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ABSTRACT: The physicochemical properties of spinel oxide magnetic nanoparticles depend
critically on both their size and shape. In particular, spinel oxide nanocrystals with cubic morphology
have shown superior properties in comparison to their spherical counterparts in a variety of fields, like
for example biomedicine. Therefore, having an accurate control over the nanoparticle shape and size,
while preserving the crystallinity, becomes crucial for many applications. However, despite the
increasing interest in spinel oxide nanocubes there are relatively few studies on this morphology due
to the difficulty to synthesize perfectly defined cubic nanostructures, especially below 20 nm. Here
we present a rationally designed, synthesis pathway based on the thermal decomposition of iron (III)
acetylacetonate to obtain high quality nanocubes over a wide range of sizes. This pathway enables the
synthesis of monodisperse Fe;O4 nanocubes with edge length in the 9-80 nm range, with excellent
cubic morphology and high crystallinity by only minor adjustments in the synthesis parameters. The
accurate size control evidences that even 1-2 nm size variations can be critical in determining the
functional properties e.g., for improved nuclear magnetic resonance T, contrast or enhanced magnetic
hyperthermia. The rationale behind the changes introduced in the synthesis procedure (e.g., the use of
three solvents or adding Na-oleate) is carefully discussed. The versatility of this synthesis route is
demonstrated by expanding its capability to grow other spinel oxides as Co-ferrites, Mn-ferrites and
Mn;0, of different sizes. The simplicity and adaptability of this synthesis scheme may ease the

development of complex oxide nanocubes for a wide variety of applications.

KEYWORDS: magnetic nanoparticles, nanoparticles synthesis, magnetic hyperthermia, magnetic
resonance imaging, iron oxides, nanocubes, anisometric nanoparticles
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Nanoparticles have attracted an enormous interest during the last decades due to their appealing
properties which have led to countless applications in very widespread fields. Interestingly, the
physicochemical properties of nanoparticles (e.g., magnetic, catalytic, optical, dielectric or thermal)
can be efficiently tuned by designing not only their size but also their shape.'? In particular, magnetic
nanoparticles have been the subject of intense investigation in both industry and research due to their
appealing and versatile properties’ and the numerous applications (e.g., information storage,!”
catalysis,* environmental remediation,® sensor technologies® or biomedicine’ among many others).
Specifically, for clinical applications iron oxides, magnetite (Fe;O,) and maghemite (y-Fe,03), are
becoming the preferred material due to their excellent biocompatibility,®® being the only magnetic

materials approved by the US Food and Drug Administration (FDA) for the use in humans.'?

Most of the research performed in maghemite/magnetite nanoparticles has been carried out on
isotropic spherical particles.®® However, recent studies have shown that anisotropic iron oxide
nanoparticles have advantages in many applications over spherical ones, like longer blood circulation
times,!! higher surface to volume ratio allowing a better biomolecule grafting for targeting'?> and
enhanced magnetic hyperthermia'® or magnetic resonance imaging.'* This improved performance is
boosting the interest in non-spherical Fe;O, nanoparticles. Nevertheless, the synthesis of Fe;O4
anisotropic nanoparticles is far more challenging than the spherical ones, since magnetite has a cubic
crystal structure and, consequently, isotropic growth is more favoured.’> In the particular case of
nanocubes, it is important to emphasize that for an equal volume, cubes have a larger surface than
spheres, which may be advantageous for many applications (e.g., protein grafting or catalysis).
Besides, the magnetic properties are also different, since the cubic morphology leads to an increase of
both shape and surface anisotropies, which affects the superparamagnetic blocking temperature'® or

the Verwey transition.'>!”

The synthesis of magnetite nanocubes has been attempted using different approaches. For example,
magnetotactic bacteria can naturally synthesize magnetite nanocubes from 30 to 180 nm.'® However,
the process is slow (considering it requires working with cell cultures), not scalable and the size
control is quite poor. Alternatively, chemical approaches include both aqueous'® and organic-based
syntheses.!>202! The synthesis of nanocubes in aqueous media also requires a long time since the
growth mechanism (and, hence, the control of the size and shape) is not trivial; subtle changes in the
experimental conditions, which are difficult to control, can drastically affect the particle size and the

size distribution.!?

On the other hand, thermal decomposition of organic iron precursors represents a significant advance
in controlling the size of iron oxide nanoparticles, with improved crystallinity and a narrow size
distribution. Most of these syntheses use either iron (III) oleate or iron (III) acetylacetonate as iron

precursor. 22021
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In the first case, iron (III) oleate is decomposed in non-polar solvents (typically 1-octadecene,
squalene or eicosane) in the presence of sodium oleate, and the size can be finely tuned from 9 to 23
nm,?' reaching exceptionally larger sizes, up to 45 nm.??>>* However, this synthesis involves the
preparation of iron (III) oleate in a previous step, which unfortunately increases the required synthesis
time and may lead to some variability between syntheses. Indeed, recent studies have reported that
traces of chlorine ions remaining in iron oleate or the extractive process used in its synthesis can
dramatically influence the final nanoparticle structure.?> Moreover, it has been reported that the final
product of the synthesis, especially for large particle sizes, is often a mixture of wiistite (FeO) and
magnetite forming a FeO/Fe;O, core/shell system.??2% Annealing can be used to convert the
FeO/Fe;0, particles to pure Fe;O4, however, this leads to defects in the structure which can negatively

affect the physicochemical properties.?®

The second approach is using iron (III) acetylacetonate as precursor and dibenzyl ether as solvent in
the presence of oleic acid as surfactant, which has the advantage of being a one-pot synthesis. This
reaction is considerably faster than the one based on iron (III) oleate and yields typically very large
particles with sizes of more than 100 nm.2° The size can be reduced down to about 20 nm by replacing
oleic acid by other ligands, such as decanoic!? or 4-biphenylcarboxylic acid.?® However, a lack of
reproducibility and size/shape heterogeneity arises when trying to further decrease the average size
below 20 nm, where the particles become octahedral in shape or the size distribution becomes broad.
Moreover, the use of benzyl ether as solvent in the synthesis presents some problems related with its
decomposition to benzaldehyde and benzyl benzoate at high temperatures, often leading to
unreproducible syntheses.?”-?® In fact, there is no reported synthetic method that leads to magnetite
nanocubes that cover the whole size range. So far, when smaller or larger particles than the optimal
range of a specific synthesis were required, it was necessary to change the synthesis method,
otherwise the cubic shape was not retained, the particles became polydisperse or the crystallinity
worsened. Additionally, reaching sizes for Fe;0, nanocubes below 20 nm remains a challenge when
using iron (III) acetylacetonate. This range is of special interest since the transition from blocked to
superparamagnetic state (which, for example, affects the colloidal stability) is expected to be around

this size for Fe;0,.13

Hence, the current somewhat limited control in the growth of magnetite nanocubes over a broad range
of sizes with good particle size distribution and high crystallinity using a single and fast synthesis
pathway, clearly highlights the need to develop versatile synthetic approaches to grow Fe;O4

nanocubes.

Here we propose a rationally designed, reproducible, one-pot synthesis of pure magnetite nanocubes
from 9 to 80 nm in edge length with excellent particle size distribution (polydispersity index, PDI <

10%) and good crystallinity over the whole range of particle sizes. This synthetic approach relies on
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the use of a combination of different solvents together with the addition of sodium oleate to (i) avoid
the dibenzyl ether chemical decomposition, thereby making the synthesis more robust and
reproducible, and (ii) regulate the chemical potential of the monomers favouring the cubic structure,

keeping it even for small sizes, with a very narrow size distribution.

RESULTS AND DISCUSSION
Standard synthesis

The transmission electron microscopy (TEM) images of the nanocubes obtained from the standard
synthesis (see METHODS) (Figure 1a,b) reveal a well-defined cubic structure with an edge length of
15.3+1.2 nm and a narrow particle size distribution, with a PDI of 8% (Figure 1c). Moreover, the
scanning electron microscopy (SEM) images of the nanoparticles (Figure 1d) show very well ordered
cubic superstructures, which confirms the good cubic shape and narrow particle size distribution of

the nanocubes.?

The electron energy loss spectroscopy (EELS) analysis of the nanocubes at the Fe- and O-edges
indicates that the samples are composed of Fe;O, (Figure Sla,b). Importantly, the EELS mapping
(Figure S1c) evidences that the oxidation state of the Fe atoms is homogenous over the whole particle,
consequently ruling out any major presence of FeO at the core (due to incomplete reaction) or y-Fe,O3
at the surface (because of surface oxidation).?>3* Note that the EELS analysis also indicated the
absence of sodium, excluding any impurities or inclusions within the nanostructures arising from the

Na-oleate.

The x-ray diffraction (XRD) pattern (Figure S2) matches that of a cubic spinel lattice with a lattice
parameter of a = 8.378(5) nm, consistent with Fe;0, and y-Fe,0s. In fact, the prominent peak at 18°
indicates that the nanocubes are composed of Fe;O, rather than y-Fe,O;, in agreement with the EELS
analysis. It is worth emphasizing that no other phases (e.g., FeO) are present in the pattern. The
crystallite size was evaluated using the Scherrer equation, giving a value of 14.6(4) nm. This value is

quite close to the size obtained by TEM (15.3 nm), indicating that the particles are single-crystal.

The high crystallinity of the material was further confirmed by high resolution TEM (HRTEM)
images, as shown in Figure le. The fast Fourier transform (FFT) of the image (Figure 1f) confirms the

cubic spinel structure of the nanoparticles.
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Figure 1. TEM images of the magnetite nanocubes obtained from the standard synthesis (a) at low magnification, (b) at high
magnification. (c) Particle size distribution of the standard nanocubes and its fit to a log-normal function. (d) SEM image of
the self-assembly of the nanocubes obtained from the standard synthesis. Shown in the inset is the corresponding FFT
(which evidences a simple cubic symmetry). (¢) HRTEM image of a single particle and (f) its corresponding FFT. The
highlighted spots in (f) correspond to the expected cubic spinel (space group ngm) (200) — 0.429 nm, (311) — 0.253 nm,
(400) — 0.212 nm and (422) — 0.189 nm reflections seen along the [013] zone axis.

The magnetic measurements show that the saturation magnetization, Mg, of the nanocubes is 84
emu/g at room temperature rather close to the Mg of bulk magnetite (Mg ~ 90 emu/g), which further
confirms the good crystallinity of the particles previously shown by XRD and HRTEM.

As expected from their size, the particles exhibit a superparamagnetic behaviour at room temperature
(with negligible coercivity, H.~ 0 Oe and remanence, M, = 0 emu/g; Figure 2a). As shown in the inset
of Figure 2a, at 10 K the particles show a moderate coercivity (H. = 200 Oe). Moreover, the
temperature dependence of the magnetization, M(T), indicates that the blocking temperature, Ty
(taken as the maximum in the zero field cooled magnetization curve; Figure 2b), is slightly above
room temperature. In addition, M(T) exhibits a kink at low temperatures (Figure 2b). This is a
prominent feature of the Verwey transition, which is typical for Fe;0, but does not occur in y-Fe,05.3!

Thus, this confirms the EELS analysis that the nanocubes are pure Fe;O,.
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Figure 2. (a) Hysteresis loops at 300 K of the nanocubes obtained from the standard synthesis (15.3 nm). Shown in the inset
is the loop at 10 K. (b) Temperature dependence of the field cooled (FC) and zero field cooled (ZFC) magnetization at H =5
Oe. The blocking temperature, Tg, and the Verwey transition, Ty, are highlighted by arrows.

Size control

Several parameters were evaluated to control the particle size, such as solvent mixture polarity,
boiling point, addition of a nucleation step, heating rate, temperature at which vacuum was performed,
oleic/sodium oleate ratio, or solvent, among others (see Table S1). Notably, based on the standard
synthesis described above, among all the tested parameters, the amount of iron acetylacetonate turned
out to be the most convenient way to finely tune the size without losing the cubic shape. In fact, the
particle size varies monotonically with the iron acetylacetonate amount (Figure 3f). For example, by
decreasing the amount of iron acetylacetonate from 0.446 to 0.420 g the edge length decreases from
15.3 to 10.2 nm (Figure 3b), whereas when the iron acetylacetonate amount is increased to 0.61 g, the
edge length increases to 24.5 nm (Figure 3c). However, if the iron acetylacetonate amount decreases
exceedingly (below 0.420 g), although particle size can be further reduced to 9.1 nm, the cubic shape
is partially lost, i.e., the particles become more spherical and irregularly-shaped; (Figure 3a).
Similarly, if too much iron acetylacetonate is used in the reaction, although the size does not change
considerably (e.g., 24.5 nm for 0.610 g of iron acetylacetonate), the particle shape tends to become

more cuboctahedral in detriment of the cubic shape, as shown in Figure 3e).

As an alternative way to control the size, the temperature at which the vacuum stage was performed

was changed between 100 °C and room temperature achieving a final size of 11.8 nm and 23.7 nm,
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respectively (Figures 3g,i). Nevertheless, similar to the control of the amount of iron acetylacetonate,

this approach cannot be used to obtain particles larger than about 25 nm.
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Figure 3. (a-e) TEM images of the effect of the iron acetylacetonate amount on the particle size and shape. (f) Dependence
of the nanoparticle size on the amount of iron acetylacetonate. Note that the cubic particles are shown with blue squares,
while other shapes are represented with red circles. (g-i) TEM images of the effect of temperature at which the vacuum stage
is carried out for a fixed amount of iron acetylacetonate, FeAcac3 = 0.446 g. (j-1) TEM images of the effect of the heating
rate carried out for a fixed amount of iron acetylacetonate, FeAcac3 = 0.533 g. “IA” and “HR” refer to iron acetylacetonate
amount and heating rate, respectively. All the scale bars correspond to 100 nm.

*The syntheses corresponding to panels (k) and (1) were carried out in the same conditions but with different dilution factor;

see Table S1.

Interestingly, this limitation can be overcome with only minor changes to the standard reaction and

without changing any of the reactants. For example, a higher heating rate will produce a lower
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number of nuclei that will have an increased chance for the iron to keep on growing. Thus, when
0.530 g of iron acetylacetonate were used with a heating rate of 3 °C/min, 17.4 nm cubes were
obtained (Figure 3j). However, if the heating rate is increased to 15 °C/min, while keeping the rest of
the conditions the same, particle size increases up to 25 nm (see Table S1). Importantly, increasing the
total reagent concentration (i.e., reducing the solvent volume) while applying a faster heating rate led
to larger cubic particles. For example, if the heating rate is raised to 20 °C/min and the solvent volume
is reduced to 17.3 mL (instead of 23 mL) the size increases to 52.6 nm (Figure 3k). Using an even
smaller solvent volume (11.5 instead of 17.3 mL) while keeping the rest of the conditions the same,

80 nm cubes were obtained (Figure 31).

Interestingly, the PDI of the nanoparticles was kept low across all the studied size range. Although the
PDI reached a maximum of 14% for the largest sizes, it remained between 6-9% for the particles in

the range from 9-53 nm (Figure 4, red symbols), thus they can be considered as monodisperse.

To assess the morphological quality of the particles, we used a simple “cubicity” parameter. Namely,
since the ratio between the diagonal of a perfect square and its side is V2, by comparing the
diagonal/side ratio with \2 we can have a quantitative idea on how close we are to an ideal-cube.

Thus, while for a perfect cube the cubicity = diagonal/(ﬁedge) x 100 should be 100%, for a sphere
or a cuboctahedron the cubicity should decrease to 70% or 50%, respectively. Interestingly, the
cubicity was beyond 90% throughout all the studied range (Figure 4), clearly indicating that cubic

morphology is preserved.
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Figure 4. Cubicity (in black) and polydispersity index, PDI (in red) as a function of particle size. Note the break and the
change of increment in the x-axis for large sizes.
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Synthesis of other materials

To demonstrate the versatility of our synthetic approach we applied the same strategy to the synthesis
of nanocubes of other metal oxide spinels such as cobalt and manganese ferrites (Figure 5). As an
example of the easy size control without jeopardizing the morphology control, several sizes were
obtained by controlling the temperature at which vacuum was performed.It is important to emphasize
all the materials studied, the size polydispersity was kept at low values (7-16%) while preserving the
cubic structure (as shown by the excellent cubicity), clearly evidencing the robustness of our synthesis
pathway. Special mention deserves the synthesis of 6.7 nm manganese ferrite nanocubes with a clear
cubic morphology. Note that the stoichiometry of both ferrites (1:2.2-Co:Fe for Co-ferrite and 1:2.8-
Mn:Fe for Mn-ferrite, respectively; see SI) was close to the 1:2 ratio expected for ferrites, although no

attempt was made to further optimize the composition.
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Figure 5. TEM images of cobalt ferrite nanocubes (upper row) of different sizes and manganese ferrite nanocubes (middle
row) nanocubes of different sizes. The bottom row shows a TEM image of Mn;O,4 nanoparticles.

Interestingly, a similar synthesis pathway was used to synthesize the tetragonal spinel Mn;O,4. As can
be seen in Figure 5, the synthesis results in excellent cubic particles also for non-cubic spinel
structures. However, in this case the yield of the reaction is much lower than for Fe;O,4, probably
because all of the monomers are formed from a metal in a +2 oxidation state instead of +3, and hence

there are not enough electron acceptors to favour the reaction.

Importance of the particle size on the colloidal stability

The achieved accurate control on the nanocubes size and the low PDI allow us to show the importance
of the particle size on the colloidal stability of the magnetite suspensions. For many applications it is
crucial to have colloidally stable nanoparticles for an optimum performance, especially for magnetic
hyperthermia, drug delivery or magnetic resonance imaging, as uncontrolled irreversible aggregation
will ruin their applicability. Stable single-particle colloidal dispersions are also necessary for an
adequate water transfer of the nanoparticles for biomedical applications. To guarantee homogenous
aqueous dispersions it is, therefore, key to ensure that the synthesis yields single particles, as the
aggregated nanoparticles during the synthesis are hardly disaggregated in water. To verify whether the
synthesis produces single-particles or aggregates, the hydrodynamic size was measured on freshly
synthesized nanoparticles (i.e., before transferring them to water). If particles are not aggregated, the
ratio of the hydrodynamic and TEM particle sizes should be close to 1. Actually, a very abrupt change
in the colloidal stability for particles larger than 16 nm is observed. Namely, while particles with sizes
up to 16 nm showed a size ratio close to 1 (see inset in Figure 6), indicating that most of the cubes
were in a single-particle state in dispersion, whereas for 17 nm particles and beyond aggregation is

observed (Figure 6).

The degree of aggregation is probably related to the magnetic state3233 of the nanoparticles (see SI).
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Figure 6. Hydrodynamic size/TEM diagonal as a function of the particle size. Shown in the inset is an enlargement for small
sizes. Note that the diagonal rather than the edge length is used to account for the fact that the nanoparticles rotate during the

hydrodynamic diameter measurements.

To have a more visual view of the effect of the colloidal stability, magnetite nanocubes within a range
from 9 to 25 nm were dispersed and stored for 72 h. As can be seen in Figure S5, only particles with

sizes below 17 nm remained stable.

This result highlights the relevance of the nanometric range size control to ensure the colloidal

stability and, as it is shown below, to optimize the features for biomedical applications.

Importance of the nanocubes size for biomedical applications

To show the importance of the cube size for biomedical applications, the size dependence of the
magnetic hyperthermia efficiency and magnetic resonance relaxivity of nanocubes for three different
sizes (13.3, 15.3 and 19.3 nm) have been analysed. The nanocubes were first transferred into water by
polymer-coating. It is important to mention that the morphology of the particles was examined after
the transference process and no changes on either size or shape were observed (see Figure S6). After
the transfer, the hydrodynamic size measurements showed that the particles remained in a single
particle state, and the high Z-potential values (near -30 mV or beyond) indicated strong electrostatic
interparticle repulsion (see Figure S7). The particle dispersions remained stable for at least several

months, clearly evidencing the excellent colloidal stability of the nanoparticles.
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To analyse the magnetic hyperthermia efficiency the nanocubes were exposed to an alternating field
(H =17 kA/m, frequency, f = 183 kHz). It is worth emphasizing that these conditions are rather mild,
as the product H-f (3.1-10° A-m'-s”!) is clearly below the safety limit for clinical applications (i.e.,
5-10° A-m!-s). Despite the moderate field, the heat generated after 5 min of magnetic actuation
produced large temperature increases, AT, for the three particle sizes. It is worth highlighting that,
under identical field and iron concentration (6.9 mg/mL), a size increase of just 2 nm (from 13.3 nm
to 15.3 nm) induced an 85% enhancement of the AT (Figure 7). Moreover, the size increase up to 19
nm generated an additional 30% raise in the AT, which reached 65°C (Figure 7).3* The specific
absorption rate (SAR) values exhibited a similar tendency, showing a non-linear increase with the
cube size. For example, an increase of only 2 nm in the particle size (from 13.3 to 15.3 nm) generates
a 65 W/g gain in SAR, while an increase of 4 nm from 15.3 to 19.3 nm only leads to an increase of 17
W/g. Correspondingly, the intrinsic loss power (ILP) values obtained from the SAR were 2.08, 3.31
and 3.63 nH-m?-kg! for the 13.3, 15.3 and 19.3 nm cubes, respectively. The non-lincar SAR/ILP
evolution is most likely linked to the transition between superparamagnetic and blocked states in the
particles that was observed at a size of 16 nm.!>3°> Namely, the drastic increase in AT between the 13
and 15 nm samples is probably related to the fact that the 15 nm nanocubes are very close to
becoming ferrimagnetic at room temperature. Hence, the application of an alternating field should
induce considerable hysteresis losses in these particles. Interestingly, the AT and SAR values of the
commercial Fe;O,4 spherical particles (2242 nm in diameter; Ocean Nanotech®; see SI), with a
volume (5553 nm?) slightly larger than the 15 nm cubes (3582 nm?), measured in the same conditions,
are considerably worse than those of the nanocubes (Figure 7). In fact, the ILP of the spherical
nanoparticles, 1.1 nH-m?-kg!, is only one third of the one for the standard 15 nm nanocubes.
Additionally, the ILP values of the nanocubes are also higher than the reported ones for commercially
available Fe-based ferrofuids®*® and are comparable with other cubic iron oxide nanoparticles, which is
an appealing result in view of the very mild conditions used in our study.'>3738 The results highlight
the importance of the cubic morphology, good crystallinity, nanometric control of the size and lack of

agglomeration to optimize the response for magnetic hyperthermia applications.*4
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Figure 7. Temperature increase as a function of time for the different nanocubes and the commercial spherical particles
exposed to an alternating magnetic field (17 kA/m — 183 kHz). “Start” and “Stop” indicate the beginning and the end of the
application of the magnetic field.

On the other hand, the size effect on the nuclear magnetic resonance (NMR) response of the
nanocubes was assessed by measuring the r, relaxivity for 13.3, 15.3 and 19.3 nm nanocubes. As can
be seen in Figure 8, the increase in size from 13.3 to 15.3 nm enables a 40% enhancement in the r,
value (from 332 to 455 s'mM!). However, a further increase to 19.3 nm has a minimal effect on r,
(460 s'mM1). This is in agreement with earlier studies which reported a raise of r, with size for
superparamagnetic nanoparticles and a saturation of r, as the particles become ferrimagnetic and
evidences the importance of the size control also for NMR imaging.*! These values were compared to
those of commercial spherical particles of 22 nm in diameter (Ocean Nanotech®; see SI) which,
despite having a similar volume to the 15 nm edge nanocubes, they showed a 1.6 times smaller r,
value (293 s'mM-!; Figure S9). Notably, the values for the nanocubes are considerably higher than
commercially available contrast agents such as Feridex® and Resovist ®, whose 1, values are 105 and

176 s'mM-!, respectively.
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Figure 8. (a) T,-weighted magnetic resonance images of agarose phantoms for nanoparticles of different sizes and different
concentrations (the numbers above the image indicate the [Fe] concentration in mM). (b) Dependence of the NMR R, (1/T5)
values on the [Fe] concentration for the three samples.

Discussion of the synthesis protocol

Given the relevance of the size to maximize the performance in biomedical applications, it is worth

discussing the rationale behind the achieved control in the nanocubes synthesis.

For equal volume, the surface-to-volume ratio of cubes is about 25% larger than for spheres. This
implies a larger surface energy for cubes at all sizes. However, as the size of the nanocubes becomes
smaller (particularly below 25 nm) the surface-to-volume ratio dramatically increases (see Figure
S10). Consequently, cubic shapes become increasingly less energetically favourable than spherical
ones as size decreases. Therefore, to synthesize nanocubes it is crucial to provide a chemically stable
environment whose properties remain unchanged during the growth stage, since any perturbation can
destabilize the growth of the particles leading to deviations in either the size or the shape towards
other more thermodynamically favourable structures. Taking into account these aspects, we have
carefully designed a chemical synthesis for magnetite nanocubes by rationally choosing the iron

precursor, surfactants, solvents, heating rate and other steps of the reaction.

Thermal decomposition of metal organic precursors in the presence of fatty acids (commonly, oleic
acid), which can act as both surfactant and reductor, represents a good synthetic strategy since it
produces highly crystalline monodisperse particles with narrower size distribution than other methods
like coprecipitation, microemulsions, laser or spray pyrolysis.’? In the case of iron oxide
nanoparticles, the most popular iron precursors are iron oleate, iron pentacarbonyl and iron
acetylacetonate. Since iron oleate is not commercially available, it must be synthesized prior to the
synthesis of the nanoparticles, which adds a tedious step to the synthesis process. Moreover, the exact
details of the synthesis and purifying steps deeply affect the quality of the resulting nanoparticles,
introducing a high degree of variability. Moreover, the synthesis often yields a mixture of several iron
oxide phases rather than pure magnetite.*> Iron pentacarbonyl generally leads to metallic iron particles

which are further oxidized to magnetite or maghemite.** However, this compound is chemically
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unstable and the crystallinity of the resulting nanoparticles is not very high.** On the other hand, iron
acetylacetonate is a highly stable and a commercially available reagent, which makes it a more

desirable candidate for the synthesis of high quality iron oxide nanoparticles.

Considering that thermal decomposition occurs at high temperature and iron acetylacetonate is a
moderately polar molecule, a polar high-boiling solvent should be used. Thus, iron acetylacetonate is
usually used with dibenzyl ether as solvent. However, dibenzyl ether has been reported to be unstable
at high temperatures leading to benzaldehyde, especially in the presence of oxygen.?’?® This
instability results in dramatic changes of the solvent properties, like the polarity, boiling point or
conductivity. For example, during the synthesis of iron oxide nanoparticles it has been observed that
the boiling temperature of the mixture decays several degrees as the growth stage advances due to the
emergence of more volatile molecules.* This lack of a stable environment for the growth of the

particles hinders the formation of small monodisperse and well-defined cubic structures.

The key factors that determine the final structure of iron oxide particles synthesized by thermal
decomposition have been studied in detail and some factors, like the ratio of oleic acid to iron, have
been identified as critical.*® However, Qiao et al. recently proposed that the final shape and size is
determined mainly by the balance between the chemical potential of the monomers (u,, see below)
and the chemical potential of the different crystal planes.?® In the particular case of magnetite, the
{111} planes are the most densely packed and have the lowest chemical potential.#’ On the other
hand, the {100} planes are the least densely packed and have the highest reactivity, while the {110}
planes have an intermediate packing and chemical potential. Therefore, the chemical potential of these

planes can be ranked as: W00, > Hi10y > Hytniy-

Note that the chemical potential of the monomers is defined as u,,= '+ RTIn[C,,y,,], where u, is
the chemical potential of the monomers in a reference state and is a constant; R is the ideal gas
constant; 7 is for temperature; C,, is the concentration of monomers and y,, is the activity coefficient

of the monomers in solution.

As the temperature of the mixture increases, the iron acetylacetonate exchanges iron cations with the
oleate anions to form monomers.* These monomers accumulate and once oversaturation is reached,
nuclei are generated.*® At this point, the chemical potential of monomers is higher than those of the
crystal planes (Wm> 100, > Hy110; > Ri113) and they can change from the solvated state (high chemical
potential) to any of the planes of lower chemical potential.*® This stage is called diffusional growth.
Although in nuclei all of these facets are exposed and thermodynamically the growth in any plane is
permitted, the rate at which monomers are deposited is different for every facet and it depends on the
kinetic constants, which are inversely proportional to the energy barrier of the process. Since the
{111} planes are the most densely packed and thus they have a high steric hindrance, the arrival of

new monomers will be inhibited. Therefore the energy barrier that monomers have to overcome to
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deposit on this plane is higher than on the other planes, consequently the {111} facets will grow the

slowest.

The initial simultaneous growth in the three directions (ruled only by the differences in deposition
rates) leads to the formation of octahedrons (see Figure 9). As the reaction advances, the chemical
potential of the monomers falls (i.e., because of the C,, decay) to a point where the {100} planes
cannot grow anymore (Woy > Hm > Miioy > Hyiny). However, the {110} and {111} facets keep
growing, which makes the octahedra turn into tetradecahedra (see Figure 9). Similarly, when the p,,
decays sufficiently, deposition on the {110} planes stops, while it continues on the {111} facets,
leading to the transition from tetradecahedra into cubes (see Figure 9). If the amount of remaining
monomers is sufficiently high to continue the deposition in {111} planes, the cubes vertices will
continue to grow, resulting in star-like structures. However, because of the large hydrodynamic size of
the iron oleate monomers it is very difficult for them to overcome the steric hindrance of the {111}

planes making the growth of stars rather inefficient.

U U n

Hm H100; 1003
{100} um I-L{flflﬂ:-
W10y He110; Hem

M1 Hy1113 K117 Truncated cube
- i (intermediate)
O= ) = S——
| A |
Nucleus Truncated Tetradecaedron Cube
octaedron

Figure 9. Schematic representation of the transition from a nucleus into a cube as p,, decays. The green (red) colour for the p
of the crystal planes depends if their chemical potential is lower (higher) than p,, >

Since several parameters control the chemical potential of the monomers, u,,, diverse approaches can
be envisaged to engineer the morphology of the nanoparticles. However, u,," and R are constants and,
thus they do not influence the shape of the particle. Additionally, taking into account that the growth
stage is carried out at the boiling temperature of the solvent, if the solvent composition is stable, T can
be considered as a constant that will be defined mainly by the properties of the solvent used for the
synthesis. This implies that C,, and y,, are the parameters than can be controlled to tune the chemical

potential.

C,, is the balance between the rate at which monomers are generated and consumed during the
synthesis. In our case, this can be controlled by the total amount of iron and surfactants and also by
tuning the ratio between oleic acid and sodium oleate, as will be explained later. The other parameter,
vm» depends on how strong is the interaction between the solvent and the monomers, and it can be

adjusted by either changing the iron ligands or the solvent. Since non-polar solvents have stronger

17

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Nano

molecular interactions with the long aliphatic chains of the monomers, they should decrease the
activity coefficient of the monomers; consequently, they should ease the formation of cubic structures,
while polar solvents should tend to favour octahedral-like structures. This effect becomes critical
when using dibenzyl ether, since at high temperatures it usually decomposes into molecules like
benzaldehyde, which are even more polar than the dibenzyl ether itself. As a consequence of this rise
in polarity, interactions between the solvent and the aliphatic chains of the monomers become weaker,
increasing y,, which in turn increases W, so much that the growth on all facets is permitted. This
implies that although initially cubes can grow using dibenzyl ether, as it starts to decompose the
morphology control is lost. In the extreme situation, eventually a secondary nucleation becomes

possible, resulting in polydisperse particles.

Based on the above arguments, one could think that replacing dibenzyl ether for 1-octadecene, which
is more stable and less polar, could be a good solution. However, replacing dibenzyl ether by 1-
octadecene is not possible because iron acetylacetonate is poorly dissolved in such a non-polar
solvent. Nevertheless, even if a total substitution of dibenzyl ether is not feasible, still a partial
substitution is possible to minimize the effects of the dibenzyl ether instability. This is why in our
approach we decided to use a mixture of 1-octadecene and the minimum amount of dibenzyl ether
necessary to dissolve iron acetylacetonate. 1-octadecene has a higher boiling point than dibenzyl ether
(315 vs 298 °C), consequently, the resulting mixture has an intermediate boiling point between both
solvents. However, given the lability of the ether bond in dibenzyl ether, we considered it would be
favourable to intentionally decrease the boiling temperature of the mixture to prevent the risk of
dibenzyl ether decomposition. This is why I-tetradecene was added to the mixture since it has a
similar structure to that of 1-octadecene but with a much lower boiling point (252 °C). The volume of
I-tetradecene in the solvent mixture was adjusted so the overall boiling point of the mixture was
around 290 °C. Importantly, the resulting solvent mixture showed a very stable boiling temperature
over time, in contrast to pure dibenzyl ether as can be seen in Figure 10 and reported before.?’” Note
that reaching the boiling temperature in the final step of the synthesis is highly desirable to induce a
rapid oversaturation of monomers that triggers a burst homogeneous nucleation. It is important to
stress that the nucleation does not occur only because a critical concentration of monomers is
surpassed, but rather because of the sudden increase in the Yyonomers (and consequently their activity)
when the solvent mixture starts to boil, which triggers the burst nucleation. This will make the nuclei
appear mostly at the same time and to grow at the same rate, resulting in more monodisperse
nanoparticles.’! Another reason why it is advisable to reach such a high temperature is to promote the

complete reduction of iron (IIT) to iron (IT), a required step to form magnetite.*?
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Figure 10. Evolution of the synthesis temperature with the reflux time for both dibenzyl ether alone and the solvent mixture
described in the text.

As previously mentioned, controlling the chemical potential of the monomers during the growth stage
is crucial to control the final shape of the particles. Based on this fact, we assumed that a more
constant chemical potential of the monomers during the diffusion growth stage will produce better
defined structures. For this reason we combined the use of oleic acid with its sodium salt, sodium
oleate. Sodium oleate can also coordinate with iron but it must first dissociate from sodium. This
dissociation is disfavoured in non-polar solvents, where it takes place only in a small proportion,

slowing down the formation of monomers.

However, as the reaction proceeds and oleate anions are consumed, the dissociation equilibrium
should gradually be shifted towards the dissociated form, keeping a smoother monomer generation
rate and thus a low and more constant chemical potential over time. An additional reason to replace
part of the oleic acid by sodium oleate is because it is known that the acidic form can condensate with
itself at the high temperatures of the synthesis (near 300°C) via heterolytic cleavage (i.e., ketonic
decarboxylation).*? As by-products of this reaction, a heavy ketone (oleone), CO, and water are
generated. Reducing the occurrence of this reaction is highly desirable, since these by-products can
generate abrupt bubbling, changing the local concentrations and chemical properties (adding
heterogeneity to the mixture) and also because the generated water can react with dibenzyl-ether to
produce benzaldehyde changing the overall polarity of the mixture or its boiling point. However, in
the sodic form, the heterolytic cleavage necessary for this reaction is strongly disfavoured.
Nevertheless, similarly to the case of dibenzyl ether, a total substitution of oleic acid for sodium
oleate is not possible since it is poorly dissolved in the mixture at room temperature and cannot
dissociate to exchange iron from iron acetylacetonate and generate the monomers. We empirically
found that the number of sodium oleate moles should be around 15% of oleic acid mol. Finally, one

last reason to add sodium oleate is that the sodium cations generated in the reaction are highly
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hygroscopic, hence they can trap any water molecules formed during the synthesis. This avoids the

reported®? negative influence of water on the shape of the nanoparticles.

To confirm the size and shape evolution mechanism, aliquots were taken at different reflux times
(after the mixture just starts to boil, at t =0, 10, 30 and 60 min) and analysed using TEM. Although in
the aliquots taken in the first 10 minutes the number of particles that could be recovered was
exceedingly low (probably because due to their small size they could not be precipitated after
washing) to perform any systematic analysis, the images at 30 min and 60 min confirmed the
transition from octahedral into cubic structure after the first 30 minutes of reflux (Figure S11a,b).
Notably, when the same experiment was carried out with only oleic acid (but keeping the total
concentration of surfactant the same), the growth of the particles was faster but resulted in octahedral-
shaped particles, as expected from an initially higher but much less constant ., during the reflux time
(Figure S1lc,d). In addition, in the case of oleic acid the growth was practically finished after the first
30 min and extending the reflux time to 60 min only lead to a size increase of 1 nm, whereas in the
reaction with oleic acid and sodium oleate, the particles experienced more drastic size and

morphology changes over time.
Discussion of the size control

There are different approaches to control the size of the nanocubes without changing the solvent or
the iron precursor, like replacing oleic acid by a shorter ligand such as decanoic acid.!> However,
since decanoic acid is a shorter fatty acid than oleic acid, the steric hindrance it can provide is weaker.
Taking into account the magnetic character of the final product, decanoic acid will provide less
protection against aggregation due to dipolar interactions. Since our goal is having colloidally stable

nanocubes, we chose oleic acid as surfactant.

The main parameter to control the size in our synthesis is the amount of iron (III) acetylacetonate.
Since the limiting factor for the growth of the particles is the availability of monomers that can be
incorporated into the structures, higher or lower amounts of iron precursor lead to larger or smaller

nanoparticles, respectively.

Moreover, the synthetic approach has an initial stage where vacuum is done at 60°C for 1 hour to
ensure the elimination of both water and oxygen traces in the solvents. During this step, the exchange
between iron acetylacetonate and oleic acid is favoured, leading to the formation of monomers of iron
oleate. As the temperature at which vacuum is performed increases, the number of monomers will
increase. A higher number of monomers when the nucleation step begins will produce a higher
number of nuclei, decreasing the amount of iron available for the later growth stage and thus leading
to smaller particles. For the same reason, a slow heating rate (3°C/min) was chosen to reach the

boiling temperature.

20

ACS Paragon Plus Environment

Page 20 of 30



Page 21 of 30

oNOYTULT D WN =

ACS Nano

Finally, to achieve particles larger than about 25 nm a slightly modified approach is necessary.
Increasing the reagent concentration (by reducing the solvent volume) allows the particles to grow for
longer time because in this way a lower total number of monomers is required to have a high enough
U, to overcome the energy barrier for the deposition on the surface of the particles. However, as
mentioned before, if u,, is too high the cubic morphology can be lost. For this reason, the heating rate
was increased to (i) have a lower number of nuclei and (ii) avoid all the monomers to be generated in
the same time, thus keeping a moderate u,, for a longer time. Thus, the combination of the higher

concentration and faster heating rate allows the synthesis of large nanocubes.

CONCLUSIONS

Summarizing, a synthetic approach to prepare optimal spinel oxide nanocubes with nanometrically
tuneable size, while keeping a narrow distribution, has been developed. The approach allows
synthesizing Fe;O, nanocubes over a broad range of sizes (9 — 80 nm) with outstanding cubic
morphology and a small PDI(< 10%) over the whole range of sizes. The proposed synthesis pathway
is the result of a careful rational design. Thus, the use of a mixture of several solvents and the addition
of Na-oleate are aimed at creating stable conditions for the stabilization of the cubic shape over a
broad range of sizes. Therefore, this synthetic pathway enables the facile and accurate control of the
nanocubes size, which is crucial to optimize their properties, for example, for biomedical applications.
In particular, the nanocubes with an edge length below 17 nm show a great colloidal stability, even
after transferring them to water, and suitable hyperthermia and NMR relaxivity performance, making
them excellent candidates for potential applications in the biomedical (and other) field(s). In addition,
the synthesis pathway can be easily adapted to other spinel oxides. The fine nanometric control of the
nanocubes size keeping the cubic morphology over a wide range of sizes in a variety of materials

makes this synthesis route very appealing for multiple applications of nanocubes.

METHODS

Materials

All chemicals, iron (III) acetylacetonate >99% (Acros Organics); cobalt (II) acetylacetonate 97%
(Sigma); manganese (II) acetylacetonate (Sigma); oleic acid >90% (Sigma); dibenzyl ether >99%
(Acros Organics); sodium oleate >82% (Sigma); 1-octadecene >90% (Sigma); poly(maleic anhydride-
alt-1-octadecene) (Sigma); and 1-tetradecene >92% (Sigma) were used as supplied without further

purification.

Note that spherical Fe;O4 particles were purchased from Ocean Nanotech® (see SI).
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Synthesis
Fe;0,4 nanocubes

In the standard synthesis, iron (III) acetylacetonate (0.446 g; 1.27 mmol; nominal concentration =
51.53 mM), sodium oleate (0.23g; 0.80 mmol; nominal concentration = 9.33 mM) and oleic acid (1.48
g; 5.20 mmol; nominal concentration = 210.95 mM) were added to a mixture of 1-octadecene (10
mL), dibenzyl ether (10 mL) and 1-tetradecene (3 mL).). This mixture was heated to 60 °C at a rate of
5 °C/min and kept at this temperature in vacuum (~3-10-2 mbar) for one hour under vigorous magnetic
stirring. Subsequently, the slurry was heated up to the reflux temperature (~290 °C) at a rate of 3
°C/min under argon flow and kept at this temperature for 60 minutes. Finally, the reaction was cooled

down to room temperature.

In order to purify the nanocubes, the resulting product was washed with a mixture of isopropanol (50
mL), acetone (40 mL) and methanol (10 mL) and centrifuged for 10 minutes at 10600 g, discarding
the supernatant. The product was washed again with chloroform (20 mL), isopropanol (40 mL) and
methanol (30 mL) and centrifuged. Finally, the nanoparticles were redispersed in toluene. This

standard procedure results in iron oxide nanocubes with an average edge length of 15.3 nm.

The size could be easily tuned over a wide range by adjusting the experimental conditions: e.g.,
amount of iron (III) acetylacetonate, heating rate, temperature at which vacuum is performed or the
solvent volume. For instance, if the amount of iron (III) acetylacetonate was reduced to 0.400 g (1.12
mmol; nominal concentration = 45.44 mM) while keeping the rest of parameters unchanged, 9.1 nm
nanocubes are obtained. On the other hand, 24.5 nm nanocubes were obtained when the amount of
iron (III) acetylacetonate is increased up to 0.610 g (1.73 mmol; nominal concentration = 70.18 mM)
and the heating rate is increased to 15 °C/min. Larger cubes (~80 nm) could be obtained by modifying
the reagent concentration. Namely, iron (III) acetylacetonate (0.530 g; 1.50 mmol; nominal
concentration = 120.48 mM) and oleic acid (0.85 g; 3.01 mmol; nominal concentration = 241.77 mM)
are added to a mixture of 1-octadecene (5 mL), dibenzyl ether (5 mL) and 1-tetradecene (1.5 mL)..
This mixture is degassed at room temperature for 60 min in vacuum. Afterwards, the blend was
heated up to the reflux temperature at a rate of 20 °C/min under argon atmosphere and kept at this
temperature for 60 minutes. After cooling down to room temperature, the product was centrifuged and
washed with a mixture of toluene and hexane 1:1 twice. This procedure leads to cubes about 8§1.5 nm

in edge length.

Synthesis of other spinel oxides
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Cobalt ferrite and manganese ferrite nanocubes were synthesized by the same synthetic pathway used

of Fe;0,4 keeping the same number of mol of metallic precursor.

For the synthesis of cobalt ferrite nanocubes, iron (III) acetylacetonate (0.299 g, 0.85 mmol; nominal
concentration = 34.48 mM) and cobalt (II) acetylacetonate (0.109 g; 0.42 mmol; nominal
concentration = 17.04 mM) were mixed with sodium oleate (0.23 g, 0.8 mmol; nominal concentration
= 32.45 mM), oleic acid (1.48 g, 5.2 mmol; nominal concentration = 210.95 mM) and a solvent
mixture composed by 10 mL 1-octadecene, 10 mL benzyl ether and 3 mL 1-tetradecene. This mixture
was heated to 60 °C at a rate of 5 °C/min and kept at this temperature in vacuum (~3-10-2 mbar) for
one hour under vigorous magnetic stirring. Subsequently, the slurry was heated up to the reflux
temperature (~290 °C) at a rate of 3 °C/min under argon flow and kept at this temperature for 60
minutes. Finally, the reaction was cooled down to room temperature. The standard procedure for
cobalt ferrite leads to 13.1 nm nanocubes. The size can be tuned by changing the temperature at which
the vacuum was performed. If the vacuum was performed at 40 °C the final size increases up to 15.3

nm, whereas if the vacuum is performed at 100 °C the final size decreases to 8.5 nm.

Manganese ferrite nanocubes were synthesized by mixing iron (III) acetylacetonate (0.299 g, 0.85
mmol; nominal concentration = 34.48 mM) and manganese (II) acetylacetonate (0.107 g; 0.42 mmol;
nominal concentration = 17.04 mM) using the same amount of reactants and reaction parameters than
Fe;04 and cobalt ferrite. The standard synthesis of manganese ferrite leads to 11.1 nm nanocubes.
When the temperature at which vacuum was performed was 100 °C the final size downs to 6.7 nm

while if it deceases to 40 °C the final size is 13.1 nm.

In addition, nanocubes of Mn;O, (a tetragonal spinel) were also synthesized using an analogous
synthesis procedure. Briefly, iron (III) acetylacetonate was replaced in the standard synthesis (15.3
nm Fe;0,4 cubes) by manganese (II) acetylacetonate (0.321 g; 1.27 mmol; nominal concentration =

51.52 mM) while keeping the rest of conditions the same.

Characterisation
Transmission Electron Microscopy (TEM)

The TEM Images were acquired using a JEOL JEM-1400 transmission microscope operating at 80
kV. The specimens for TEM imaging were prepared by dipping a carbon copper grid into a dilute
suspension of the particles in toluene freshly sonicated. The average particle size and its standard
deviation were estimated by measuring the edge length of at least 100 particles. Data were fitted to a

log-normal function and the polydispersity index (PDI) was calculated for all the samples. High-
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resolution TEM images and electron energy loss spectroscopy (EELS) mapping have been obtained
using a FEI Tecnai F20 equipped with a Quantum GIF EELS spectrometer. The experiments were
carried out at 200 kV. The EEL spectra were analysed using the Oxide Wizard script.>*3

Scanning Electron Microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX)

The specimens for SEM imaging were prepared by diluting the particles in toluene and dipping a
carbon copper grid into a freshly sonicated dispersion. The images were acquired using a FEI
Magellan 400L XHR scanning electron microscope equipped with an Oxford Instruments Ultim

Extreme EDX detector system.
X-Ray Diffraction (XRD)

The XRD measurements were carried out using an X’pert PRO MPD from PANalytical with a Cu K|,
radiation (A = 0.15406 nm).

Magnetometry

The magnetic properties were evaluated on tightly packed powdered samples using a superconducting
quantum interference device-vibrating sample magnetometer (SQUID-VSM; Quantum Design). The
temperature dependence of the magnetization was recorded in H = 5 Oe while warming (10 — 350 K)
after either zero field cooling (ZFC) or field cooling (FC) from 350 K to 10K in H = 5 Oe. The
hysteresis loops were carried out either at room temperature or at 10 K (after field cooling in 20 kOe
from 300 to 10 K) applying a maximum field of 70 kOe. The amount of organic residues (such as the
surfactant), was estimated by thermogravimetric analysis (TGA) to be about 8.5%. Note that from the
TGA mass loss and considering the surface area of our material, we can estimate that the adsorbed
oleic acid was about 2.6 molecules/nm?, which is consistent with literature values.>® The contribution
of organic residues was subtracted from the sample total mass for the calculation of the magnetisation

of the particles.
Hydrodynamic diameter and Z-Potential measurements

The samples were dispersed either in toluene or mili-Q water prior to the measurement of the
hydrodynamic diameter and the Z-Potential. The measurements were carried out in a Zetasizer Nano

ZS (Malvern Panalytical).
Transfer to water

The particles were transferred to water following an amphiphilic polymer coating procedure
established by Pellegrino et al’® with some modifications. Briefly, the particles were dispersed in

chloroform and poly (maleic acid-alt-1-octadecene) at a ratio of 500 monomer units per nm? of
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particles. After sonicating for 10 min, the chloroform was removed by rotaecvaporation. The resulting
precipitate was covered with borate buffer (50 mM at pH 9) and sonicated until the complete
redispersion of the particles. The mixture was further ultrasonicated and filtrated through a syringe
filter (0.22 um pore size). Finally, the particles were centrifuged at 10600 g for 4 hours and

redispersed in mili-Q water.
Magnetic hyperthermia

The heating capacity of the particles was measured by applying an alternating magnetic field, H, of
213 Oe (17 kA/m) at a frequency = 183 kHz, using an experimental set-up based on a 6 kW Fives
Celes® power supply. The sample was placed in a polystyrene sample holder inside a glass tube
thermostated at 25°C using an ethylene glycol flow and the temperature was recorded through an
optical fiber thermometer dipped into the sample dispersion. The total exposition to the alternating
magnetic field was 5 min for each measurement. To determine the reproducibility, the measurements

were collected in triplicate.

The Specific Absorption Rate (SAR) value was determined according to the relationship:

SAR = C’HZO ) msample d_T
my, dr’

e

where Cyp is the specific heat of water (4.18 Jg'K-1), m4,,. the total mass of the sample and m, the

dT

total mass of iron in the sample. Since measurements were carried out in a non-adiabatic system, o
t
was extrapolated from the initial slope of the calorimetric curve.

The iron concentration in all the samples was 6.9 mg/mL, as determined by inductively coupled

plasma atomic emission spectroscopy (ICP-AES).

SAR

In addition, to compare with other systems, the intrinsic loss power (ILP) was evaluated as ILP = r

36

Nuclear magnetic resonance (NMR)

'"H-Magnetic resonance imaging studies were performed in a 70 kOe Bruker BioSpec 70/30 USR For
the measurement of the transversal relaxation times, T,, phantoms containing nanoparticles at various
concentrations in 1% agarose were prepared. The relaxivities, 1,, were obtained as the slope of the
linear regression of the relaxation rates (R), as the inverse of the relaxation times (R, = 1/T,) versus

the Fe concentration.
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Supporting information

Detailed experimental procedures and supplementary figures. This material is available free of charge

via the Internet at http://pubs.acs.org.

EELS spectra and EELS-mapping; XRD pattern of the nanocubes; characterization of the cobalt and
manganese ferrite nanocubes; discussion of the origin of the magnetically driven aggregation;
characterisation of the particles after being transferred to water; characterization of the spherical
particles; comparison of the relaxivities of cubes and spheres; surface-to-volume ratio plot as a
function of the particle size; aliquot studies of the particle growth; summary of the different synthesis

conditions.
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