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Particle size and shape effects on the magnetic
behaviour of samarium hexacyanoferrate Prussian
blue analogue

Nikolia Lalioti, *a Ntaniela Kalemai, a Ondrej Malina, b,c Radim Mach, b

Zdeněk Baďura,b,c Alexandros N. Kalarakis d and Vassilis Tangoulis *a

We report the controlled synthesis of samarium–iron Prussian blue analogues (SmFe PBAs) with novel

morphologies, achieved through a systematic reverse micelle strategy using the non-ionic surfactant

Triton X-100. By varying key experimental parameters—such as the water-to-surfactant molar ratio (ω0),

the concentration of TX-100, and the volumetric ratio of cyclohexane to surfactant—we obtained a

diverse range of particle shapes, including unprecedented daisy-like architectures with 4, 5, and 6 petals.

These morphologies emerge within a narrow compositional window, implicating the formation of reverse

bilayer vesicles as transient templates during nucleation and growth. Detailed morphological and struc-

tural characterization (TEM, SEM, XPS, PXRD, IR spectroscopy) revealed size-tunable particles ranging

from 250 nm to 7 μm, while silica coating was achieved via a two-step sol–gel route enabling further min-

iaturization. Magnetic measurements highlight a strong size- and shape-dependent variation in coercive

field (Hc), reaching up to 3320 Oe in submicron particles—among the highest reported for SmFe PBAs—

attributed primarily to enhanced shape anisotropy. Our findings provide new insights into PBAs’ mor-

phology–property relationships and open pathways toward engineering anisotropic magnetic nano-

materials through soft templating in reverse micellar systems.

Introduction

The process of morphosynthesis in inorganic solids involves
creating chemically based strategies to finely control the size,
shape, and organization of materials across various length
scales that extend beyond the unit cell.1–3 This methodology is
primarily inspired by the exploration of morphogenesis in
natural biominerals, which frequently display unique crystal
shapes at the nanoscale and exhibit remarkably intricate
higher-order structures at the macroscopic scale.3,4 Two
leading strategies in morphosynthesis have emerged: utilizing
biological and self-assembled organic supramolecular tem-
plates, as well as replicating structured reaction environments
such as vesicles and microemulsions. These strategies have

proven effective for traditional inorganic materials, including
oxides, carbonates, and phosphates.4,5

Morphosynthesis in the form of microemulsion has enabled
the production of nanoparticles, nanorods, thin films, and
more complex architectures of molecular magnets derived
from PBAs—historically the first coordination compound dis-
covered serendipitously in Berlin 300 years ago in 1704.6,7 This
method relies on a unique dispersion system capable of dissol-
ving both water-soluble and oil-soluble components due to its
distinctive structure. The fundamental principle behind the
microemulsion method involves combining the oil phase,
water phase, and surfactant to establish a stable micro-
emulsion system. These microemulsion systems typically
exhibit very small particle sizes and maintain stability at the
nanoscale. During the synthesis of PB/PBAs, two different
types of microemulsions are usually mixed and stirred to
achieve the desired product.8–10 The microemulsion method is
particularly prominent in the synthesis of PB nanoparticles for
medical photothermal therapy.11–13 PB nanoparticles possess
strong near-infrared absorption properties, with their photo-
thermal conversion mechanism based on energy level tran-
sitions and high photothermal stability.14 For instance, Pang
et al. employed a water-in-oil microemulsion method to
prepare PB nanoparticles, demonstrating that the resulting
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material has potential applications in the post-treatment of
tumors.15

One of the key advantages of synthesizing PB/PBAs through
the microemulsion method is its ability to precisely control
the morphology and size of the nanomaterials. The exchange
of reactants among various water droplets facilitates rapid
nucleation and the formation of surfactant-stabilized coordi-
nation complex nanoparticles. Moreover, the stable microcav-
ities within microemulsions serve as nanoscale reactors, effec-
tively limiting the nucleation, growth, and agglomeration of
nanoparticles.15 For instance, Tao et al. recently synthesized
cubic-shaped Mn-PBA nanoparticles using a water-in-oil micro-
emulsion.16 The concentration of reactants and the ratio of
water to surfactant are critical factors influencing the particle
size of the PB/PBAs synthesized via this method. Vaucher et al.
demonstrated that increasing the concentration of the reactant
in the synthesis of cobalt hexacyanoferrate nanoparticles could
lead to a reduction in nanoparticle size, which they attributed
to the nucleation control principle.17

This pattern was observed during the synthesis of CoFe–
PBAs, where the diameter of the “water droplets” within the
microemulsion influenced the particle size.18 It was found that
increasing the reactant concentration from 0.006 mol L−1 to
0.009 mol L−1 resulted in the formation of hollow nano-
particles. However, when the reactant concentration was raised
further to 0.100 mol L−1, the product reverted to solid nano-
particles. Recently, Mansas et al. identified that varying the
molar ratio of water to surfactant, ω0, where the surfactant
refers to [CuAOT], had a discernible impact on the size of the
synthesized CuPBA nanoparticles.19 At low values of ω0, the
nanoparticles’ size correlated with that of the reverse micelles.
As the values of ω0 increased, the system approached instabil-
ity, leading to a sudden increase in nanoparticle size and a
broader distribution. Overall, the unified principles for con-
trolling morphology are still under investigation.

The reverse-phase microemulsion method, derived from
the original microemulsion technique, remains a prevalent
approach for synthesizing poly (butyl acrylate) (PB)/poly (butyl
acrylate) (PBA) nanoparticles. The benefit of this method lies
in the ability to utilize water droplets within the surfactant
monolayer as a tunable nanoreactor for the synthesis of target
products with controlled sizes.20 By employing sodium bis
(2-ethylhexyl) sulfosuccinate (AOT) alongside polyvinylpyrroli-
done (PVP) for protection, PB composite materials were suc-
cessfully fabricated using a reversible microemulsion tech-
nique. They achieved average particle sizes of 20 nm, 23 nm,
and 27 nm, corresponding to reactant ratios (w) of 10, 15, and
20, respectively.21 This result strongly supports the aforemen-
tioned statement that controlling the size of w enables precise
regulation of the particle size of PB/PBAs.

The synthesis of PBAs, where one of the metal ions is a tri-
valent lanthanide, especially in the case of SmFe(CN)6·4H2O,
produces various morphologies of the compound depending
on the preparation method used. Using a reverse micelle
system with polyoxyethylene (5) nonylphenyl ether (NP-5) in
cyclohexane and water, nanorods were created with diameters

ranging from 75 to 150 nm and aspect ratios of approximately
20 to 30.22 In this method, the reaction occurred within
aqueous nanodroplets of NP-5 reverse micelles, where crystal
nucleation was confined to the nanoreactors. The interfacial
surfactant film had a significant impact on crystal growth. The
final formation of high-aspect-ratio, single-crystalline nano-
rods likely resulted from the oriented aggregation of primary
nanoparticles.

In contrast, when a cetyltrimethylammonium bromide
(CTAB) reverse micelle system was employed, nanobelts were
produced with lengths of several tens of micrometers, widths
of approximately 300 nm, and thicknesses of less than 20 nm.
If a cosurfactant with a longer carbon chain replaced
n-hexanol, the widths of the SmFe(CN)6·4H2O nanobelts
decreased significantly. For instance, substituting n-decanol
for n-hexanol resulted in nanobelts with widths of approxi-
mately 40 nm. The exact formation mechanism of the belt-like
structure is still unclear. However, it is speculated that the cat-
ionic surfactant CTAB, aided by n-hexanol as a cosurfactant,
interacts specifically with the {001} faces of SmFe(CN)6·4H2O
crystals. This interaction likely restricts crystal growth along
the [001] direction, resulting in the formation of SmFe
(CN)6·4H2O nanobelts that have their c-axis aligned with the
thickness direction.

Some years later, a novel synthesis method was developed
for creating nanometric lanthanide hexacyanoferrate (Fe-
CN-Ln) within a water/alcohol solution.23 The resulting mor-
phology of Fe-CN-Ln varied significantly depending on the
specific lanthanide (Ln) used, producing structures that could
be identified as hexagonal, asterisk-shaped, or rod-shaped,
which contain acetic acid. Remarkably, the asterisk mor-
phology was achieved with an impressive selectivity of over
80% by incorporating samarium (Sm). A new formation
mechanism has been suggested in which alkylammonium
cations, like ethylammonium (Et4N

+), serve primarily as
surface-active agents. Rather than functioning as ions that
adsorb to surfaces to direct crystal growth on particular facets,
they create soft nano-templates in the solution that facilitate
the arrangement of Fe-CN-Sm nanocrystals into the desired
asterisk morphology.

Inspired by the versatility of the reverse micelle method in
producing different morphologies of SmFe PBAs, we decided
to investigate the role of a non-ionic surfactant such as Triton
X-100 (TX100) and optimize their magnetic properties by con-
trolling the experimental conditions.

Experimental section
Materials

All manipulations were performed under aerobic conditions
using reagents and solvents (Alfa Aesar, Sigma Aldrich, Acros
Organics, Serva) as received. Samarium(III) chloride hexa-
hydrate (SmCl3·6H2O 98%), iron(III) hexacyanoferrate (K3Fe
(CN)6 98%), (3-aminopropyl)triethoxysilane (APTES,
C9H23NO3Si 98%) and Tetraethoxysilane (TEOS, C8H20O4Si
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98%) were purchased from Alfa Aesar. Anhydrous cyclohexane
99.5%, ethanol 100%, and acetone 99% were purchased from
Sigma-Aldrich. Extra dry n-hexanol 99% was obtained from
Acros Organics, and Triton X-100 was obtained from Serva.

General synthetic protocols for the preparation of SmFe PBAs

Nanoparticles of the SmFe PBAs were synthesized using the
reverse micelle method under ambient conditions. Various
synthetic parameters were studied, including (a) modification
of the ω0 parameter by changing the amounts of TX100 and
n-hexanol in the oil phase while keeping the water amount
constant; (b) the influence of hydrolysis and condensation of
tetraethoxysilane (TEOS) and (3-aminopropyl)triethoxysilane
(APTES); and (c) the role of NH3 as a size-controlling agent. In
particular, we investigated the effect of introducing TEOS into
either the water or oil phases, as well as the impact of multi-
stage addition of TEOS. Below, we will present the general
experimental protocols for synthesizing Prussian blue analogs
and their subsequent coating with silica (Scheme 1 and
Table 1).

Protocol 1. An aqueous solution A containing the Sm(III)
salt, SmCl3·6H2O, is added dropwise under vigorous stirring
using a micropipette to an organic mixture composed of the
surfactant TX-100, the cosurfactant n-hexanol, and the solvent
cyclohexane. The resulting colorless solution A is stirred at
room temperature for 3 minutes until a water-in-oil micro-
emulsion A′ forms. A similar procedure is then carried out
with a second aqueous yellow solution B containing K3Fe
(CN)6, leading to the formation of a water-in-oil microemulsion
B′. Microemulsion A′ is then rapidly combined with micro-
emulsion B′ under vigorous stirring at room temperature,
resulting in a bright orange one. This mixture is incubated for
24 hours at 50 °C. The reaction is terminated by adding
acetone, which causes the precipitation of nanoparticles (NPs).
The NPs are isolated after being washed successively with

ethanol (three washes of 13 mL each) and acetone (one wash
of 13 mL), followed by centrifugation for 30 minutes at 6000
rpm. Finally, the NPs are dried overnight in an oven set to
50 °C.

Protocol 2. Modification of Protocol 1 with the addition of
NH3 after the mixing of microemulsions A′ and B′.

Protocol 3. This modification of Protocol 1 introduces a two-
step sol–gel method, with the first step involving the addition
of TEOS to aqueous solutions A and B (TEOS_W). The second
step starts 24 hours after mixing the two microemulsions, A′
and B′. First, APTES is introduced, followed 30 minutes later
by TEOS, into the orange microemulsion while stirring vigor-
ously at room temperature. The resulting bright orange micro-
emulsion is then stirred for an additional 24 hours at room
temperature, resulting in a total stirring time of 48 hours.

Synthesis of SmFe PBAs

NP1. The material was prepared following the synthetic pro-
cedure as described in Protocol 1. The aqueous solution A con-
tains 0.25 mL H2O and SmCl3·6H2O (0.5 mmol), and the
aqueous solution B contains 0.25 mL H2O and K3Fe(CN)6
(0.2 mmol). Each organic phase, to which aqueous solutions A
and B will be added, contains 7.5 mL cyclohexane, 0.9 mL
n-hexanol, 0.9 mL Triton X-100 (Table 1). The final product
was collected via filtration. IR bands (KBr, cm−1): 3615(m),
3527(w), 3384(m), 3256(w), 2147(s), 2136(s), 2106(w), 2095(w),
2060(w), 1677(w), 1632(m), 1608(m), 693(m), 418(w).

NP2. The material was prepared following the synthetic pro-
cedure as described in Protocol 1. The aqueous solution A con-
tains 0.25 mL H2O and SmCl3·6H2O (0.5 mmol), and the
aqueous solution B contains 0.25 mL H2O and K3Fe(CN)6
(0.2 mmol). Each organic phase contains 7.5 mL of cyclo-
hexane, 1.8 mL of n-hexanol, and 1.8 mL of TX-100 (Table 1).
IR bands (KBr, cm−1): 3615(m), 3527(w), 3384(m), 3256(w),
2147(s), 2136(s), 2106(w), 2095(w), 2060(w), 1677(w), 1632(m),
1608(m), 693(m), 418(w).

NP3. The material was prepared following the synthetic pro-
cedure as described in Protocol 1. The aqueous solution A con-
tains 0.25 mL H2O and SmCl3·6H2O (0.5 mmol), and the
aqueous solution B contains 0.25 mL H2O and K3Fe(CN)6
(0.2 mmol). Each organic phase contains 7.5 mL of cyclo-
hexane, 3.6 mL of n-hexanol, and 3.6 mL of TX-100 (Table 1).

Scheme 1 The experimental protocols P1, P2, and P3 are illustrated
schematically, with P1 depicted in navy blue, P2 in red, and P3 in green.
The duration of protocols P1 and P2 was 24 hours, while protocol P3
lasted for 48 hours. The experimental protocols P1–P3 depicted in
different colours: P1 (blue navy); P2 (red); P3 (green). The ending of pro-
tocols P1 and P2 occurred after 24 hours, while for protocol P3, the dur-
ation was 48 hours.

Table 1 Experimental conditions for the SmFe PBAs

SmFe
NPs Protocol

Cyclohexane/
n-hexanol/
TX100a ω0 [TX100]b

Size
controlling
agents

NP1 P1 7.5/0.9/0.9 9 0.20 —
NP2 P1 7.5/1.8/1.8 4.5 0.40 —
NP3 P1 7.5/3.8/3.8 2 0.84 —
NP4 P1 3.6/0.9/0.9 9 0.40 —
NP5 P2 7.5/1/8/1.8 4.5 0.40 NH3
NP6 P3 7.5/1.8/1.8 4.5 0.40 APTES/TEOS

a Volumetric ratio. b Concentrations (M) (volumetric ratio to
cyclohexane).
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IR bands (KBr, cm−1): 3613(m), 3531(w), 3384(mb), 3261(w),
2148(s), 2136(s), 2107(w), 2096(w), 2065(m), 1951(w), 1678(w),
1633(m), 1608(m), 1403(w), 1100(w), 692(m), 580(w), 422(w),
416(w).

NP4. The material was prepared following the synthetic pro-
cedure as described in Protocol 1. The aqueous solution A con-
tains 0.25 mL H2O and SmCl3·6H2O (0.5 mmol), and the
aqueous solution B contains 0.25 mL H2O and K3Fe(CN)6
(0.2 mmol). Each organic phase contains 3.6 mL of cyclo-
hexane, 0.9 mL of n-hexanol, and 0.9 mL of TX-100 (Table 1).
IR bands (KBr, cm−1): 3613(m), 3531(w), 3380(mb), 3261(m),
2148(s), 2136(s), 2106(w), 2096(w), 2063(m), 1950(w), 1679(w),
1633(m), 1608(m), 688(m), 422(w), 412(w).

NP5. The material was prepared following the synthetic pro-
cedure as described in Protocol 2. The aqueous solution A con-
tains 0.25 mL H2O and SmCl3·6H2O (0.5 mmol). The aqueous
solution B contains 0.25 mL H2O and K3Fe(CN)6 (0.2 mmol).
Each organic phase contains 7.5 mL of cyclohexane, 1.8 mL of
n-hexanol, and 1.8 mL of TX-100. 15 minutes after the mixing
of microemulsions A′ and B′, 0.124 mL NH3 is added to the
orange microemulsion (Table 1). This is followed by stirring
for 24 hours at room temperature, after which the final
product is collected. IR bands (KBr, cm−1): 3613(m), 3529(w),
3382(wb), 3261(w), 2148(s), 2136(s), 2105(w), 2095(w), 2061(m),
1954(w), 1677(w), 1633(m), 1608(m), 1403(w), 1070(w), 951(w),
695(m), 584(w), 418(w).

NP6. The material was prepared following the synthetic pro-
cedure as described in Protocol 3. The aqueous solution A con-
tains 0.25 mL H2O, SmCl3·6H2O (0.5 mmol), and 0.1 mL TEOS.
The aqueous solution B contains 0.25 mL H2O, K3Fe(CN)6
(0.2 mmol), and 0.1 mL TEOS. Each organic phase contains
7.5 mL of cyclohexane, 1.8 mL of n-hexanol, and 1.8 mL of
Triton X-100. 24 hours after mixing the two microemulsions,
0.1 mL APTES was added, followed by 0.1 mL TEOS
30 minutes later, to the microemulsion under vigorous stirring
(Table 1). IR bands (KBr, cm−1): 3613(w), 3397(b), 3259(w),
3382(wb), 2898(m), 2811(w), 2711(w), 2618(w), 2537(w),
2435(w), 2366(w), 2311(w), 2240(w), 2148(s), 2136(s), 2106(w),
2096(w), 2061(m), 1951(w), 1677(w), 1633(w), 1608(m),
1492(m), 1411(w), 1332(w), 1224(w), 1133(s), 902(m), 692(m),
602(w), 586(w), 574(w), 534(w), 472(w), 464(w), 443(w), 435(w),
428(w), 420(w), 412(w), 408(w).

Results and discussion
Synthetic comments

The reverse aggregation behaviour of TX-100 in cyclohexane is
well-established, supported by various measurements, includ-
ing conductivity, light scattering, and a range of spectroscopic
techniques such as NMR, FT-IR, and UV–vis absorption and
emission studies using different probes.24–36 Typically, alcohol
is incorporated as a co-surfactant to facilitate the formation of
aggregates such as reverse micelles and lamellar structures.
TX-100 is a non-ionic surfactant, comprising an aromatic
group linked to a nonpolar alkyl chain, along with around 9.5

ethylene oxide (EO) units that form the polar segment, capped
with a hydroxyl group. The poly(ethylene oxide) (PEO) blocks
act as hydrogen bond acceptors and can form complexes with
cations.36–38 Consequently, TX-100 aggregates can solubilize
substantial amounts of water within nonpolar environments.
Drawing on this understanding, reverse aggregates of TX-100
in a mixture of n-hexanol, cyclohexane, and water at varying
compositions have been detailed and employed to generate a
variety of structures (Fig. S1).39–42

The synthesis of the first three (3) SmFe PBAs (NP1–NP3)
followed the experimental protocol P1 with ratios of w0 equal
to 9, 4.5, and 2 while keeping the water concentration at a very
low content. According to this protocol, microemulsions were
created by mixing the water phases of the coordination
complex reagents with the organic phase of cyclohexane, con-
taining TX100 and the co-surfactant n-hexanol, for a total stir-
ring time of 24 hours. The morphology of the final SmFe PBAs
(NP1) for the case of ω0 = 9 can be described as asterisks in
the microscale based on TEM microscopy (Fig. 1 and Fig. S1)
with dimensions close to 7.0 μm. Quite surprisingly, this
finding contradicts the literature reports where (a) the asterisk
morphology is related to a mechanism where a cationic surfac-
tant functions as a soft template that facilitates the asterisk
arrangement of Fe-CN-Sm nanocrystals23 and (b) the nanorod
morphology is documented with the application of a non-ionic
surfactant.22 By keeping ω0 fixed to 9 and increasing the
volume of the organic phase two times (15 ml of cyclohexane),
SmFe PBAs were produced with similar morphology and
average sizes.

Reducing the value of ω0 to 4.5, an anisotropic growth of
SmFe PBAs (NP2) has been monitored for the first time (Fig. 1
and Fig. S3–S7), with morphologies that can be described as 6,
5, and 4-petal daisy-like structures, featuring an interesting
hollow structure for the case of 6 petals. The size and percen-
tage of different shapes of the particles were determined by
“manual counting” (Fig. S1) using a methodology described in
SI (Fig. S8). The average particle size ranges from 0.9 to

Fig. 1 TEM images of NP1, NP2 and NP3 and the distributions of their
sizes. For the case of NP2 the distribution of sizes for the three different
morphologies is presented. The relative heights of the Gaussian distri-
butions are based on the percentage of each type (see text for details).
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1.1 μm, while the percentage of each type is 18%, 22%, and
60% for the 6, 5, and 4-petal daisy-like morphologies, respect-
ively. It should be noted that these morphologies are being
documented for the first time, as the reported shapes to date
have been either asterisks or nanorods, nanowires, or
nanobelts.22,23 For ω0 = 2, a further size reduction is monitored
with SmFe PBAs (NP3), having an average size of 250 nm and
an undefined morphology (Fig. 1 and Fig. S9). All synthetic
efforts for ω0 < 2 resulted in instability issues, including the
breakdown of micelle structure and the formation of larger,
less uniform aggregated particles.

To further investigate the growth mechanism of the SmFe
PBAs and the evolution of these new morphologies, synthetic
efforts were focused on ω0 = 4.5 while varying other synthetic
parameters. Initially, by reducing the organic phase to half
(3.8 mL), similar morphologies of SmFe PBAs (NP4) were
observed (Fig. 2 and Fig. S10), with an overall size reduction to
a value of 0.6–0.8 μm. At the same time, the percentage of each
type has been adjusted to 25%, 45%, and 30% for the 6-, 5-,
and 4-petal daisy-like morphologies, respectively.

The influence of NH3 as a size-controlling agent is exam-
ined in the synthesis of SmFe PBAs by keeping ω0 = 4.5 and
adding NH3 after mixing the microemulsions. The morphology
of the final SmFe PBAs (NP5) retained the daisy-like four petals
structure, but the sizes were reduced to an average value of
300 nm (Fig. 2 and Fig. S11). No hollow structures were
observed. To provide an effective SiO2 coating to the SmFe
PBAs and examine its size-controlling effect, several synthetic
approaches have been employed (see SI); however, only two
have proven successful, yielding similar results regarding the
size of the PBAs and their overall morphology (Fig. 2 and
Fig. S12–S14). One of these methodologies utilizes a two-step
approach, involving the hydrolysis and condensation of TEOS/
APTES, based on our group’s established protocol for silica
coating of spin-crossover nanoparticles.43 According to this
method, TEOS is added to the water phase (1st stage), while
TEOS/APTES is added 24 hours after mixing the micro-

emulsions (2nd stage). Following this protocol, silica-covered
SmFe PBAs (NP6) were produced, resulting in a reduction in
size to 200 nm with a daisy-like four-petal structure. The silica
does not homogenously cover the surface of the PBAs, which
are heavily aggregated (Fig. 2 and Fig. S12).

A detailed analysis of the formation of these new mor-
phologies implicates a theoretical investigation, which is
beyond the scope of this paper. We believe that several factors
influence the daisy-like structure of the SmFe PBAs: (a) the
volume ratio of cyclohexane to TX100, (b) the concentration of
TX100, and (c) the very low water content. Under these con-
ditions, there is insufficient aqueous phase to enable the sur-
factant to form reverse micelles that can effectively disperse in
the oil phase. The high concentration of TX100 (>0.2 M)
enables oil to infiltrate the polar core of the micelles, facilitat-
ing the formation of reverse bilayer vesicles of TX100. HRTEM/
SEM images reveal that the daisy-like morphology comprises a
polycrystalline structure composed of SmFe nanocrystals. This
formation occurs due to the assembly of a “necklace” of rod-
shaped SmFe nanocrystals within the reverse bilayer vesicles,
as confirmed by the presence of incomplete fragments
observed in SEM and HRTEM images (Fig. 3). At low concen-
trations of TX100 (<0.2 M) within a cyclohexane/hexanol
system, the lipophilic aromatic hydrocarbon regions of the sur-
factant TX100 organize effectively at the oil–water interface,

Fig. 2 TEM images of NP4, NP5 and NP6 and the distributions of their
sizes. For the case of NP4 the distribution of sizes for the three different
morphologies is presented. The relative heights of the Gaussian distri-
butions are based on the percentage of each type (see text for details).

Fig. 3 (A) Proposed mechanism for the formation of daisy-like SmFe
PBAs. For concentrations of TX100 > 0.2 M or volumetric ratio of TX100/
cyclohexane > 0.24 a transition occurs from a single to a double reverse
bilayer vesicle. The water phase is shown in blue while the n-hexanol is
added as a co-surfactant to facilitate the formation process (see text for
details). (B) and (B1). SEM image of NP2 displaying incomplete fragments
of a “necklace” of rod-shaped SmFe nanocrystals near a daisy-like par-
ticle (highlighted within the blue rectangle). (C). TEM image of NP2 illus-
trating an incomplete fragment of a “necklace” of rod-shaped SmFe
nanocrystals.
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whereas, at the same time, the hydrophilic tails penetrate the
hexanol/water droplets, leading to the formation of solid
nanoparticles.

The filling of the hollow structures and their transition to
solid polycrystalline morphologies resembling 6, 5, or 4
daisies, as well as the distribution of these morphologies
observed in the reverse micelle experiment, will be addressed
in a future investigation.

Interestingly, a recent publication highlights the role of
reverse bilayer vesicles in the formation of hollow silica nano-
particles. According to Wu et al.,44 who introduced a reverse
micellar strategy for synthesizing SiO2 NPs using a system of
cyclohexane/TX100/octanol, it is feasible to create TX100
reverse bilayer vesicles when the volume ratio of cyclohexane
to TX100 is less than 7.0, and the concentration of TX100 is
greater than 0.2 M (in volumetric ration to cyclohexane). This
type of vesicle plays a crucial role in forming the hollow SiO2

NPs. Conversely, when the concentration of TX100 is below the
threshold of 200 mM, micelle monolayer structures of TX100
form, leading to the production of solid SiO2 NPs.

Structural characterization of SmFe PBAs

The FT-IR spectrum of SmFe PBA nanoparticles (Fig. 4)
initially shows a sharp peak at 3615 cm−1, which is due to ν(O–
H) stretching vibrations of water molecules located in the unit

cell without forming hydrogen bonds. The spectrum then
shows a medium peak at 3528 cm−1, a strong peak at
3384 cm−1 (with a shoulder at 3409 cm−1), and a sharp peak at
3256 cm−1. These are due to ν(O–H) stretching vibrations of
water molecules involved in a hydrogen-bonded network.
Then, the strong peaks at 2147 cm−1 and 2136 cm−1 are attrib-
uted to stretching vibrations ν(CuN) of the bridging cyano-
ligands (Fe(III)–CuN–Sm(III)). One possible reason for the exist-
ence of two distinct CN peaks is the bonding environment of
the CN groups. There are two distinct C–N bond distances,
which vary slightly across the lanthanide series. This variation
is thought to result from subtle differences in back-donation
effects and electrostatic interactions.45 These differences arise
due to electronic effects, specifically back-donation from Fe(III)
into the CN antibonding π-orbitals, which subtly alter CN
bond lengths and their stretching frequencies. One of the C–N
bonds tends to shorten due to stronger electrostatic inter-
actions, while the other one has a higher electronic popu-
lation, leading to longer CN bonds. In contrast, the weak
peaks at 2106 cm−1 and 2096 cm−1 are related to 12C15N and
13C14N stretching bands, respectively.45 The medium peak at
2060 cm−1, is attributed to stretching vibrations ν(CuN) of the
terminal cyano-ligands.45,46 It should be noted that the same
number of bands discussed above have been observed in bulk
lanthanide PBAs synthesized using micro synthetic methods45

as well as nanoparticles.47 Then, the sharp peaks at 1632 cm−1

and 1608 cm−1 are due to δ(H–O–H) bending vibrations of
water molecules. Finally, the peaks at 693 cm−1 and 419 cm−1

are attributed to δ(Fe–C–N) bending vibrations and ν(Fe–C)
stretching vibrations of the FeC6 octahedra, respectively.47 For
the case of silica covered NP6 the additional vibrations of Si–
O–Si at 1090 cm−1 and 798 cm−1 are observed as well as peaks
denoted with an asterisk that belong to impurities of TX-100.

P-XRD studies and Rietveld analysis revealed the crystalli-
nity of the SmFe NPs with an orthorhombic structure48 (JCPDS
no. 84-1954) while the metal ratio, Sm/Fe, was close to 1.0
based on EDS and XPS measurements (Fig. S15 and S16). The
calculated lattice parameters of the SmFe NPs are presented in
Table S1 while elemental analysis and estimated molecular for-
mulas are given in Table S2.

Magnetic properties of SmFe NPs

The temperature dependence of the susceptibility data in the
form of χMT vs. T for all the SmFe PBAs is shown in Fig. 5 and
Fig. S17. The χMT value at room temperature is in the range
0.54–0.60 emu mol−1 K (μeff = 2.1–2.2μB), close to the value
expected for an uncoupled system of a low spin ion of Fe(III)
with μeff = 2.54μB and a Sm(III) ion with μeff value close to
0.8μB, resulting in an overall μcalc: ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
μFe2 þ μSm2

p ¼ 2:65μB or
χMTcalc. = 0.877 emu mol−1 K. The onset of a 3D ferrimagnetic
ordering of the system is confirmed by a minimum in the χMT
curves at 10–15 K accompanied by a drastic increase of the sus-
ceptibility upon further cooling to values close to 7.3–8.9 emu
mol−1 K for NP1–NP5 and 4.2 emu mol−1 K for NP6 at 3 K.
Further decrease of the temperature leads to saturation of the
susceptibility values.

Fig. 4 (A) FT-IR spectra of NP1–NP6 where the grey area reveals the
vibrations of the bridging and terminal cyano-ligands. (B) Highlight of
the grey area. (C) PXRD diffraction patterns of NP1–NP6.
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The inverse susceptibility data, which are shown in
Fig. S18, further confirmed the ferrimagnetic ordering. The
Curie–Weiss law, χM = C/(T − θ), is applied for temperatures
above 100 K and is shown as a solid line in the same Figure.
The results of the fitting procedure are presented in Table S3,
where the value of the constant C is close to 0.65 emu mol−1

K, corresponding to a room-temperature effective magnetic
moment μeff = 2.30μB. The paramagnetic Curie temperature, θ,
is negative in the range of −60 to −95 K due to the convex
nature of the curve, denoting the antiferromagnetic interaction
between the magnetic centers. It should be noted that the cal-
culated θ value for the bulk system is −68 K.49 The deviation
from the Curie–Weiss law for temperatures lower than 100 K is
related to the crystal field effect of the lanthanide. A significant
change in the slope of the curves for temperatures below 4 K
confirms the onset of magnetic ordering.

The TC value of the SmFe PBAs was investigated using
ZFC-FC measurements performed at a small external field of
100 Oe, and the results are shown in Fig. 5. The differences
between the two curves are evident below 4 K, where the ZFC
curves reveal a peak with a maximum centred in the range TC
= 3.25–3.35 K. It should be noted here that for the case of NP1,
NP5 and NP6 negative magnetization was observed which may

arise from an unpropped zero-field cooling process.
Additionally, the instrument’s residual magnetic field may
exhibit negative values, which could induce corresponding
negative magnetization at low temperatures.50

The magnetization curves of SmFe PBAs at 2 K are shown in
Fig. 6 and Fig. S19 in the form of reduced magnetization (M/
NμB) vs. external field H. Magnetization does not saturate at an
external field of 5 T. The saturated values have been calculated
by an extrapolation from the M(1/H2) plots at 2 K, which are
shown in Fig. S20. The saturation values are shown in Table S2
and are close to 0.7–0.8μB for NP1–NP4, NP6, and 0.5μB for
NP5. It should be noted that the theoretical saturation value is
Ms = gFeJFe − gSmJSm = (1.732–0.714)μB = 1.01μB.

Quite interestingly, a shape/size dependence of the coercive
field (Hc) is monitored according to which the coercivity
increases from 503 Oe for the case of NP1 (microstars, close to
the bulk case) to 2330 Oe for NP2 (6, 5, and 4-petal daisy-like
structures with an average size 0.9–1.1 μm) and reaches the
highest ever observed value of 3320 Oe for the NP3 (undefined
morphology with an average size 250 nm). The Hc values for
the rest of the SmFe PBAs are 1940 Oe (NP4), 2120 Oe (NP5),
and 2200 Oe for NP6. An analogous shape/size dependence of
Hc has been observed for the case of SmFe rods, where Hc

increased from a value of 785 Oe (microrods) to 2765 Oe
(nanorods).

A possible explanation for this increase can be provided,
considering that the coercivity is related to the properties of
spin carriers and the geometry of the PBAs. An increase in
coercivity is associated with enhanced magnetic anisotropy,
indicating that an externally applied magnetic field at a
specific temperature can effectively overcome the energy
barrier required to change the direction of magnetization. The
enhancement of magnetic anisotropy in SmFe PBAs, which is
the sum of bulk magneto-crystalline anisotropy and shape an-
isotropy, is primarily related to the shape anisotropy part, as
this contribution promotes the alignment of magnetization
along the principal axis of the material, significantly influen-

Fig. 5 (upper) Temperature dependence of the susceptibility data in
the form of χMT and in the temperature range 2–5 K (left) and 4–45 K
(right). (lower) ZFC-FC measurements at 100 Oe for the NP1–NP4 (left)
and NP5–NP6 (right).

Fig. 6 Field dependence of the reduced magnetization, M/NμB for the
NP1–NP4 (left) and NP5–NP6 (right) at 2 K and in the range −8 kOe to 8
kOe.
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cing the magnitude of the coercive field. Unfortunately, it is
not possible to calculate the shape anisotropy constant from
the equation K = NMs

2/2 since the demagnetization factor N is
not defined for such complex morphologies.

To illustrate the correlation between the key experimental
parameters of this study and the magnetic behaviour of the
synthesized SmFe PBAs, two plots have been created and are
shown in Fig. 7. The first plot shows the dependence of Hc on
the volumetric ratio of cyclohexane to TX100, while the second
plot displays the relationship between Hc and the concen-
tration of TX100. In both plots, the dependence of the ratio ω0

on the aforementioned parameters is also presented. A direct
observation from the plots indicates that the magnetic an-
isotropy, as measured by the value of Hc for the particles,
increases when the value of ω0 approaches its lower limit
(approximately 2.0). This value is also associated with the
highest concentration of TX100 (0.8 M) or the lowest volu-
metric ratio of cyclohexane to TX100 (around 2.0). Daisy-like
morphologies have been observed for ω0 values of 4.5 and con-
centrations of TX100 exceeding the threshold of 0.2 M (but
remaining below 0.8 M). Although the synthesized PBAs,
identified as NP2, NP4, NP5, and NP6, vary in size and mor-
phology, the value of Hc shows only minor variations, ranging
from 1940 to 2330 Oe. The least anisotropic behaviour, rep-
resented by Hc = 503 Oe, was recorded for the highest ω0 value
of 9.5, which corresponds to PBAs exhibiting asterisk mor-
phology (NP1). Synthetically, these particles are linked to
TX100 concentrations near 2.0 or a volumetric ratio of cyclo-
hexane to TX100 close to 0.8 M.

Conclusions

We reported the synthesis of SmFe PBAs using reverse micelle
methods, highlighting the ability to control their morphology

and size through variations in key experimental parameters. By
adjusting the volumetric ratio of cyclohexane to TX100, the
concentration of TX100, and the water content, unique mor-
phologies such as asterisks and daisy-like structures (4, 5, and
6 petals), were achieved. Notably, the daisy-like structures were
documented for the first time, marking a significant advance-
ment in the field of morphosynthesis.

The study reveals that the water-to-surfactant molar ratio
(ω0) and TX100 concentration play critical roles in determining
the size and shape of SmFe PBAs.Lower ω0 values (approxi-
mately 2) and higher TX100 concentrations (above 0.2 M)
promote the formation of smaller particles, while higher ω0

values (around 9) result in larger particles. These findings
underscore the importance of precise control over experi-
mental conditions to tailor nanoparticle properties.

A clear correlation has been established between the sizes
of SmFe PBAs and their magnetic properties, particularly the
coercive field (Hc), revealing how size and shape influence
magnetic anisotropy. The smallest particles, with undefined
morphologies and an average size of 250 nm (NP3), exhibited
the highest coercive field (Hc) of 3320 Oe which is attributed to
enhanced magnetic anisotropy. Particles with daisy-like
structures (NP2, NP4, NP5, NP6) and sizes ranging from
300 nm to 1.1 μm demonstrated Hc values between 1940 Oe
and 2330 Oe. These morphologies, featuring 4, 5, and 6
petals, exhibit moderate magnetic anisotropy due to their
unique, anisotropic shapes. The largest particles, with
asterisk-like morphologies (NP1) and sizes around 7 μm,
showed the lowest Hc of 503 Oe. This reduced coercivity is
linked to lower shape anisotropy, as the bulk-like mor-
phology does not favor strong magnetic alignment. The
onset of ferrimagnetic ordering is confirmed at low temp-
eratures (below 4 K).

The introduction of novel morphologies, such as hollow
daisy-like structures, and the proposed mechanisms for their
formation represent a significant contribution to the field.
Factors such as reverse bilayer vesicles, surfactant interactions,
and the assembly of rod-shaped nanocrystals within vesicles
are suggested to influence the observed morphologies. These
findings open new avenues for exploring the growth mecha-
nisms and optimizing synthetic strategies.

Future investigations will focus on understanding the
theoretical aspects of the growth mechanisms, including the
role of reverse bilayer vesicles in forming hollow structures.
Additionally, the transition of hollow structures to solid poly-
crystalline morphologies and their distribution in reverse
micelle experiments will be addressed. These studies aim to
refine the synthesis process further and expand the appli-
cations of SmFe PBAs in various fields.

In conclusion, this work provides valuable insights into the
synthesis, morphology control, and magnetic behavior of
SmFe PBAs, introducing novel morphologies and highlighting
the importance of experimental parameters in tailoring
their properties. The findings pave the way for future research
and potential applications in advanced materials and
nanotechnology.

Fig. 7 Dependence of Hc on (left) the concentration of TX100 and
(right) the volumetric ratio of cyclohexane to TX100. In both plots, the
dependence of the ratio ω0 on the above-mentioned parameters is
shown in orange colour.
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