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Magnetic microemulsions comprising of magnetic surfactants exhibit monodomain magnetic

behaviour intermediate between magnetic nanoparticles and molecular magnets. Importantly, due to

partitioning of surfactant molecules at the water–oil interface only surface anisotropy is observed.

These new systems allow for in situ tunability through composition and the solubilization of

hydrophobic additives.
Introduction

Small atomic clusters (n ¼ 10–1000 atoms) exhibit hybrid

properties between the molecular and bulk solid-state limits.1

Superparamagnetic properties displayed by liquid dispersions of

monodomain colloidal particles (ferrofluids) have already lead to

biomedical applications.2,3 Here, it is shown for the first time that

size effects can be observed in nanoparticle-free ferrofluids

through the design of micelles and microemulsions comprising

magnetic surfactants.4 These new systems bridge the gap between

molecular nanomagnets (n < 30) and magnetic nanoparticles

(MNPs n ¼ 100–1000),5 allowing fine control over cluster size n,

whilst also combining magnetic ordering with low-density and

electrical insulation. This is a significant step forward since

micellar microemulsions have numerous advantages over tradi-

tional particulate ferrofluids, including in situ tuneability

through composition, facile fabrication, monodispersity, good

dispersibility and stability, as well as solubilization of hydro-

phobic additives.

Magnetic surfactants are based on common surfactant ions

with metal complexes, and because they contain high effective

concentrations of metal centres, their physico-chemical proper-

ties (hydrophobicity, electrical conductivity, etc.) can be

controlled non-invasively and reversibly simply by switching

‘‘on’’ and ‘‘off’’ an external magnetic field. These compounds

have been shown to bind to biomolecules and allow magnetic

manipulations.6 They have also been used to generate magnetic
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emulsions,7 with many suggested applications. This paper is the

first report of magnetic microemulsion formation from anionic

magnetic surfactants.

Microemulsions have numerous technological applications,8

in part because of the ability to precisely control size and stability

of the nano-domains. Microemulsions made from transition

metal-based surfactants have been used as compartmentalized

reaction media to prepare sub-micron or nano-sized particles

with controlled size and shape, bearing properties relevant for

applications such as high density magnetic recording media.9–11

However, it had always been assumed that the metallic centres

were isolated, lacking long range interactions and communica-

tion necessary to be magnetically active and so the intrinsic

magnetism of microemulsions has until now been overlooked.

This paper describes the first nanoparticle-free ferrofluids based

on microemulsions with magnetic surfactants. Small-angle

neutron scattering (SANS) and SQUID magnetometry have

been used to investigate both the bulk ‘‘dry’’ surfactants and

microemulsions.

To date the only reported magnetic surfactants have been

cationic amphiphiles.4 Here, magnetic anionic surfactants are

reported, made from the commercially available commodity

Aerosol-OT (AOT) (ESI, Fig. S1†), and transition d- or f-block

metals; Co(AOT)2, Mn(AOT)2, Ce(AOT)3 and Ho(AOT)3.

Common AOT is a known bactericide,12 is already used in

pharmaceutical formulations, offers better detergency than

cationic surfactants and leads to magnetic surfactants which are

less aggressive (lower Lewis acidity) than the cationic analogues.

Non-radioactive lanthanides are classified as having low

toxicity,13 having uses as catalysts14,15 and superconductors.15

Lanthanide anionic surfactants have also been reported for

spectroscopic studies because of intrinsic luminescence.16

Significantly, certain lanthanides have the highest known

effective magnetic moments, exhibiting ferro- or antiferromag-

netism as well as paramagnetism.

Polarizing light microscopy (PLM) textures show that the

magnetic surfactants exhibit a transition from fluid micellar to
Soft Matter, 2012, 8, 11609–11612 | 11609
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Fig. 2 SQUID magnetometry data showing temperature dependence of

cmT (symbols) and 1/cm (lines) for each surfactant measured under 0.25

kOe. Ho(AOT)3 ( ), Mn(AOT)2 ( ), Co(AOT)2 ( ), Ce(AOT)3 ( ).
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liquid crystalline phases in water. (ESI, Fig. S3†) and SANS

conclusively shows that the compounds aggregate in water above

critical micelle concentrations (cmcs) (ESI, Fig. S5†). In a typical

organic solvent, heptane, SANS data (Fig. 1, ESI, Table S1†)

show only minor changes in micellar size or shape on exchange of

the metal ion and also with concentration.

SQUID Magnetometry between 5 K and 300 K on the pure

surfactants (Fig. 2, ESI, Table S3†) indicates Co, Mn and Ho

analogues are paramagnetic over most of the temperature range,

with little noticeable deviation between field cooled (FC) and

zero field cooled (ZFC) measurements (Fig. S6†). The Co(AOT)2
has a susceptibility cmT of 2.16 emu K mol�1 Oe�1 at room

temperature (at fieldH¼ 0.25 kOe) corresponding to an effective

paramagnetic moment meff ¼ 4.15 B.M. per Co2+ ion, which is

consistent with literature for high spin d7 Co(III) ions (S ¼ 3/2).17

Above 20 K the magnetic susceptibility follows the Curie–Weiss

law with Weiss temperatures, qp, close to �4.7 K. This negative

qp value together with the reduction of the effective magnetic

moment observed on decreasing temperature suggests overall

antiferromagnetic behavior at low T. Magnetization as a func-

tion H (see ESI, Fig. S6a†) at 2.0 K shows reversibility in the

entire applied field range studied, �50 $ H (kOe) # 50. With an

increasing magnetic field, a linear dependence in magnetization

from 0 to 6 kOe is observed and then the magnetization tends to

saturate at around 30 kOe.

The magnetic behavior of Mn(AOT)2 is similar to Co(AOT)2
having cmT ¼ 3.22 emu K mol�1 Oe�1 at room temperature

corresponding to an effective paramagnetic moment meff ¼ 5.07

B.M. per Mn2+ ion, being a little lower than the spin only value

(5.92 B.M.) expected for a S ¼ 5/2 high spin d5 complex.17

Furthermore, Mn(AOT)2 has a Ne�el temperature of TN ¼ 60 K

and qp ¼ �6.2 K implying the existence of slightly more short

range interactions than the Co2+ analogue. Magnetization as a

function of H at 5.0 K also shows reversibility over the entire

applied field range studied, but lacking saturation up to the

experimental limit of 50 kOe (ESI, Fig. S6b†).
Fig. 1 SANS profiles for surfactants in n-d�16 heptane at 1.0 wt% at 25
�C. Lines through the data are fits (parameters in ESI, Table S1†).

Co(AOT)2 is at 0. 5 wt% due to phase separation at higher concentra-

tions. Na(AOT) ( ), Co(AOT)2 ( ), Mn(AOT)2 ( ), Ce(AOT)3 ( ),

Ho(AOT)3 ( ).

11610 | Soft Matter, 2012, 8, 11609–11612
The Ho(AOT)3 appears to be paramagnetic over the entire

temperature range studied. Literature suggests TN should be

found at low temperatures (�19 K), although that was not

observed with the surfactant. Holmium has the highest magnetic

susceptibility of any metal and for Ho(AOT)3 a cmT value of

13.61 emu K mol�1 Oe�1 at room temperature was observed

corresponding to an effective paramagnetic moment meff ¼ 10.43

B.M. per Ho3+ ion.

Finally, Ce(AOT)3 behaves slightly differently as it does not

follow the Curie–Weiss law (Fig. 2 and ESI, Fig. S6c†), being

superparamagnetic at low temperature, as evidenced by a qp ¼
0 K with a transition to ferromagnetism at 20 K. There is another

transition at 242 K that is possibly an antiferromagnetic phase.

These surfactant solids were then dissolved in a typical

hydrocarbon solvent, n-heptane, to generate reversed micelles,

and through addition of water microemulsions were stabilized.

Microemulsions are mixtures of two immiscible fluids (e.g. oil

and water) containing nanodomains, made thermodynamically

stable by adsorption of surfactants.18 Water-in-oil (w/o) micro-

emulsions were prepared for each surfactant and characterized

by visual inspection (optically transparent) and by SANS (Fig. 3,
Fig. 3 SANS profiles for D2O-in-heptane microemulsions at 25 �C.
Lines are model fits (parameters in ESI, Table S2†). Na(AOT) ( ),

Co(AOT)2 ( ), Mn(AOT)2 ( ), Ce(AOT)3 ( ), Ho(AOT)3 ( ). Inset is

a schematic of a typical microemulsion droplet with aligning spins in a

magnetic field.

This journal is ª The Royal Society of Chemistry 2012
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ESI, Table S2†). Water plays an important role in the stabiliza-

tion of reverse micelles of charged surfactants, with hydrated

cations being ineffective at screening repulsions between head

groups at low w values (w¼ [water]/[surfactant]). It is also known

that metal counterion exchange can lead to significant changes in

intermolecular interactions, which may result in sphere-to-rod

micellar shape transitions.19 However, for the systems studied

here SANS data are consistent with spherical micelles, as has

been found for other transition metal and lanthanide based AOT

microemulsions.20,21 The SANS analyses are consistent with only

weakly polydisperse spheres (normalized standard deviation s/R

� 0.20), and it is recognized that quantum effects cannot be

observed in widely polydisperse assemblies.22

The magnetic behaviour of these microemulsions was investi-

gated with interesting results (Table 1). All the emulsions exhibit

effective magnetic moments (calculated from molar susceptibil-

ities) far above those for the pure surfactants.

A characteristic sigmoidal magnetization M–H curve is

observed with M approaching saturation at high H (Fig. 4,

right). A 1/cm vs. T plot suggests that the Ho-based micro-

emulsion is ferromagnetic below T ¼ 75 K but super-

paramagnetic above that. This is completely different to the

magnetic phase behaviour observed for the pure surfactant.

However, similar results have been observed in literature for

magnetite nanoparticle-based Pickering emulsions, whereby dry

samples were ferromagnetic but colloidal samples were super-

paramagnetic.23 The result may be due to magnetic anisotropy,

preventing random fluctuations and fixing the spatial orientation
Table 1 Magnetic properties derived from SQUID magnetometry.
Effective magnetic moments for microemulsions calculated in a field of 10
kOe at 300 K

Compound
Calculated
meff/B.M.

Observed meff in
surfactants/B.M.

Observed meff in
microemulsions/B.M.

Na(AOT) 0 — —
Co(AOT)2 4.20 4.15 9.83
Mn(AOT)2 5.92 5.07 7.67
Ce(AOT)3 2.54 1.46 6.23
Ho(AOT)3 10.60 10.43 28.16

Fig. 4 SQUID magnetometry data showing left: temperature dependence of

and right: magnetization versus applied magnetic field (inset shows the detail

This journal is ª The Royal Society of Chemistry 2012
of the magnetization (a magnetization reorientation barrier).

Formation of microemulsions (typically n ¼ 75–150 for the

compounds studied here) or micelles (n � 20)24 reduces the

domain size and causes the magnetic moment of the ‘‘clusters’’ to

become sensitive to thermal fluctuations (high dipole mobility),

whereas the individual atomic moments maintain their ordered

state relative to each other (high domain alignment).22 This leads

to the anhysteretic, but still sigmoidal, M–H curve.25 In

comparison to magnetic anisotropy in MNPs arising from a

contribution from both the bulk material (magnetocrystalline

anisotropy) and the surface anisotropy,5 magnetic micro-

emulsions only display surface anisotropy as all surfactant

molecules are partitioned at the water–oil interface – displaying

behaviour seemingly intermediate between MNPs and molecular

magnets. The same effects can be seen for each surfactant and the

respective microemulsions. Regardless of w/o water content and

micelle volume fraction, the magnetic properties of the micro-

emulsions are always much higher than those of the ‘‘dry’’

surfactant. This result is especially interesting because it

demonstrates that magnetic surfactants behave like conventional

surfactants in forming monolayers (e.g. microemulsions), but

now the monolayers are magnetic. These properties might allow

for routes to new Langmuir–Blodgett films, for the development

of magnetic information storage, or as components in electronic

or spintronic devices where interfacing magnetic material is

essential.26

In conclusion, novel anionic magnetic surfactants are effective

for stabilizing magnetic reversed micelles and microemulsions.

More importantly, these surfactants have also enabled the first

stable nanoparticle-free ferrofluids. The observed super-

paramagnetic behaviour not only suggests potential for new

biomedical strategies, but also provides a new way to investigate

evolution from molecular through to bulk solid-state magnetic

limits.

Materials and methods

Synthesis

Aerosol-OT (Na-AOT) was purchased from Sigma and purified

by Soxhlet extraction using dry acetone as the solvent followed
cmT (symbols) and 1/cm (line) for Ho(AOT)3 measured under 0.50 kOe

of the low magnetic field region).

Soft Matter, 2012, 8, 11609–11612 | 11611
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by dissolving in the minimum amount of dry acetone and sub-

jecting to repeat centrifugation. The purified Na-AOT was then

dried in vacuo at 60 �C for two days. Co(AOT)2 was prepared by

exchanging Na+ for [Co(H2O)6]
2+ using a liquid–liquid extrac-

tion technique (ESI†).9Mn, Ce andHoAOT analogues were also

prepared by similar ion exchange (ESI†). Polarizing Light

Microscopy (PLM) was conducted with a Nikon Optiphot-2

microscope fitted with polarizing filters, and images were

captured on a PC via a video camera and colour processor

connected to the microscope. The liquid crystal phase progres-

sion of each surfactant was investigated by the solvent penetra-

tion method (i.e. phase cut) against pure water,27 or heptane.

Preparation of microemulsions: Water in oil (w/o) micro-

emulsions were prepared with D2O (99.9%, Sigma Aldrich) and

SiO2-column-purified n-heptane.28 Microemulsions were

prepared at constant oil volume fraction, 4oil ¼ 0.90 assuming a

density of 1.14 g mol�1 for each surfactant (one exception was for

the Ho analogue, where 4oil ¼ 0.96) and at w ratios (w ¼ [D2O]/

[surfactant]) so that the resulting microemulsions were prepared

away from any phase boundaries (ESI, Table S1†). Micro-

emulsions were characterized by visual inspection and small

angle neutron scattering (SANS). Small-Angle Neutron Scat-

tering (SANS) was measured on the SANS2D diffractometer at

the ISIS Facility, Rutherford Appleton Laboratory, UK, and the

D22 diffractometer at ILL, Grenoble, France. SANS2D is a

time-of-flight instrument using neutrons with an incident wave-

length 2.2 < l < 14 �A, and with the 1 m2 detector offset sideways

and vertically by 150 mm, the resulting Q-range was 0.006 < Q <

0.7 �A�1. The D22 is a reactor-based diffractometer, and a

neutron wavelength of l ¼ 10 �A was employed at two different

detector distances giving 0.0024 < Q < 0.37 �A�1. Appropriate

normalization using site-specific procedures gave the absolute

cross section I(Q) (cm�1) as a function of momentum transfer Q

(�A�1). D2O (scattering length density r ¼ 6.33 � 1010 cm�2)

provided the necessary contrast. Samples were placed in Hellma

fused silica cuvettes with a path length of 2 mm, which allow an

incident beam diameter of 12 mm. Raw SANS data were

normalized by subtracting the scattering of the empty cell and a

solvent background, using appropriate transmission measure-

ments. Any low level of residual incoherent scattering was

accounted for by a flat background term during the fitting

process. Details on data analysis, and scattering laws employed

in the model fitting, are presented in ESI.† Data analyzed were in

absolute units, with the scale factors being consistent with

expectations based on the sample compositions. SQUID

magnetometry: Magnetic properties were measured in a SQUID

(superconducting quantum interference device) magnetometer

(Quantum Design MPMS-5T) equipped with a 5T super-

conducting magnet. Liquid dispersions were transferred into the

measuring capsule using a 100 mL Hamilton syringe.
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