Journal of Colloid and Interface Science 702 (2026) 138806

Contents lists available at ScienceDirect

Journal of Colloid And Interface Science

52 ;
ELSEVIER journal homepage: www.elsevier.com/locate/jcis
Ferromagnetic ferrofluids in aqueous and low-polar media e

Jost Truél *""+', Patricija Hribar Bostjanéic “', Ziga Gregorin ©, Peter Medle Rupnik ©,
Alenka Mertelj ©, Darja Lisjak *
@ Department for Materials Synthesis, Jozef Stefan Institute, Jamova cesta 39, 1000 Ljubljana, Slovenia

b Jozef Stefan International Postgraduate School, Jamova cesta 39, 1000 Ljubljana, Slovenia
¢ Department of Complex Matter, Jozef Stefan Institute, Jamova cesta 39, 1000 Ljubljana, Slovenia

HIGHLIGHTS GRAPHICAL ABSTRACT

e Aqueous and low-polar ferromagnetic
ferrofluids were developed.

e Liquid magnets form at sufficiently high
concentrations of magnetic
nanoplatelets.

e Magnetic nanoplatelets spontaneously
assemble into a ferromagnetic nematic
phase.

e Colloidal repulsive interactions equili-
brate the magnetic dipolar attraction.

ARTICLE INFO ABSTRACT

Keywords: Currently known ferromagnetic ferrofluids (FFs), or liquid magnets, are typically composed of permanently
Liquid H}agnet magnetic barium hexaferrite nanoplatelets (BHF NPLs) dispersed in 1-butanol, where colloidal stability is ach-
Ferrofluid ieved through electrostatic repulsion. Here, we report the development of an environmentally friendly, water-
Barium hexaferrite nanoplatelets . A . I . . .
Low-polar based ferromagnetic ferrofluid, in which magnetic dipolar attractions are effectively suppressed by a synergis-

tic combination of electrostatic, steric, and hydration repulsion. We further demonstrate that stable ferromag-
netic ferrofluids can also be realized in low-polarity organic solvents such as dichloromethane (DCM) and 1-
hexanol, relying solely on sufficient steric-solvation repulsion—without the need for long-range electrostatic
repulsion. These different types of ferromagnetic FFs offer a promising platform for tubeless microfluidic
pumping in diverse chemical systems.

Aqueous media

1. Introduction exotic systems observed at cryogenic [1] and elevated temperatures [2],
only two types of colloidal nematic ferromagnetic liquids have been
Ferromagnetic ordering in liquids is a rare phenomenon. Apart from realized under ambient conditions [3,4], even though Brochard and de
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(a) Paramagnetic FF  (b) Ferromagnetic FF

H=0 H=0

Scheme 1. Schematic presentation of dispersed magnetic NPLs in the absence
of an external magnetic field (H = 0): (a) (super)paramagnetic FF with no
orientational ordering and (b) ferromagnetic FF, where the NPLs orientationally
order with their magnetic dipoles aligned in the same direction, i.e., the sample
exhibits spontaneous magnetization. (c) Polarizing optical microscopy (POM)
photograph of a 1-butanol suspension of magnetic NPLs placed in a layer
confinement (capillary thickness is 30 pm), showing a typical domain formation
in the absence of an external field.

Gennes [5] had predicted a ferromagnetic order in nematic liquid
crystals many years beforehand. Numerous studies [6-8] utilizing
spherical or rod-like magnetic particles failed to realize the predicted
ferromagnetic liquid. The isotropic magnetic properties of spherical
particles and the preferred antiferromagnetic assembly of rod-like par-
ticles do not allow for a ferromagnetic coupling [9].The key ingredients
of nematic ferromagnetic liquids are magnetic nanoplatelets (NPLs) with
a rare combination of uniaxial magnetocrystalline and shape anisotropy
directing the magnetic easy axis perpendicular to their basal plane.
Consequently, by equilibrating the colloidal and magnetic dipolar in-
teractions, such magnetic NPLs can ferromagnetically couple in a liquid
system.

The magnetic NPLs in the two known colloidal ferromagnetic sys-
tems are Sc-substituted barium hexaferrite (BSHF) NPLs functionalized
with a surfactant dodecylbenzenesulfonic acid (DBSa). In the ferro-
magnetic liquid-crystalline suspension, the NPLs were dispersed in a
liquid-crystalline matrix, where ferromagnetic coupling is induced
through alignment mediated by molecular orientational order [3].
Similar to this, a ferroelectric liquid crystal with ferromagnetic order
was only recently developed from the BSHF NPLs functionalized with
DBSa [10]. In contrast, in the isotropic solvent, the combination of NPLs’
shape and magnetic interaction induces ferromagnetic nematic ordering
in a highly concentrated suspension of the NPLs in 1-butanol, yielding a
ferromagnetic ferrofluid (FF) [4]. The defining characteristic of such
ferromagnetic FFs is the formation of magnetic domains in the absence
of an external magnetic field (H = 0) (Scheme 1). These ferromagnetic
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FFs exhibit extreme sensitivity to magnetic fields, responding even to
fields comparable to the Earth’s magnetic field [11].

Optimization of the system BSHF NPLs-DBSa-alcohols [12,13]
demonstrated that the ferromagnetic nematic phase can form at sub-
stantially lower NPLs concentrations (= 5 vol%) than initially reported
(28 vol%) [4]. In such FFs, a delicate balance between the repulsive
electrostatic and attractive ferromagnetic forces is responsible for the
suspensions’ colloidal stability and the ferromagnetic ordering. Recent
work has further revealed that an oscillatory magnetic field causes chiral
symmetry breaking and drives a macroscopic flow [14]. The flow lanes
appear due to the spontaneous ordering and collective rotation of the
magnetic NPLs within magnetic domains. The coupling between mag-
netic ordering and fluid motion opens opportunities for tubeless
microfluidic actuation—a mechanism that contrasts with previously
proposed approaches based on traveling-wave-driven ferrohydrody-
namic pumping in paramagnetic FFs composed of spherical particles
[15,16]. However, the use of 1-butanol, being a highly volatile solvent,
limits the implementation of these FFs in microfluidics. A reasonable
alternative to 1-butanol would be water.

When the NPLs are functionalized with DBSa in water, they floccu-
late because DBSa does not form a double layer as it does in certain
alcohols [17]. The BSHF NPLs can be dispersed in aqueous media either
in nitric acid solutions at pH < 4 or at neutral-to-basic pH when func-
tionalized with citric acid or coated with an amorphous silica shell [18].
However, the resulting concentrations are too low to support ferro-
magnetic ordering. As an alternative, phosphonic acid ligands are
considered due to their strong affinity for metal oxide surfaces [19,20].
For electrostatic stabilization in water, a phosphonic acid bearing an
additional polar group—such as a second phosphonic or sulfonic
moiety—can be employed. The phosphonic group anchors to the NPL
surface, while the free polar group imparts surface charge. Yet, these
double-polar ligands tend to associate via hydrogen bonding and elec-
trostatic interactions in water, which limits the ability to control their
surface assembly [21]. To address this challenge, we selected a phos-
phonic polyether ligand. Ethers, unlike amphiphiles with alkyl chains,
do not form bilayers and are well hydrated by water through hydrogen
bonds [22,23]. As we show, in addition to electrostatic stabilization, a
hydrated polyether tail provides sufficient steric repulsion to enable the
formation of aqueous ferromagnetic FFs.

Beyond aqueous systems, we also investigated whether the ferro-
magnetic ordering of the BSHF NPLs can be achieved without a long-
range electrostatic repulsion. We hypothesized that a combination of
steric and solvation-based repulsion could stabilize BSHF NPLs in low- or
non-polar solvents at concentrations high enough to support ferromag-
netic ordering. This steric-solvation mechanism is validated experi-
mentally. Specifically, we demonstrate the formation of ferromagnetic
FFs by concentrating BSHF NPLs functionalized with a fatty acid in low-
polar solvents such as dichloromethane (¢ = 8.93) and 1-hexanol (¢ =
13.30).

2. Materials and methods
2.1. Chemicals

Iron (III) nonahydrate (Alfa Aesar, >98 % for BHSF-a, and Carlo Erba
reagents, >98 %, for BHSF-b), barium nitrate (Alfa Aesar, 99.95 % for
BSHF-a and Chem-Lab, > 99 % for BHSF-b), scandium (III) nitrate hy-
drate (Alfa Aesar, 99.9 % for BSHF-a and ThermoFisher, 99.9 % for
BSHF-b), sodium hydroxide (Alfa Aesar, 98 % for BHSF-a, and Carlo
Erba reagents for BSHF-b), nitric(V) acid (Sigma-Aldrich, 65 %), chlo-
roform (Sigma Aldrich, > 99.8 %), dichloromethane, (J. T. Baker, >
99.5 %), methanol (Carlo Erba reagents, > 99.9 %), ammonia solution
(Merck for BSHF-a, 25 % and J. T. Baker, 25 % for BSHF-b), ricinoleic
acid (RA) (Tokyo Chemical Industry Co. Ltd., > 80 %), and (2-{2-[2-
methoxy-ethoxy]-ethoxy}-ethyl)phosphonic acid (Pether) (Sikemia, >
97 %).
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2.2. Magnetic NPLs

BSHF NPLs were synthesized using our established hydrothermal
method [24] starting with metallic nitrates with an atomic ratio of Ba:
Fe:Sc = 1:4.5:0.5 and an excess of NaOH. The reaction slurry was heated
(3 °C/min) in an Inconel autoclave (Parr Instrument Co.) to 245 °C and
immediately cooled down. In a typical procedure, the as-synthesized
NPLs are washed three times with water and once with the nitric acid
solution (pH = 0.77). The NPLs were finally dispersed in the nitric acid
solution at a pH of about 2.5. These NPLs will be named BSHF-a.

Alternatively, the as-synthesized NPLs were washed 7 times with
water and finally dispersed in water at pH 10-11. These NPLs will be
named BSHF-b. If needed for the analysis, the NPLs were dried in air at
~80 °C.

2.3. Preparation of the aqueous ferromagnetic FF

The aqueous dispersion of BSHF-a NPLs (47 mg) was diluted to 180
ml (0.26 g/1) and 20 ml of an aqueous solution of Pether (4.3 mM ~ 10
molecules/nm?) was added to the dispersion. The pH of the mixture was
adjusted to pH 4 with the nitric-acid solution. The mixture was heated to
60 °C and stirred overnight. The BSHF-a@Pether NPLs were sedimented
at 11000 RCF for 20 min, washed twice with water, and finally dispersed
in water. The dispersion was concentrated in a vial using a NdFeB
magnet for 2-3 weeks. After that, it was transferred to a capillary and
additionally concentrated into a ferromagnetic nematic phase using a
permanent NdFeB magnet.

2.4. Preparation of the nonpolar ferromagnetic FF

The BSHF-b NPLs were functionalized with ricinoleic acid (RA)
following a procedure similar to that described in [25]. For the DCM
dispersion, 250 mg of BSHF-b NPLs were dispersed in 50 ml of water and
diluted to a concentration of 5 g/1. The pH of the dispersion was adjusted
to 10-11 using a 25 % aqueous ammonia solution. The dispersion was
then heated to 60 °C, and 250 mg of RA dissolved in 3 ml of methanol
was added dropwise over the course of 30 min. The mixture was stirred
for an additional 30 min at 60 °C, with the pH maintained at approxi-
mately 10 using the 25 % aqueous ammonia solution as necessary. For
the 1-hexanol-based functionalization, the same procedure was followed
with doubled quantities: 500 mg of BSHF-b NPLs dispersed in 100 ml of
water, and 500 mg of RA dissolved in 6 ml of methanol. After func-
tionalization, 11 of DI water was added to the mixture, and the pH was
adjusted to 3.5 using nitric acid.

In both cases, after slowly stirring the acidic mixture for 2 h, the
BSHF-b@RA particles agglomerated and were collected with a perma-
nent magnet. Next, they were washed twice with methanol and sepa-
rated using a centrifuge (Eppendorf 5804) at 3000 RCF for 5 min. Lastly,
the particles were dispersed in 5 ml of dichloromethane or 1-hexanol.

2.5. Characterization of FFs

The magnetic NPLs were analysed with a transmission electron mi-
croscope (TEM, Jeol 2100) at 200 kV. The chemical composition of the
NPLs was confirmed with an energy dispersive X-ray spectrophotometer
(EDXS; JED 2300 EDS) coupled with the TEM. We compared the
diameter-size distributions of the NPLs in the original aqueous suspen-
sion with those from the ferromagnetic FFs with the equivalent di-
ameters determined from the TEM images using DigitalMicrograph
Gatan Inc. software. We accounted for at least 250 particles for reliable
statistics. The room-temperature magnetic properties were measured
using dried NPLs with a vibrating-sample magnetometer (VSM, Lake-
shore 7400).

The mass fraction of the functionalizing ligands and other adsorbents
was determined with thermogravimetric analysis (TGA) of the dried
functionalized NPLs combined with differential scanning calorimetry
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(DSC) and mass spectrometry (MS). Measurements were performed
using TGA/DSC 2 Mettler Toledo with MS, Thermostar300 Vacuum
Pfeifer (the BSHF-a samples) or NETZSCH STA 449C/6/G Jupiter-QMS
403 (the BSHF-b samples). The measurements were carried out at
40-1400 °C with a heating rate of 20 °C/min in a static air atmosphere
(the BHSF-a samples) or at 35—1000 °C with a rate of 10 °C/min in an
air-like mixture of argon and oxygen (the BSHF-b samples). The mass
fraction of the adsorbed species on the core BSHF-a NPLs was deter-
mined from the total mass loss. In the BSHF-b NPLs, the mass fraction of
nonmagnetic species was summed from the (i) mass loss at 35-400 °C,
(ii) leftover of excessive NaOH determined from the mass loss of water at
400-900 °C and (iii) mass fraction of BaCOs3 correlated with the mass
loss due to evaporation of CO» at the temperature interval 900-1000 °C
[26]. The mass fraction of RA in the BSHF-b@RA was determined from
the mass loss at 150-400 °C. The mass fraction of Pether in the BSHF-
a@Pether NPLs was determined from the TGA as previously in [27],
taking into account, an incomplete decomposition of the phosphonic
ligand.

The presence of ligands in the functionalized NPLs was analysed with
Fourier transform infrared (FTIR) spectroscopy using a PerkinElmer
Spectrum 400 FT-IR/FT-FTIR spectrometer. Spectra were taken with a
Universal attenuated total reflectance (ATR) accessory at 4000-650
em ™! or in a diffuse reflectance infrared Fourier transform (DRIFT)
mode at 4000-450 cm .

The FFs were visually monitored for any potential sedimentation of
the NPLs. In addition, the zeta-potential behaviour of the diluted
aqueous FFs was determined at different pH values with Litesizer 500
(Anton Paar, Austria). The pH was adjusted with 0.01-1 M HCl or NaOH.
The zeta-potential values were calculated from the measured electro-
phoretic mobilities using Henry’s Eq. [28]. In contrast, a negligible zeta
potential was expected in the low-polar suspensions. Therefore, the
colloidal stability of the low-polar FFs’ was assessed by measuring the
solvodynamic size by dynamic light scattering (DLS) using Anton Paar,
Litesizer 500. For the DLS measurement, the FFs were diluted to a
maximum concentration of 1 g/1.

Orientational ordering of the suspended NPLs was examined by
polarizing optical microscopy (POM). In case of randomly oriented NPLs
the sample appeared dark under crossed polarisers, while in case of
orientational ordering, the sample became birefringent, evidenced by
observation of transmitted light. The ferromagnetic nature of the sus-
pension was determined by three criteria. First, the suspension remained
birefringent as the magnetic field was removed, which indicated the
orientational ordering of NPLs. We used a system of three pairs of coils to
compensate the Earth magnetic field to values below around 1 pT.
Second, a small magnetic probing field was used to change the direction
of average orientation of NPLs as shown in Fig. S3, which means that the
NPLs were also magnetically ordered, i.e., the sample exhibited
magnetization. Third, in the absence of a magnetic field, the sample
formed a polydomain structure with clearly visible domain walls
(similar to Scheme 1). The structure, where magnetization in different
domains points in different directions, minimizes the magnetic stray
field and indicates that the magnetization is not externally induced, but
inherent and spontaneous, i.e., such a sample is ferromagnetic.

3. Results and discussion
3.1. Surface functionalization of magnetic NPLs

Two types of the core BSHF NPLs, i.e., BSHF-a and BSHF-b, were
synthesized. They were of typical platelike shape with diameters be-
tween 10 and 150 nm, a mean diameter of around 50 nm, and thick-
nesses of around 3-5 nm (Fig. S1). Their structure corresponded to that
of the barium hexaferrite. The constituent elements were confirmed
with energy dispersive X-ray spectroscopy (EDXS; as an example, see
Fig. S2). Both NPLs show a typical magnetic hysteresis at room tem-
perature with coercivities of 77 kA/m (BSHF-a) and 94 kA/m BSHF-b,
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Fig. 1. FTIR spectra of the core and functionalized BSHF NPLs with: (a) Pether and (b) RA.

and saturation magnetization of 35 Am?/kg (BSHF-a) and 33 Am?/kg
(BSHEF-b). The measured saturation magnetization is roughly 10 % lower
than the actual saturation magnetization (39 Am?/kg and 37 Am?/kg for
BHSF-a and BSHF-b, respectively) due to the nonmagnetic adsorbents
such as water, carbonates, and in the BSHF-a NPLs, also nitrates (see
Figs. 1 and 4).

The adsorption of Pether onto the BSHF-a NPLs was inferred from
their superior colloidal stability in water when compared to the original
aqueous suspension of the core NPLs. While some sedimentation was
observed when concentrating the aqueous suspension of the core NPLs
above ~20 mg/ml this was not so for the NPLs functionalized with
Pether. In addition, phosphorus from the ligand was detected together
with other constituent elements by EDXS (Fig. S2). The presence of
Pether in the functionalized NPLs was also indicated from the ATR-FTIR
spectrum (Fig. 1a). The spectrum of the core BSHF-a NPLs contains a
wide band at ~3500-3000 cm ™! that can be associated with adsorbed
water [29,30], the lower intensity bands at around 1630 and 1520 cm!
correspond to the adsorbed CO; and the bands at around 1350-1400
cm ™! to N—O from HNO3 [31,32]. The phosphonic group bands, P=0,
P-O-H and P—C are in the range of 1085-712 em~! [33-35] and are
observed in the spectrum of the pure ligand and of the BSHF-a@Pether
NPLs. These bands overlap with the C—O stretching band of the ether
groups at ~1100 em™L,

Similar to the above, the adsorption of RA on the BSHF-b NPLs was
inferred from the colloidal stability of the functionalized NPLs in the
low-polar solvents. Namely, the core BSHF-b NPLs have a hydrophilic
surface and agglomerate in low-polar solvents. Another evidence of the
RA in the functionalized NPLs was obtained from the DRIFT spectrum
(Fig. 1b). The bands in the spectrum of core BSHF-b NPLs can be asso-
ciated with Fe—O at ~580 and below 450 cm™! [36], the bands at
~1500 and ~ 1360 cm ™! to the adsorbed carbonate [37] and the wide
band at ~3500-3000 cm™! can be associated with adsorbed water
[29,30]. The broad band at ~3500-3000 cm~! is less intense in the

functionalized BSHF-b NPLs, suggesting that water molecules were
exchanged by RA and the band can be attributed to C—H of the fatty acid
[34]. The bands at ~2920 and ~ 2840 cm ! correspond to stretching of
the aliphatic chain (C—H and CH>) and the bands at ~1740-1410 em !
correspond to C=O0, in particular to the carboxyl group (C=0, COO™
and -CH,CO-) [34,38].

3.2. Ferromagnetic FFs

An aqueous ferromagnetic FF from the BSHF-a@Pether NPLs was
prepared by concentrating the initial FF (<5 mg/ml) obtained imme-
diately after the surface functionalization of the core NPLs (see Materials
and methods). The ferromagnetic FFs in low-polar solvents were ob-
tained by dispersing the RA-functionalized NPLs in a low volume of the
solvent. A minor fraction of the NPLs sedimented in a few days and were
separated from the supernatant. The final concentration of the BSHF-
b@RA NPLs in the supernatant was 83 mg/ml (~1.6 vol%) in DCM
and 88 mg/ml (~1.7 vol%) in 1-hexanol. The DCM FF was ferromag-
netic as-prepared, while the 1-hexanol and the aqueous suspensions
were additionally concentrated by a magnet in a glass capillary used for
the polarized optical microscope (POM) observations. Under POM, all
the samples appeared bright under crossed polarisers and exhibited
homogeneous texture with visible fluctuations, indicating their fluidic
nature. All samples exhibited magneto-optic response and could be or-
dered into a single domain sample with homogeneous texture via
magnetic fields in the order of 10 mT. For all three systems, we were able
to observe distinct magnetic domains with clearly visible domain walls
at a zero external magnetic field (Fig. 2). This indicates that the NPLs are
ordered locally into a ferromagnetic nematic FF.

3.2.1. Mechanism of the colloidal stability in aqueous ferromagnetic FFs
The magnetic nanoparticles with very low or no remanent magne-
tization (superparamagnetic nanoparticles) are colloidally stabilized in

(c)

Fig. 2. POM images taken at a zero magnetic field of the ferromagnetic FF in: (a) water and (b) DCM, and (c) 1-hexanol. For clarity, the brightness and contrast of (b)

photograph are here increased; the original photograph is shown in Fig. S3.
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various liquids, similarly to nonmagnetic particles [39]. Van der Waals
forces are the only attractive colloidal forces responsible for their
agglomeration. The latter can be prevented with electrostatic, steric, or
electrosteric repulsive forces by optimizing the surface chemistry of the
nanoparticles. However, the main attractive interaction between the
permanently magnetic BSHF NPLs is a magnetic dipolar attraction [12],
which is of a longer range than the van der Waals forces. Therefore,
repulsive forces of a sufficiently long range are needed for stabilizing the
BSHF NPLs.

The electrostatic interaction between the NPLs in the studied
aqueous system was inferred from the electrokinetic measurements. The
point of zero charge (PZC) of the core BSHF-a NPLs at pHpyzc ~ 8 falls
between the one for the goethite (a-FeO(OH)) [40,41] and hematite
(a-FeoO3) [42,43], implying that the surface sites were not fully
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hydroxylated [44]. The dilution of the surface hydroxyl sites of the
BSHF-a NPLs after the functionalization with Pether molecules resulted
in lower absolute values of the zeta potential in the whole measured pH
range (Fig. 3). Moreover, the PZC of the BSHF-a@Pether decreased to
pHpzc ~ 7, i.e., similar to hematite, which is consistent with the lower
surface density of hydroxyl sites. A similar decrease in the pHzpc was
previously associated with the coordination of the surface metal ions
with catechols [45,46].

The mass fraction of the ligand in BSHF-a@Pether NPLs from the as-
obtained aqueous FF was 12.5 % and was determined from the TGA
mass loss associated with the organic fragments detected using MS, such
as m/z 15 of CH3, m/z 44 of CO,, m/z 31 of OCH3, and m/z 45 of
CH,OCH4 (Fig. 4a). This 12.5 wt% correlates roughly with a surface
density of 3 molecules/nm?, which is, theoretically, the maximum
possible surface density of phosphonic groups on the BSHF NPLs [47].
This means that approximately one-third (i.e., 3/10) of the surface Fe
(I11) ions [48] are coordinated with Pether via its phosphonic group. This
represents a significant change in the surface site occupancy considering
the core BSHF-a NPLs and explains the significant change in the zeta-
potential behaviour of the NPLs after their functionalization (Fig. 3).

Regardless of the exact surface chemistry of the BSHF-a@Pether
NPLs, their stability in water cannot be attributed solely to the electro-
static repulsion as in the case of the first ferromagnetic ferrofluids in 1-
butanol (Table 1). Namely, the core BSHF-a NPLs with a higher absolute
zeta potential started to sediment in water at concentrations above 20
mg/ml. Therefore, an additional repulsive interaction to the electro-
static repulsion, in particular, a combined hydration of the Pether sur-
face ligands and steric repulsion, must have enabled aqueous
ferromagnetic FFs. Ethers and polyethers are well hydrated by water
molecules [22], which can enhance the steric repulsion. For a well-
hydrated dense assembly of Pether molecules, the total repulsive inter-
action is sufficient to enable the nematic ordering of the NPLs and the
ferromagnetic coupling while, at the same time, preventing their irre-
versible agglomeration (Scheme 2a). While the NPLs are only weakly (i.
e., reversibly) flocculated in the nematic phase, they would irreversibly
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Fig. 4. TGA curves (top) of the core and functionalized NPLs with corresponding MS spectra (centre and bottom) of the functionalized NPLs: (a) BSHF-a@Pether and
(b) BSHF-b@RA. The legend in MS spectra depicts the m/z values. The MS spectrum in panel (a) was zoomed (bottom) for the m/z with low intensities (centre).
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Table 1

List of the ferromagnetic ferrofluids composed of BHF NPLs in isotropic solvents, with the stabilization mechanism, and origin of ferromagnetic (FM) order.

References

Origin of the FM order

Stabilization mechanism

Medium

[4,13]

Equilibrated magnetic dipolar interaction with the electrostatic repulsion

Electrostatic repulsion by the surface DBSa double layer

1-butanol

Water
DCM

This work
This work
This work

Equilibrated magnetic dipolar interaction with the electrostatic and hydration repulsion

Equilibrated magnetic dipolar interaction with the steric and solvation repulsion

Combined electrostatic and hydration repulsion of Pether at the NPLs

Combined steric and solvation repulsion

Equilibrated magnetic dipolar interaction with the steric and solvation repulsion

Combined steric and solvation repulsion

1-hexanol

Journal of Colloid And Interface Science 702 (2026) 138806

agglomerate in the absence of a sufficient repulsive interaction. In the
latter case, the dominating magnetic dipolar attraction induces the
formation of robust columnar agglomerates.

3.2.2. Mechanism of the colloidal stability in low-polar ferromagnetic FFs

As expected, negligible zeta potential and conductivity were
measured in low-polar FFs with BSHF-b@RA. Their colloidal stability
was assessed visually and by dynamic light scattering (DLS) measure-
ments. Both FFs were dark (due to the high concentration of NPLs) and
shiny (Fig. S4), indicating the dispersed NPLs with flat surfaces. A sol-
vodynamic size distribution of the NPLs@RA in both solvents does not
exceed the equivalent diameter range determined from the TEM images
(Fig. 5), which would indicate the presence of aggregates. Somewhat
lower solvodynamic size can be attributed to the fact that the DLS
method does not distinguish between the thickness (~3-5 nm) and the
diameter of the NPLs. Nevertheless, it is inferred from the equivalent
diameter distribution that the DCM ferrofluid contains larger NPLs than
the 1-hexanol. Moreover, the equivalent diameter distribution of the
BSHF-b@RA NPLs in DCM is similar to that of the as-synthesized core
BSHF-b NPLs (Fig. S1d), while the fraction of the widest NPLs (>80 nm)
is not present in the 1-hexanol FF. The NPL’s magnetic moment and,
with it, the magnetic dipolar interaction both increase with the NPL’s
volume. This explains why, despite the similar NPL concentration (~1.7
vol%) in both solvents, the magnetic domains were observable already
in the as-prepared DCM FF, while the 1-hexanol FF had to be addi-
tionally concentrated in the capillary before the POM observation.
Namely, the larger NPLs possess larger magnetic moments, and the
ferromagnetic interaction between them is stronger (at a longer dis-
tance) than between the smaller NPLs [13].

The mass fraction of RA in the BSHF-b@RA NPLs was determined
directly from the mass loss at 150-400 °C with TGA since RA de-
composes completely up to 400 °C (Fig. 4b). The decomposition of RA
was correlated with the m/z = 43 (CsH7), 55 (C4H7 or C3H30™), 69
(CsH$), 82 (CsHegO™), 97 (CeHoO™), 98 (CH190™) fragments in the MS
spectrum. The mass fraction of RA was similar in both nonpolar ferro-
magnetic FFs, i.e., 13.68 wt% in DCM and 16.09 wt% in 1-hexanol. The
determined mass fraction of RA accounts for the total RA from the FFs, i.
e., the adsorbed and dissolved molecules. The equilibrium between the
adsorbed and dissolved RA is the key to the colloidal stability of these
dispersions.

Due to negligible electrostatic interaction in low-polar solvents, the
observed excellent colloidal stability of the BSHF-b@RA was not ex-
pected. In all known FFs of the permanently magnetic BSHF NPLs,
including the first ferromagnetic FF [4,13], the sufficiently long-range
electrostatic interaction between the charged surfaces of the NPLs sta-
bilized the system [17,18,47]. The steric repulsion by the RA molecules
alone has a relatively short range (i.e., ~2 nm for a monolayer) in
comparison to the range of the magnetic dipolar interaction (>10 nm
[12]). Therefore, we assume that in the low-polar systems, the steric
repulsion must have been magnified by a solvation interaction (Table 1),
preventing the irreversible agglomeration of the NPLs (Scheme 2b).

To assess the effect of a solvent, we examined some other low-polar
solvents. According to Gyerygek [25], larger concentrations of NPLs
were expected in less polar solvents than DCM (e = 8.93). Indeed, FFs of
ultra-high concentrations of the BSHF-b@RA NPLs (~220 mg/ml ~ 4
vol%) were obtained in chloroform (e = 4.81); however, under POM no
clear formation of magnetic domains was observed, hence we were
unable to confirm the ferromagnetic ordering in the chloroform
dispersion. The absence of FM phase could stem from partial agglom-
eration of the NPLs (¢ of chloroform is lower than that of DCM or 1-hex-
anol) or from gelation of the dispersion. We are currently investigating
this system in detail to elucidate these results. While the construction of
a complete phase diagram and examination of the dispersion across a
broad concentration range might reveal domain formation, such an
investigation lies outside the scope of the present work. In the solvents of
even lower polarity than that of chloroform, such as hexylamine (¢ =
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weakly (i.e., reversibly) flocculated, i.e., nematic phase, in the secondary minimum that does not exceed the thermal energy (< kT), whereas the repulsive interaction

prevents NPLs from irreversible agglomeration in the primary minimum (> > kT).
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Fig. 5. Size distribution of the NPLs from the suspensions in low-polar solvents:
from the TEM images.

4.08) or toluene (¢ = 2.38), the BSHF@RA NPLs were stable only at
significantly lower concentrations (5 mg/ml ~0.1 vol% in hexylamine
and 30 mg/ml ~0.6 vol% in toluene). Our results show that DCM with a
dielectric constant of 8.93 is the best solvent (among the studied) for
preparing ferromagnetic FFs, while 1-hexanol (¢ = 13.30) is the most
polar solvent enabling the formation of the ferromagnetic nematic phase
from the BSHF@RA NPLs.

4. Conclusion

We developed two new ferromagnetic ferrofluid (FF) systems, one in
water and the other in low-polar solvents. In addition to the first
ferromagnetic FF in 1-butanol [4], these are the only known room-
temperature ferromagnetic liquids in isotropic solvents (Table 1). All
these systems contain permanently magnetic nanoplatelets (NPLs) based
on barium hexaferrite. At a sufficiently high concentration, the NPLs
order locally into a ferromagnetic nematic phase in which magnetic
domains evolve in the absence of an applied magnetic field. In the
aqueous ferromagnetic FF, the NPLs are functionalized with a phos-
phonic polyether. In the so-functionalized NPLs, the long-range mag-
netic dipolar attraction is equilibrated by combined repulsive
electrostatic, steric, and hydration interactions. The low-polar ferro-
magnetic FFs are composed of the NPLs functionalized with ricinoleic
acid in dichloromethane or 1-hexanol. Their colloidal stability comes

(b) . [ |BSHF-b@RA (DCM)

06 [ |BSHF-b@RA (hexanol)
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o w—

50,4+
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©
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(a) solvodynamic size determined with DLS and (b) equivalent diameter determined

from a sufficient steric repulsion induced through a solvation interaction
of the surface ricinoleic-acid molecules with the solvent. This study
broadens the conceptual and practical framework for designing ferro-
magnetic ferrofluids and opens new possibilities for their application in
microscale magnetic actuation such as [15,16]. The newly designed
suspensions broaden this applicability to microfluidic environments
where compatibility with either aqueous or hydrophobic phases is
required.
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