (M) oxide
surface.

The surface functionalization of the BHF NPLs with some phosphonic ligands resulted in stable aqueous
dispersions [32]. All these phosphonic acids contained an additional charge-bearing group (i.e., sulfonic
or additional phosphonic group) ensuring the electrostatic repulsion. However, the free charge-
bearing group can interact with the unbound ligands enabling the formation of bi- or multiple layers
on surfaces. In contrast, monophosphonic acids and phosphonic esters favour SAMs [34,35]. Since their
only charge-bearing group is the anchoring phosphonic group, they do not provide the needed
electrostatic repulsion for stabilizing the particles in polar solvents. On the other hand, they are
suitable for stabilizing the particles in weakly polar or apolar solvents [36-38].

In our study, we designed monophosphonic acids and an ester containing a polar push-pull system but
no additional charge-bearing group (Fig. 2). We hypothesized that such ligand structures would form
SAMs on metal oxide surfaces and would, at the same time, colloidally stabilize the BHF NPLs in weakly
polar solvents via a repulsive interaction between the surface dipoles. The ligands’ structures varied
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with respect to the electron-withdrawing group (i.e., sulfonyl or nitro), the length of the terminal
alkylsulfonyl chain, and the length of the amino—phosphono alkyl linker. In this way we varied the
ligands’ polarities and solubilities in different solvents. By optimizing the functionalization conditions,
we obtained stable phosphono-BHF nanohybrids that were dispersible in 1-hexanol.
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Fig. 2. Phosphonic ligands used for hybridizing the BHF NPLs with the calculated dipole moments .

2. Calculations

The electric dipole moments of the synthesized ligands in the gas phase were calculated with the
Gaussian 16 package for electronic structure calculations [39]. All calculations were performed with
the PBE functional [40] and the def2-TZVPP basis set [41]. The structures were geometrically optimized.
We found that the estimated electrical dipole moment is sensitive to small variations in the atomic
positions. In particular, we observed that the relative orientation of the phosphonate anchor group
with respect to the polarisable backbone can modify the electrical dipole moment up to 1 D. The
electrical dipoles in Fig. 2 correspond to the lowest energy configurations.

The density-functional theory (DFT) modelling of the adsorption of phosphonic acids onto the BHF
NPLs was described in detail in our previous publication [42]. Here only the main conclusions are
summarized. We characterized the adsorption of a simplified phosphonate-based ligand (CH3POsH,)
on a periodic slab model of the fully hydroxylated 12k-O surface of BHF. This model is considered
representative of the adsorption of phosphonic acids onto the BHF NPLs, as the fully hydroxylated 12k-
O surface is the most favourable bulk termination in media having at least traces of water [43] and the
ligand backbones govern lateral interactions in the monolayer and should not affect the mechanism
of adsorption. Two adsorption modes were considered, designated as plain adsorption and adsorption
via condensation. In the first mode, the ligand is adsorbed by forming hydrogen bonds with surface
OH groups. In the second mode, a surface OH group is replaced by the ligand and a water molecule
forms as a side product (as in Fig. 1). For both modes, we estimated the Gibbs free energy of
adsorption (AGest), by taking into account the decrease in entropy due to the loss of translational and
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rotational degrees of freedom upon adsorption [42]. The obtained AGes: = —0.25 eV for the
physisorption and AGe: = -0.58 eV for the chemisorption suggest that both processes are
thermodynamically possible although condensation is preferred. Despite a possible covalent
contribution to the hydrogen-bond interaction [44], the hydrogen bond will be considered in this
contribution, similar to a general understanding, as a physical interaction of ligands with a solid
surface, i.e., physisorption. Meanwhile, adsorption via condensation is correlated to chemisorption,
i.e., covalent or coordinative interaction.

We can also deduce the maximum surface density of a ligand in terms of the steric footprint of the
phosphonate group [45]. Given that only one phosphonic ligand can be adsorbed per unit cell (see Fig.
3) and the area of the unit cell is 0.31 nm?, we can propose an upper limit for the number of adsorbed
phosphonic groups on the surface to about 3 ligands/nm?2.

Keeping the above results in mind, we studied the: (i) conditions ensuring the condensation reaction,
i.e., stable hybridization between the BHF NPLs’ surfaces and the phosphonic ligands (Fig. 2) and (ii)
the preparation of ferrofluids from the hybrid BHF NPLs in nonconductive solvents.

plain adsorption adsorption via condensation

Fig. 3. Top views of the adsorption of the CHsPOsH; ligand in the two considered adsorption modes.
Note that adsorbing additional ligands would lead to steric hindrance between the ligands.

3. Experiment and Characterization Methods
3.1. Chemicals

Barium (Il) nitrate (99.95%), iron (lll) nitrate nonahydrate (>98%), scandium (lll) nitrate hydrate
(99.9%), nitric acid (65%), NaOH (98%), methanol and 1-hexanol were obtained from Alfa Aesar. The
contents of the metals in the respective salts were determined with inductively coupled plasma optical
emission spectroscopy (ICP-OES, Agilent 5800 VDV). The chemicals used in the organic synthesis of the
polar ligands were obtained from Merck and Fluorochem, see Supplemental Information for details.
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3.2. Synthesis of the barium hexaferrite nanoplatelets (BHF NPLs)

BHF NPLs were synthesized hydrothermally with the partial substitution of Fe** with Sc3*[46]. 25 mmol
of Ba, Fe, and Sc nitrates in the molar ratio Ba:Fe: Sc = 1.0:4.5:0.5 were dissolved in 200 mL water and
200 mL of aqueous sodium hydroxide (1.13 mol) was added to the solution. The solution was
transferred to a sealed Inconel autoclave (1L, Parr Instruments) and then heated to 240 °C with a
heating rate of 3 °C/min followed by natural cooling to ambient temperature. The synthesized
nanoplatelets were washed with deionized (DI) water to remove the unreacted solutes and then with
0.1 mol/L nitric acid to remove the barium carbonate side product. Finally, the washed BHF NPLs were
dispersed in the nitric acid solution at a pH 1.7.

3.3. Synthesis of polar ligands

Both types of polar ligands (phosphonic acids a-c, e; and diethyl phosphonate d) were synthesized
using a similar protocol, using various combinations of smaller building blocks (Fig. 4, see Supplemental
Information for details). While ligands a and d were prepared as pure compounds, the rest of the
phosphonic acids b, ¢, and e were isolated and further used in the form of hydrobromic salts. The final
purity of the ligands was roughly 80-100% (Table S1 in Supplemental Information). The HBr was
washed away during the hybridization of the NPLs, as was confirmed with various analytical techniques
used to characterize the hybrids. No evidence of HBr or Br~ was detected with X-ray photoemission
(XPS), infrared (IR), and mass spectroscopies.
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Fig. 4. General protocol for the synthesis of polar ligands.
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3.4. Hybridization of the BHF NPLs with phosphonate ligands

We investigated the conditions for a robust attachment, i.e., the hybridization of phosphonic ligands
(Fig. 2), onto the BHF NPLs via a condensation reaction (Fig. 1). Firstly, the BHF NPLs (~85 mg) were
transferred from the aqueous phase (2 mL) to the selected solvent (100 mL), i.e., methanol or 1-
hexanol. The hybridization was conducted under reflux by the dropwise addition of the ligand solution
(3 mL) in the selected solvent followed by stirring for 3 hours. The nominal ligand concentration was
adjusted roughly to 3 (i.e., approximately for a monolayer; see the Calculations section) or 10
molecules/nm? of the NPL surfaces (see details Supplemental Information Table S1). The reaction
temperature was set to 50, 80, or 120 °C. The hybridized NPLs were washed with the hybridization
solvent and dispersed in different solvents. An additional sample was prepared at 250 °C, similar to
the others, but the heating step was performed in an autoclave. The summary of the hybridization
conditions is listed in Table 1. All the ligands were soluble in methanol but insoluble in apolar solvents,
such as toluene and p-xylene. As an alternative solvent with intermediate polarity, we chose 1-hexanol
(see Supplemental Information for the selection procedure). The solubility of the ligands in 1-hexanol
was >1 mmol/L, which was high enough to reach the required concentration in the reaction mixture.
An exception was ligand b, which was only soluble in methanol. Therefore, its hybrids were only
prepared in methanol.
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Table 1. Hybridization conditions for BHF NPLs.

Sample Ligand Nominal ligand Hybridization Solvent  Temp./ °C
surface density

/molecules per
2

nm
BHF-10a-M-50C a 10 methanol 50
BHF-3a-M-50C a 3 methanol 50
BHF-10a-H-50C a 10 1-hexanol 50
BHF-3a-H-50C a 3 1-hexanol 50
BHF-3a-H-120C a 3 1-hexanol 120
BHF-10b-M-50C b 10 methanol 50
BHF-3c-M-50C c 3 methanol 50
BHF-10c-M-50C c 10 methanol 50
BHF-3c-H-80C c 3 1-hexanol 80
BHF-10c-H-80C c 10 1-hexanol 80
BHF-10c-H-120C c 10 1-hexanol 120
BHF-10c-H-250C c 10 1-hexanol 250
BHF-10d-H-120C d 10 1-hexanol 120
BHF-3e-M-50C e 3 methanol 50
BHF-10e-M-50C e 10 methanol 50
BHF-3e-H-80C e 3 1-hexanol 80
BHF-10e-H-80C e 10 1-hexanol 80
BHF-3e-H-120C e 3 1-hexanol 120

3.5. Characterization Methods

Bare and hybridized NPLs were analysed with a transmission electron microscope (TEM, Jeol 2100,
Tokyo, Japan) coupled with an energy-dispersive X-ray spectrometer (EDXS; JED 2300 EDS). The
diameter distribution of the NPLs was determined from equivalent diameters, which accounted for
approximately 400 NPLs per sample using Digital Micrograph software.

The magnetic properties of the dried core and hybrid BHF NPLs were measured at room temperature
with a vibrating-sample magnetometer (VSM LakeShore 7304, Woburn, MA, USA). Ferrofluids were
also measured in the same way, using a special sample holder for liquids.

Electrokinetic measurements (zeta potential) of the BHF NPLs dispersed in different solvents were
measured using a Litesizer 500 (Anton Paar) at a 2 mV potential (corresponding to E = 0.2 V/m) for 500
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runs. The reliability of the measurements was precisely controlled (specifically for the suspensions in
apolar solvents) by inspecting the phase plot, zeta-potential distribution, and conductivity as
presented in more detail in the Supplemental Information (Fig. S5 with the description).

The hybridization was also followed using a Fourier-transform infrared (FTIR) spectrometer (Bruker,
VERTEX 70/v) with a mono-reflection diamond ATR device (Bruker, A225/Q-DLST) to conduct FTIR
measurements. The diamond's refractive index is 2.4. The radiation from the IR source of the
spectrometer was focused into the ATR crystal, and the output radiation (from the other side of the
crystal) was focused onto an RT-DLa TGS detector. For this purpose, the samples were dried overnight
in a dryer at 60 °C. The spectra were acquired in attenuated total reflectance (ATR) mode in the range
4000-100 cm™ with a resolution of 4 cm™, averaging 128 scans.

Thermogravimetric analyses (TGA) of the pure ligands, core, and hybridized BHF NPLs were carried out
using (TGA/DSC2, Mettler Toledo) coupled with a mass spectrometer (OmniStar GSD 350, Pfeiffer
Vacuum) for evolved-gas analysis. The samples were heated from 40 to 1100 °C at 20 °C/min in the
flow of synthetic air (20 mL/min). The number of attached ligand molecules was evaluated from the
ligand-decomposition step. Details are given in the Supplemental Information.

The samples’ surfaces were analysed using Thin Film Analysis (TFA) XPS spectrometer Physical
Electronics Inc. equipped with a monochromatic Al-K X-ray source and a hemispherical electron-energy
analyser. XPS survey spectra were acquired to identify elements present on the surface. The high-
energy-resolution spectra of characteristic peaks of the elements Fe 2p, P 2p, S 2p, O 1s, N 1s, and C
1s were recorded over a narrow energy range with a pass energy of 29 eV. The spectra were analysed
using MultiPak software package, version 9.9.

Time-of-flight Secondary lon Mass Spectrometry (ToF SIMS) was measured using a ToF-SIMS 5
instrument (ION-TOF, Minster, Germany) equipped with a bismuth liquid ion gun with a kinetic energy
of 30 keV. The SIMS spectra were measured by scanning a Bis* cluster ion beam over areas from 100 x
100 um?. The dose of primary ions during the measurements was in the static regime. The SIMS spectra
were processed with the software Surfacelab 7.2 (ION TOF). The positive and negative secondary ion
mass spectra were measured. The intensities of the SIMS signals were normalized to the total number
of emitted secondary ions.

4. Experimental results
4.1 Hybridization of the BHF NPLs with phosphonic ligands

A TEM image of the as-synthesized BHF NPLs is shown in Fig. 5a. Most of the NPLs lie flat on the TEM
support while the ones that appear like needles lie (almost) perpendicular to the TEM support. The
selected-area diffraction (SAED) confirms the magnetoplumbite structure of the BHF NPLs and all the
constituent elements, i.e., Ba, Fe, Sc, and O, were detected with the EDXS. The NPLs have a thickness
of approximately 3—-5 nm and diameters over a broad range, roughly 10-120 nm (Fig. 5d). The average
diameter of the core NPLs was 46 nm with a standard deviation of 21 nm. The thickness and size ranges
were similar for all the batches with an average diameter of ~40-50 nm.

As expected, no significant change in the morphology and crystal structure of the NPLs was observed
after the hybridization (see example in Fig. 5b). The EDXS spectrum (Fig. 5c) shows the P and S peaks
related to the ligand c along with Ba, Fe, and Sc originating from the BHF. O is present in the NPLs and
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the ligand, Cis present in the ligand, while Cu and C originate from the TEM support grid. Similar results
were obtained for all the hybridized BHF NPLs. There was a change in the size distribution and average
size (Fig. 5d). The fraction of NPLs with diameters <40 nm was lower for the hybridized NPLs, while
their average size was 50+£20 nm. The hybridization did not influence the magnetic behaviour of the
BHF NPLs (Fig. 5e); they retained their ferrimagnetic character and a magnetic hysteresis with similar
coercivity (Hc) values. The small difference between the Hc values of the two samples could originate
from the different size distribution and/or the effect of the samples’ packing densities in the VSM
holder. In other words, coercivity is an extrinsic property. In contrast, the saturation magnetisation
(Ms) is an intrinsic property and is reported as the magnetization per mass of a sample. However, due
to the presence of non-magnetic species, a direct comparison of the measured Ms values between the
samples is not possible. We have to take into account the mass fraction of nonmagnetic phases (e.g.,
adsorbed CO,, water, phosphonic ligand) that are present in the samples (Table 2). A detailed analysis
is provided in the paragraph discussing Table 2.
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Fig. 5. TEM images with the SAEDs of the BHF NPLs (a) core and (b) BHF-10c-H-120C. Indices in the
SAEDs correspond to the hexagonal space group P63/mmc (194). Panel (c) shows the corresponding
EDXS spectrum of the hybrid NPLs, panel (d) shows the diameter distributions of the core and hybrid
NPLs, and panel (e) shows their magnetic hysteresis loops.
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FTIR spectra of the bare and selected hybridized BHF NPLs, and of the respective pure ligands, are
shown in Fig. 6. Low-intensity bands that appear at higher wavenumbers can be assigned to the
stretching of C=0 (1629 cm™) and N-O (1483 and 1361 cm™) [47,48]. While carbonate is typically
adsorbed on powders kept under ambient conditions, the N—O band originates from the nitric acid in
the solution with which the BHF NPLs were washed and dispersed after the synthesis. The nitrate ions
are counter ions in the aqueous dispersion of positively charged NPLs surfaces. Bare BHF NPLs have
only few important bands, all below 800 cm™. The tetrahedral and octahedral sites of the iron atoms
have slightly different vibration energies [49], which are at 532 and 410 cm™, respectively in the bare
BHF NPLs (Fig. 6b). After the hybridization, we can observe a blue shift of approximately 10 cm™, but
only for the band associated with the octahedral coordination of the iron atoms. This indicates that
the ligand attached to the surface of the BHF NPLs because the Fe atoms at octahedral positions (i.e.,
12k-0) are at the BHF NPLs surfaces [50]. The shift for the octahedral site occurs for both ligands,
regardless of the chemical difference between the ligand c being an acid and the ligand d being an
ester. At the same time, the N-O band vanishes suggesting that nitrate ions were removed during the
hybridization. Moreover, the NPLs hybridized with the ligand ¢ exhibit multiple vibrations of the
phosphonic group in the region from 1400 to 800 cm™ [51,52]. In particular, the band at 1203 cm™ can
be assigned to P=0 and the band at 873 cm™ can be assigned to P-OH. The bands at 1145 cm™ and
1016 cm™ are related to the asymmetric and symmetric vibrations of the P-0O, respectively. These
bands do not exclude nor confirm the presence of the P-O—Fe bonds. The FTIR spectra of the other
hybrid samples were similar. We can conclude that the phosphonic ligands adsorbed to the BHF NPL
surfaces under all the applied conditions (Table 1). However, we could not determine the type of
adsorption, i.e., physical or chemical, from the FTIR analysis.

Low intensities of the phosphonic vibrations in the case of the BHF-10d-H-120C indicate a lower
fraction of the attached ligand d in comparison to ¢ (as confirmed with TGA, Table 2). This difference
can originate from the different anchor, ester vs acid, respectively.
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Fig. 6. FTIR spectra of the bare BHF NPLs, BHF-10c-H-120C and BHF-10d-H-120C and spectra of the
pure ligands ¢ and d. Panels (a) and (b) show different spectral ranges.
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XPS analyses of the samples were performed to identify the elements present on the surface and to
analyse their chemical state. The surface sensitivity of the XPS method is 2-5 nm in depth. The analysis
was performed on two different positions for each sample. Fig. 7 shows an XPS survey spectrum of the
sample BHF-10c-H120C. The peaks corresponding to Fe 2p, Ba 3d, Sc 2p, and O 1s originate from the
BHF NPLs. The additional C 1s peak can be related to the presence of a ligand and/or to surface
contamination due to sample exposure to the air before the XPS analyses. Peaks corresponding to S
2p, N 1s, and P 2p were also identified indicating the presence of the ligand ¢ on the surface. Fig. S7 in
the Supplemental information shows a typical high-energy resolution XPS spectra of C 1s, S 2p, P 2p,
Sc 2p, and N 1s from the sample BHF-10c-H120C. The main C 1s peak is at 284.4 eV, related to the C
atoms in the alkyl chains of the ligand c. In the S 2p spectra the S 2ps;; peak is observed at 167.8 eV,
indicating the S in the 4+ oxidation state from the SO, groups. The peak P 2ps3/; at 132.8 eV in the P 2p
spectra is related to the POs group. The N 1s peak at 399.4 eV is related to the NH group in the ligand.
The N 1s peak is partly overlapping with the Sc 2ps;; and Sc 2pi1, peaks at 401.1 eV and 405.8 eV,
related to the Sc-oxide from the BHF NPLs. In summary, all of the aforementioned groups can be found
in the ligand ¢, which confirms the presence of the ligand in the sample. Similar results can be observed
for the sample produced with the same ligand at 50 °C in methanol.

a b 0.001s - N 'Ee.g-g
B Fe-P-
OKLL Cis 0.0016 4 2
0.0014 -
S
s 0.0012 4
. =
= @ 0,0010 4
5 5
E P2p £ 0.0008
S2p 0.0006
I'Fe 3p
LAAXAAKL 0.0004
0.0002 -
T T T T T A
1200 1000 800 600 400 200 0 Lhey Ligand ¢ 80°C 120 °C 250 °C
Binding energy (eV) Sample

Fig. 7. (a) Survey XPS spectrum of the sample BHF-10c-H-120C. (b) TOF-SIMS results for ligand c, and
the BHF NPLs hybridized with the ligand c in 1-hexanol at 80, 120 and 250 °C.

The XPS analyses was complemented with TOF-SIMS to investigate the possible chemisorption of the
ligands. The SIMS method has a superior surface sensitivity (2 nm) to the XPS (2-5 nm) and can reveal
molecular information from mass spectra of emitted secondary ions from the surface. Among other
signals in the SIMS mass spectra, the signals at masses 103 Da and 199 Da were identified as specific
to the presence of the ligand c. They are related to the Fe-P-O and the Fe-P-O, fragments, respectively
(Fig. 7b). The two fragments were previously [53] identified as an indication of the chemisorption (i.e.,
covalent or coordination interaction) of phosphonic acid onto a metal oxide, since they correspond to
the Fe—O—P and Fe—O—P-0 or O—Fe—O—-P bonds, respectively. The maximum relative intensities of the
Fe-P-O and Fe-P-O; signals were measured for the hybrid sample prepared at 120 °C. With an
additional increase in the hybridization temperature to 250 °C, the intensity of the Fe-P-O and Fe-P-0,
signals decreases. This can be explained by the onset of the ligand decomposition, starting above
200 °C (Fig. S6).
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The achieved surface densities of ligands in the hybridized BHF NPLs (Table 2) were estimated using
TGA and evolved-gas analysis (see details in Supplemental Information with exemplary thermal
analyses data Fig. S6). The ligands' surface densities increased with the hybridization temperature.
This coincides with the largest fraction of the chemisorbed fragments detected with TOF-SIMS (Fig.
7b) at 120 °C. The higher the hybridization temperature, the more possible the condensation reaction
(Fig. 1). In contrast to this the physisorbed ligands are in a dynamic equilibrium with the dissolved
ligands. The desorption of ligands from a solid surface is promoted in the presence of water.

H,0 H,0
R — PO(OH),(surface) <> R — PO(OH),(aq) <= R- PO(OH)0~(aq) + H;0*(aq)

H,0

& R — P0(0)% (aq) + H;0%(aq) (1)
The adsorption/desorption equilibrium (i.e., the first reaction in Eq. 1) is established in any other
solvent solvating the ligands. Consequently, the physisorbed phosphonic ligands can desorb by
changing the system's properties, e.g., during dilution or washing [54]. The equilibrium in Eq. 1 can also
be redirected to the right-hand side in methanol. When compared to 1-hexanol, methanol is more
polar and dissolves more water. Consequently, the deprotonation of phosphonic groups and their
dissattachment is favoured.

We can also see in Table 2 that the ligands’ structure had an effect on the surface density. The ligand
¢ with a longer alkylsulfonyl chain formed a denser assembly when compared to the ligand a. This can
be explained by the difference in the polarity with the ligand c being less polar. The lowest surface
density was obtained with the ligand d, which is the only ester among the phosphonic acids, i.e., an
ester analogue of the ligand c. In this case, the major effect on the different surface densities probably
originates in the different anchor.

The room-temperature Ms values of the BHF NPLs increased, i.e., by 5-25 % after they were hybridized
in 1-hexanol at 120 °C (Table 2). This was unexpected since the attached ligands are not
ferro(i)magnetic and do not contribute to the magnetisation. An increase in the Ms due to the surface
phosphonic ligands was measured previously for magnetite nanoparticles [55] and was attributed to
the decreased surface spin canting (i.e., origin of the decreased Ms of magnetic nanoparticles vs bulk).
The coordinating ligands are supposedly improving the spin alignment of the surface iron ions by
minimizing the crystal-structure distortion of the surface vs the core. Similarly, the Ms values of the
spinel ferrite nanoparticles functionalized with carboxyl and catechol moieties increased in
comparison to the core nanoparticles. The Ms increase was, in addition to the possibly reduced spin
canting, attributed to other reasons [56-58], such as the redox reaction with catechol stabilizing the
surface magnetite layer with a higher Ms than the core maghemite, and an effective increase of the
average nanoparticles’ size during the processing. In contrast, the adsorbed carboxylates did not
improve the surface spin alignment of the core nanoparticles and their Ms was lower [55]. Moreover,
an unexpectedly large decrease in the Ms, was obtained in our previous study [32], in which the BHF
NPLs were functionalized with phosphonic acids in an aqueous solution. The Ms decrease was
associated with a partial decomposition of the BHF NPLs by di- and tetraphosphonic acids. Since in this
study the Ms increased >20 % in the samples with chemisorbed ligands, we assume that it can be
correlated with an improved collinearity of the surface spins.
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Table 2. Fraction of non-magnetic adsorbents and achieved surface density of ligands in the hybrid
BHF NPLs with the saturation magnetization (Ms) values of exemplary samples. The “Ms magnetic
phase” denotes the calculated Ms value of the BHF NPLs by subtracting the mass of nonmagnetic
adsorbents. AMs denotes the relative difference between the Ms magnetic phase of the core and
hybridized samples.

Sample Nonmagnetic Achieved Ms Ms magnetic AMs
adsorbents surface density measured phase
. (%)
(wt.%) of a ligand Am?/k Am?/k
(molecules/nm?) (Am*/ke) (Am*/ke)
BHF? 7.4 0 35.3 38.1
BHF® 7.1 0 334 36.0
BHF¢ 4.7 0 38.5 40.2
BHF-H-120C¢ 4.2 0 37.0 38.6 -4.0
*
BHF-3a-M- 6.14 +0.08 0.3 31.2 36.0 -5.5
50C?
BHF-10a-M- 6.65 +0.09 0.3
50C?
BHF-3a-H- 14.48 + 0.03 1.5
80C?
BHF-3a-H- 14.4 + 0.1 1.5 34.5 40.3 +5.8
120C®
BHF-10c-H- 12.37 £ 0.07 1.5
80C?
BHF-10c-H- 23.0+£0.2 2.1 36.4 45.2 +25
120¢®
BHF-10d-H- 7.82 £0.04 0.4 39.7 43.1 +20
120¢®

abc denotes the different batches of the core BHF NPLs. * denotes the control sample that was exposed
to the hybridization processing conditions in the absence of any ligand.

4.2 Ferrofluids from the hybrid BHF NPLs

None of the applied conditions resulted in the maximum-possible surface density of ligands (Table 2),
i.e., 3 molecules/ nm? (see Calculation Section 2). Nevertheless, ~1.5-2 molecules/nm? for the BHF
NPLs hybridized at 120 °C with the ligand ¢ was enough to colloidally stabilize the NPLs in 1-hexanol
(Fig. 8a). The colloidal stability in 1-hexanol was obtained with 4-5-times lower surface density of the
ester ligand d (Table 2). This indicates that the condensation reaction (similar to Fig. 1 but with ethanol
as a side product) took place at 120 °C also with the ester anchor. Stable ferrofluids were also obtained
after hybridizing the NPLs at 120 °C with the ligands a and e, the latter has a nitro ending group and
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the largest dipole moment (Fig. 2). We conclude that the ferrofluids from BHF NPLs in 1-hexanol can
be obtained by hybridizing the BHF NPLs with polar phosphonic ligands at an approximate surface
density of 0.5 molecules/nm? or higher.

All dispersions of the hybridized NPLs in 1-hexanol had zero zeta-potential (Table 3), indicating a
monolayer assembly of the ligands (Fig. S8a). Due to the relatively low polarity (i.e., dielectric constant
of 1-hexanol is 13.3 [59]), the phosphonic acid remains protonated and cannot introduce any surface
charge, regardless of the bonding interaction. Accordingly, zero conductivity was measured due to a
negligible ionic strength. The same is valid for the dispersions in less polar solvents, i.e., xylene and
toluene. However, they were not colloidally stable. This coincides with negligible solubility and a lack
of solvation of the ligands in the two nonpolar solvents.

Fig. 8. Photographs of the dispersions of: (a) BHF-10c-H-120C (b) BHF-10c-H-80C. The difference
between the stable ferrofluids and unstable systems under an applied magnetic field is shown in the
images (a) and (b), respectively. While the NPLs in a stable ferrofluid (a) also remain dispersed in a
magnetic field induced by a permanent magnet, the NPLs in the unstable system (b) sediment (left
photograph) and the sediment is attracted by a magnet (right photograph).

The zeta-potential of the hybrid NPLs in methanol was between —22 and —-50 mV, more negative than
that of the core BHF NPLs, i.e., =15 mV (Table 3). This indicates an attachment of the polar ligands on
the NPL surfaces in methanol. The more negative zeta-potential values of the dispersed hybrid NPLs
are attributed to the higher density of negatively charged species on the NPL surfaces in comparison
to the core NPLs. The only negatively charged species in the reaction system, besides the possibly
deprotonated surface hydroxyl groups (crystal-Fe—0~), are phosphonic groups of the polar ligands (Fig.
2). The remaining unbound P—OH group (Fig. 1) at the very surface can deprotonate in methanol and,
with it, the zeta-potential becomes more negative than for the core NPLs. Such dissociated P-O~
groups at the very surface are repelled from the dissociated surface sites of the core NPLs (—Fe—0O7).
Consequently, the surface density of the ligands in methanol should be low which, indeed, was true
(Table 2). The question is whether methanol is sufficiently polar or if it contains a sufficient
concentration of water to enable the deprotonation of the second P—OH group.

Alternatively, an increase in the negative surface charge can arise from a bilayer at the BHF NPL surface
(Fig. S8 b and c in Supplemental Information). The bilayer formation is driven by the hydrophobic
and/or m-mt interaction between the adsorbed and desorbed amphiphilic ligands in a polar solvent. In
the second layer, free P-OH groups can deprotonate in methanol, thus, increasing the negative surface
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charge. The association of the deprotonated ligands in methanol can occur before the adsorption of
ligands on the surface, and the ligands adsorb as associates. Due to the steric hindrances of the primary
adsorbed associates, the adsorption of additional associates on the surface is limited, which explains
the low surface densities of the ligands (Table 2). The ligands’ deprotonation results in an increased
ionic strength, as was confirmed by the relatively high conductivity of the methanol dispersions (Table
3). The large ionic strength explains the colloidal instability of the methanol systems despite the
relatively large absolute values of the zeta-potential.

All the hybridized BHF NPLs with nominal surface densities of 3 and 10 molecules/nm? have roughly
similar zeta-potentials in methanol, suggesting a similar density of the surface charge and,
consequently, a similar density of the attached ligands as also evident from the TGA results (Table 2).
This result implies that the excessive unbound ligands from the samples with nominal 10
molecules/nm? are removed to a large extent during the washing step, while the bonded ligands are
physisorbed, possibly via a hydrogen bond, i.e., in plain adsorption mode (Fig. 3). The calculations
(Section 2) suggest inferior stability of the plain adsorption in comparison to the adsorption via
condensation (i.e., chemisorption), which is in accordance with our experimental observation.

Table 3. Colloidal properties of the hybridized BHF NPLs dispersed in different solvents. The
dielectric constants increase from 2.27 to 2.38, 13.3 and 32.7 for p-xylene to toluene, 1-hexanol
and methanol, respectively [59-62].

Sample Dispersing Zeta potential Conductivity Colloidal
solvent (mV) (uS/cm) stability
BHF methanol -15.0£0.2 8 No
BHF-10a-M-50 methanol -44.0£0.2 11 No
1-hexanol 0 0 No
toluene 0 0 No
BHF-3a-H-50 1-hexanol 0 0 No
BHF-3a-H-120 1-hexanol 0 0 Yes
BHF-10b-M-50 methanol -50.0 £0.7 28 No
xylene 0 0 No
BHF-3¢-M-50 methanol -44.7+13 17 No
BHF-10c-M-50 methanol -47.6+£0.6 10 No
BHF-3c-H-80 1-hexanol 0 0 No
BHF-10c-H-80 1-hexanol 0 0 No
BHF-10c-H-120 1-hexanol 0 16 Yes
BHF-10d-H-120 1-hexanol 0 0 Yes
BHF-3e-H-120 1-hexanol 0 0 Yes
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5. Discussion

Our study shows that a stable hybridization is possible between the surfaces of BHF NPLs and
phosphonic acids (Fig. 2). A significant fraction of the fragments Fe-P-O and Fe-P-O; (Fig. 7b) indicates
chemisorption [53], i.e., a covalent or coordination interaction between the surface iron ions and the
phosphonic moiety. Similar to what was reported previously [37], the chemisorption was promoted
using an excessive ligand fraction at elevated temperatures, with the highest efficiency being at 120
°C. The higher temperature promotes the condensation reaction (Fig. 1) when the evaporation of
water directs the equation to the right-hand side. If the condensation results in a covalent interaction
between the ligands and the surface, the attachment is irreversible. However, the ligands could also
chemisorb onto the BHF NPL surfaces via a coordination interaction that competes with the interaction
ligand—solvent and metal-oxide surface—solvent.

solvent (L)
crystal- Fe --- 0- PO(OH)(surface) <« crystal-Fe- 0X (s) + R — PO(OH),(sol) (2)
Here, X denotes the surface reconstruction in a solvent. If the solvent is water or alcohol, X = H. The
phosphonic ligands can also exchange for the solvent molecules (L) if the solvation interaction is
stronger than the coordination with the surface.

crystal-Fe---0- PO(OH)(surface) <SOlve—nt(L2 crystal-Fe - L(s) + R — PO(OH),(sol)  (3)
Water molecules strongly interact (i.e., hydration) with the phosphonic moieties, especially at the pH
values at which the phosphonic moiety deprotonates and the phosphonic ligand at the surface can be
exchanged for a proton (Eq. 2) [63,64]. Water molecules can also exchange the coordination ligands if
the hydration interaction is dominant (Eg. 3). A complete miscibility of methanol with water shifts the
reaction in Fig. 1 to the left-hand side and the high polarity of methanol promotes the deprotonation
and association of ligands (Fig. S8 b & c), resulting in a negative effect on their surface density (Table
2). Therefore, the primarily selected solvent in our study, i.e., methanol, was not suitable for
hybridizing the BHF NPLs with phosphonic ligands. Instead, we selected 1-hexanol, which is immiscible
with water (Fig. S4), has sufficiently low polarity for stabilizing the protonated form of the phosphonic
ligands and sufficiently high boiling point (157 °C) for the high-temperature hybridization process. Our
findings are in line with previous research [65] suggesting the promotion of denser and more stable
phosphonic monolayers by low dielectric solvents.

We performed an experiment to examine whether the chemisorbed phosphonic-BHF hybrids are
stable against water (Eq. 3) and protons (Eq. 2). An aqueous nitric acid solution (pH2) was added to
the 1-hexanol ferrofluid of BHF-10c-H-120. The two phases do not mix simultaneously. The lower
density 1-hexanol phase stays on the top and is coloured due to the dispersed NPLs. After a vigorous
stirring of the two phases together for 24 h, they separated in the same manner as before the stirring
(Fig. S9). We conclude that the ligands attached to the BHF NPLs in 1-hexanol at 120 °C do not exchange
by protons nor water molecules.

An additional experiment was carried out to verify the stability of the ligands’ attachment to the NPLs
against methanol in which the ligands are fully soluble. The hybridized NPLs transferred from 1-
hexanol to methanol have negative zeta-potential values of around —25 to —30 mV. The absolute
values of the zeta-potential are higher than for the core BHF NPLs but 20—45 % lower than for the NPLs
hybridized in methanol (Table 3), implying the reassembly of the ligands’ molecules into bilayers (Fig.
S8 b & c). To form a bilayer, a part of the molecules should desorb from the surface which can be
expected for the physisorbed ligands (Eqg. 1). However, the negative zeta-potential in methanol was
also measured for the hybrids with chemisorbed ligands obtained at 120 °C in 1-hexanol. There are

https://doi.org/10.26434/chemrxiv-2024-0kkf8 ORCID: https://orcid.org/0000-0003-4154-4592 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-0kkf8
https://orcid.org/0000-0003-4154-4592
https://creativecommons.org/licenses/by-nc-nd/4.0/

several explanations: (i) a fraction of the ligand’s molecules is not chemisorbed but physisorbed, they
desorb in methanol and form a bilayer, (ii) deprotonation of the unbound P-OH group at the very
surface (see Fig. S8), or (iii) the ligands are coordinated (i.e., not covalently bonded) to the NPL surface
but the solvation interaction with the methanol molecules is stronger, leading to an equilibrium
between the adsorbed and desorbed ligands (Eq. 3). The latter dissolve in methanol but can form a
dynamic bilayer assembly driven by the hydrophobic or nt—r interactions (Fig. S8 b & c).

An increase of the Ms values after hybridizing the BHF NPLs with phosphonic ligands (Table 2) can be
explained by a reduction of the surface spin canting, similar to [55]. Remember that the Ms increase
was measured only for the NPLs hybridized at 120 °C in 1-hexanol, onto which the ligands
chemisorbed. But let us first comment on a possible positive effect of size on the Ms. Since the Ms of
nanoparticles decreases with the decreasing size due to the increased surface spin canting [66], we
compared the diameter-size distributions of the core and functionalized NPLs (Fig. 5d). The Ms values
of the BHF NPLs are mostly affected by the variation in their thicknesses due to the relatively large c-
unit-cell parameter (~2.5 nm) whereas the diameter is associated with much smaller (~0.6 nm) a and
b parameters. Most of the NPLs with diameters of 30-300 nm have thicknesses of 4.1 nm and their
Ms values are not significantly affected by the diameter distribution [67]. The measured Ms of the
sample containing mostly the BHF NPLs with diameters <30 nm was ~25 Am?/kg [68]. Around 20 % of
the core BHF NPLs from this study have diameters between 15 and 30 nm (Fig. 5d). If these 20 % of
NPLs would be wider than 30 nm, the Ms of the core BHF NPLs would be ~39 Am?/kg and the increase
of the Ms would still be significant, i.e., ~¥13 and ~10 % for the BHF-10c-H-120C and BHF-10d-H-120C,
respectively. Therefore, there also has to be a contribution from the changed surface chemistry to the
measured increase in the Ms. As a proof, we conducted a control experiment. The BHF NPLs were
exposed to the hybridizing process but without any ligand, the sample BHF-H-120C. A 4% decrease of
the Ms was measured, similar to that for the BHF-3a-M-50C with the physisorbed ligand. We conclude
that chemisorbing the phosphonic ligands onto the BHF NPLs improves the spin collinearity at the
surface and, with it, their Ms increases. Different experimental observations from various studies (such
as [34,53-55]) showing an increase/decrease of the Ms of magnetic nanoparticles after their
functionalization originate from different attachment modes that depend on the composition of the
magnetic nanoparticles and the ligand as well as the processing parameters.

Although we cannot conclude whether the covalent interaction is possible in the studied system, we
improved the stability of the attached phosphonic ligands in comparison to previous studies [64,69] by
using 1-hexanol instead of water and temperature above the boiling point of water during our
hybridization process. A stable hybrid sample was also prepared using an ester ligand d that cannot
deprotonate and induce the surface exchange of the phosphonic ligand with a proton. Its surface
density was ~2—3 times lower than that of the phosphonic acids which may be due to the different
mechanism involving hydrolysis of an ester group prior to the condensation or release of ethanol
instead of water during the condensation (Fig. 1) [38,70]. The hydrolysis of phosphonic esters is
catalysed by acids or bases and also by metal ions, e.g., on metal oxide surfaces. The latter reason in
combination with the heating to 120 °C speaks in favour of the two-step mechanism for attachment
of the phosphonic ester to the BHF NPLs. The additional step can reduce the rate of condensation
when compared to phosphonic acids. This explains the lower surface density of ligand d. Regardless of
this, a stable ferrofluid was obtained in 1-hexanol from the BHF-10d-H-120C NPLs.

It seems that the solvation of the chemisorbed ligand layer in 1-hexanol directed the assembly of the
ligands towards a short-range electrostatic repulsion (Fig. 9a), which suppressed the agglomeration of
the NPLs in combination with the steric repulsion. The range of this dipolar electrostatic repulsion is
estimated to be of the order of the thickness of the hybrid, i.e., 5-10 nm, which is comparable to the
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Debye length in the electrostatically stabilized suspensions [11]. Roughly =0.5 molecules/nm? of
chemisorbed phosphonic ligands a, ¢, d, and e (Fig. 2) efficiently stabilized the BHF NPLs in 1-hexanol.
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Fig. 9. Ferrofluid of the BHF NPLs hybridized with phosphonic ligands (0.1 mg/ml) in a low-polar
solvent: (a) Schematic of two approaching hybrid NPLs. The NPLs align in via the magnetic dipolar
interaction that is surpassed by the electrostatic dipolar repulsive interaction. (b) Superparamagnetic
behaviour of the ferrofluid from BHF-10c-H-120C NPLs.

The lack of the magnetic interaction between the hybrid NPLs in 1-hexanol results in a
superparamagnetic behaviour of the ferrofluids (Fig. 9b). The ferrofluids show no remanent
magnetization but they are responsive to a low magnetic field of around 10-20 kA/m (Fig. 9b). The
combination of the high sensitivity to a magnetic field with their NPLs specific shape and uniaxial
magnetocrystalline anisotropy results in a strong magneto-optic effect (Movie S1 in Supplemental
Information). The hybrid BHF NPLs align with their basal planes perpendicular to the direction of an
applied magnetic field and, consequently, rotate with the rotating magnet, showing a birefringence.
The new ferrofluids from permanently magnetic BHF NPLs in 1-hexanol do not conduct electric current
(Table 3). They can substitute for the conductive BHF ferrofluids in 1-butanol [8,11] enabling sensor
applications in an electric field without an electrical breakdown.

6. Conclusions

We prepared the first stable dispersions of permanently magnetic BHF NPLs (with Ms ~ 40—-45 Am?/kg)
in a solvent of intermediate polarity, in which the NPLs were stabilized when hybridized with polar
phosphonic ligands. The synthesized polar ligands had calculated dipole moments between 7.53 and
8. 88 D. The stable colloids were obtained only when the polar ligands chemisorbed on the surfaces of
BHF NPLs with a minimum surface density of around 0.5 molecules/nm?. This means that a robust
attachment of the ligands on at least 15 % of the available surface sites ensures a sufficient steric-
solvation repulsion for minimizing the magnetic dipolar attraction between the BHF NPLs in 1-hexanol.
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The new colloids of permanently magnetic BHF NPLs in 1-hexanol can be exploited for the
development of novel magneto-optic sensors.

Other important findings from the study are relevant for understanding the hybridization of metal
oxide surfaces with phosphonic acids and applications of the new systems:

1. Chemisorption of phosphonic ligands to a metal oxide surface is only possible at a sufficiently
high temperature, e.g., 120 °C for iron oxides, in an anhydrous solvent, favouring the
condensation reaction.

2. Atlowtemperatures and in water or water-miscible solvents, physisorption is favoured against
chemisorption resulting in a low surface density of adsorbed ligands and colloidal instability.

3. If the phosphonic group of a ligand deprotonates in a solvent, the ligands can desorb and
assemble in bilayers at the metal oxide surfaces. Such dispersions have poor or no colloidal
stability in the respective solvent.

4. BHF NPLs are colloidally stable in a solvent of intermediate-to-low polarity when hybridized
with fully protonated polar phosphonic ligands at surface densities of >0.5 molecules/nm?2.

5. The dominating stabilizing colloidal interaction is electrostatic dipolar repulsion induced by
solvation interaction between the surface ligand and solvent molecules. The same approach
is suitable for hybridizing and colloidally stabilizing any other metal oxide nanoparticles.

6. By tuning the polarity of the phosphonic push-pull systems or by coupling them with nonpolar
molecules, stable dispersions of BHF NPLs in apolar solvents can be obtained in the future.

7. Saturation magnetisation of the BHF NPLs increased after the hybridization by suppressing the
surface spin canting. In other words, the hybrid BHF NPLs have superior sensitivity to a
magnetic field than the core NPL. Consequently, magneto-optic sensors based on the
ferrofluid from hybrid BHF NPLs will operate at lower NPL concentrations (order of 0.1 mg/mL)
than those based on the core NPLs (e.g., >1 mg/mL [8]).

8. The obtained dispersions in 1-hexanol have negligible conductivity and can be used in
applications in an electric field.
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