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Polynuclear manganese complexes are used as precursors for the
synthesis of manganese oxide nanoparticles (MnO NPs). Altering the
thermal decomposition conditions can shift the nanoparticle product
from spherical, thermodynamically-driven NPs to unusual, kinetically-
controlled octapod structures. The resulting increased surface area
profoundly alters the NP's surface-dependent magnetism and may
have applications in nanomedicine.

Achieving control during the chemical synthesis of metal oxide
nanoparticles (NPs) has emerged as a major research challenge
over the last decade. Amongst the most flexible synthesis
strategies are solution-based methods involving the thermal
decomposition of mononuclear complexes in the presence of
surfactants."” A myriad of studies have optimised such proto-
cols towards specific NP morphologies, usually resulting in
spheres, polyhedra or rods (or combinations thereof), whose
shapes are governed by thermodynamics and so are bounded by
predominantly convex surfaces that minimise the NP surface
energy. In contrast, negatively-curved, concave surfaces can be
produced out of equilibrium if kinetic control of either aniso-
tropic etching or growth can be achieved. Such NP surfaces can
be advantageous to applications including catalysis, where
high-index surfaces and high surface areas may have increased
reactivity. In this communication we demonstrate a new means
of kinetic control to achieve an unusual NP morphology.
Specifically, we show that using polynuclear metal complexes as
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the precursors for MnO NP synthesis can lead to the formation
of NPs with an ‘octapod’ shape that has not, to our knowledge,
been previously reported for this material system - or, indeed,
for any transition metal oxide. Manganese oxide NP systems are
of interest for a variety of applications including catalysts® and
electronics,* but here we consider the magnetic characteristics,
since the observation of ferromagnetism in nanoparticulate
MnO - which is otherwise a bulk antiferromagnet - has
attracted substantial interest.>** We demonstrate that the
octapods’ increased surface to volume ratio enhances the NP
high-field, low-temperature magnetisation and that the parti-
cles may be suitable contrast agents for magnetic resonance
imaging (MRI).

Only a few reports exist® that use polynuclear metal
complexes as precursors for NP synthesis. This is somewhat
surprising, since one might anticipate that the guaranteed
proximity of metal centres immediately after decomposition
could profoundly affect the kinetics of NP seed formation and
accretion into full NPs. Further, it is well known that molecular
chelates can manipulate NP growth by perturbing the ligation
sphere around growing NPs,® so the molecules introduced by
precursor fragmentation may also influence NP morphology.
The mechanisms of either possibility have not previously been
considered in detail. Here, we focus on polynuclear complexes
based on the [Mn;O(O,CR)e¢L3] motif and the larger dodeca-
nuclear Mnj,-acetate [Mn;,04,(0Ac)16(H20),]-4H,0-2AcOH
complex. This combination facilitates a number of comparative
studies spanning both small and large precursors and multiple
ligands.

The precursor complexes were synthesised as previously
reported.”® Thermogravimetric analysis (TGA, Fig. S1)f indi-
cated that the external ligands of the Mn;,-acetate precursor
detach at 230 °C, which was therefore designated as the ‘hold
temperature’ i.e. a temperature below that required for NP
growth and so used to separate the NP nucleation and growth
processes, before further heating. NPs were formed by decom-
posing the precursor in 1-octadecene (ODE) in the presence of
oleic acid (OA) and oleylamine (OAm), a combination of solvent
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Fig. 1 TEM images of the spherical particles obtained from Mn,-
acetate at different reaction temperatures following a 230 °C hold
step: (a) 290 °C, (b) 300 °C and (c) 310 °C. (d) The corresponding size
distributions.

and surfactants that is common to the literature.’f Represen-
tative TEM images of the products of Mn,,-acetate decomposi-
tion are given in Fig. 1, which shows spherical NPs, the size of
which can be tuned from 7 to 17 nm simply by varying the
reaction temperature. The smallest NPs have a monodispersity
that is comparable to that of alternative synthesis protocols
(Fig. 1a and S57) and the NP size distribution broadens with

Fig. 2 TEM images of octapod particles obtained from (a) Mng,-
acetate and (b and c) [MnzO(OAc)s(Im)s][OAc], the latter showing an
octapod viewed down the [100] zone axis.
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increasing particle size (Fig. 1d).f X-ray diffraction and trans-
mission electron microscopy (TEM) confirms the as-obtained
particles to be cubic MnO (JCPDS: 07-0230), resulting from
the reduction of Mn(m) and Mn(wv) due to the presence of excess
oleylamine and ODE. The formation of spherical particles is
consistent with thermodynamic crystal growth and indicates
that polynuclear complexes are viable precursors for MnO NP
formation with good control over NP size and size distribution.
Both large and small precursor complexes could decompose to
form spherical NPs, but we find the nature of the molecular
ligands to influence NP morphology: in addition to the spher-
ical NPs, a variety of aspherical, but still convex-terminated NPs
were also produced by decomposition of {Mn;} complexes,
depending on the ligand. This indicates that competitive
adsorption of decomposition fragments onto the growing NPs
can alter NP morphology, similar to our recent study of the
magnetite system.’ An in-depth study of the role of precursor
ligand on MnO NP morphology and monodispersity will be
published separately.

Our main result is that a simple change to the heating profile
pushes the reaction mechanism from thermodynamic to kinetic
control. By bypassing the 230 °C hold-step and heating the
reaction directly to 300 °C, both Mn;,-acetate and
[Mn;™O(OAc)s(Im);][OAc] (Im = imidazole) precursors yielded
unusual ‘octapod’ particles, with pronounced concave surfaces
and sizes 30 & 7 nm and 85 + 13 nm respectively (Fig. 2, S6 and
S77). This widened distribution of particle sizes is consistent
with the removal of a hold temperature that clearly separates NP
nucleation and growth reaction steps.® Although lattice fringes
are not resolved in Fig. 2c¢, XRD and TEM again confirm MnO
crystallography and we find that this can be converted pseu-
domorphically to Mn;0, after substantial oxidation. The eight-
pronged nature of the particles was confirmed through TEM
tilting experiments, as shown in Fig. 3 and the crystallography is
consistent with the prongs lying along (111) directions. The
formation of MnO octapods is remarkable: to the best of our
knowledge this morphology has not been reported for MnO or
other transition metal oxides. The NPs are fundamentally
different to previous multipod MnO NPs, which comprise
substantially longer, up to 6-fold symmetric ‘arms’ lying along
(100) directions that derive from anisotropic growth that tends
towards long, positively-curved nanowire structural elements.
These NPs are thought to grow by either a dissolution/growth
mechanism or via oriented attachment, often yielding poly-
crystalline NPs (ref. 10) whose arms grow with reaction time. In

+30° +45°

f2

Fig. 3 TEM images of an octapod particle obtained using Mnj,-acetate with no heating step. The images were collected at tilt angles of —45°
through to +45° in 15° increments. The 8-pronged nature of the particles is visible upon tilting whilst the cross-hatched contrast at certain angles

is consistent with a single crystal structure.
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contrast, the octapods here appear single-crystalline, 8-fold
symmetric and to retain their aspect ratios during growth.

The change from spherical to octapod morphology and the
production of negatively-curved NPs is consistent with a move
towards kinetically-controlled NP growth that is induced by the
more rapid heating protocol. By analogy with recent studies of
out-of-equilibrium metallic NPs, the octapod morphology
derives from an underlying cubic symmetry, with either pref-
erential etching of {100} faces or rapid growth along (111) axes,
in both cases yielding {hkk}-type facets at the cube corners.* In
the current system, we have no evidence for anisotropic etching
but a more rapid decomposition of polynuclear precursors
could result in anisotropic growth. It is known that OA and OAm
form a solvation sphere around growing NPs and that OA has a
high affinity for the {100} surfaces,® thereby protecting those
surfaces and providing a vector for anisotropic growth along
(111) directions. However, the explanation for octapod forma-
tion requires more than merely perturbing the OAm:Om
solvation sphere since octapods arose from a change in heating
protocol rather than a change of ligands capable of competitive
adsorption. We therefore consider that the essential difference
between the formation of octapods and of spheres is in the
manner of precursor decomposition, which would also account
for differences between the products of the polynuclear
precursors used here and those mononuclear precursors of
previous studies. One effect is the number of MnO formula
units arriving simultaneously at the growing NP surface, which
will be higher in the polynuclear case, particularly under rapid
annealing. This result is similar to the out-of-equilibrium NPs
obtained in the rhodium system when the precursor species was
rapidly injected into a hot reaction vessel."* A second difference
may be the diffusion rates of accreted species around the NP
surface, since monomeric formula units or individual adatoms
can be expected to diffuse more rapidly than the cores of poly-
nuclear precursors. Both effects could apply and if the rate of
arrival at the {111} facets is greater than the rate of diffusion
away, then anisotropic growth along (111) directions will occur,
forming octapods.

A fascinating consequence of the negative-curvature octa-
pods is their increased surface area, which has implications for
catalytic and battery technologies but is of particular relevance
to the magnetic properties of MnO nanoparticles. In bulk form
MnO is antiferromagnetic but in NP form it exhibits weak, low
temperature ferromagnetism that varies inversely with particle
size, as illustrated in Fig. 4 for the 7, 11 and 17 nm spherical
particles. Ferromagnetism is attributed to the presence of
uncompensated surface spins and the size dependence is in
accordance with the NP surface to volume ratio.?* Thus,
remanent magnetisation (M,) and saturation magnetisation
(M) all increase as the size of the spherical particles decreases
(Table 1). The data do not show any evidence for exchange bias,
which is not always observed under the zero-field-cooled
conditions of our experiment but would shift the centre of the
hysteresis loops in Fig. 4 off the origin. Exchange bias can arise
in MnO core-shell systems with substantial magnetic coupling
between the antiferromagnetic core and a ferrimagnetic Mn;0,
shell,” the latter commonly arising from atmospheric oxidation
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Fig. 4 Magnetisation vs. field data at 5 K, measured after cooling in
zero field for (upper) 7, 11 and 17 nm spherical MnO particles and
(lower) 85 nm octapod MnO particles. Inset is an expansion of the
region near the origin.

of MnO. In practice, it is difficult to distinguish between the
ferromagnetism of uncompensated surface spins and the
ferrimagnetism of an ultrathin Mn;0O, shell, however the latter
is undetectable in our images, diffraction data and magnetic
characterisation and our assignment of ferromagnetism is
consistent with the literature.>» The largest spherical particles
produced here (17 nm diameter) exhibit magnetic properties
approaching that of antiferromagnetic bulk MnO, in agreement
with previous studies. Particles that are larger still would be
expected to behave like the bulk oxide but our 85 nm octapod

Table 1 M, (remanent magnetisation), M (magnetisation at 7 Tesla),
and H. (coercivity) values of MnO nanoparticles at 5 K

Particle size & shape M, (emu g %) M(emu g™ H. (T)
7 nm spherical 1.53 2.62 0.54
11 nm spherical 0.33 1.06 0.49
17 nm spherical 0.09 0.18 0.56
85 nm octapod 0.34 2.69 0.60
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NPs do not conform to this size-dependent trend. Despite their
large size, the octapods exhibit M,, M and H, values similar to
those obtained from the much smaller 7 and 11 nm spherical
particles (Fig. 4 and Table 1). This behaviour can be attributed
to the increased surface to bulk ratio imparted by a branched,
negatively-curved morphology and the accommodation of the
consequently larger number of uncompensated surface spins
(or the presence of an ultrathin ferrimagnetic Mn;0, shell).
The relatively high surface to volume ratio of the octapods
may also have benefits in nanomedicine. MnO NPs have
attracted interest for their potential as contrast agents in MRI
studies since they can be functionalised and are largely bio-
compatible. Most importantly, they give positive T; contrast
rather than the negative T, contrast of many iron-based agents.
It is thought that surface Mn ions shorten the T, relaxation time
so that the strongest contrast is given by small NPs that maxi-
mise their surface to volume ratio. Larger NPs may be preferable
for some applications, for example as liver-specific contrast
agents™ or to afford larger drug-delivery payloads. However, no
relaxivity data have been reported for large MnO NPs since T,
contrast usually diminishes as NP size increases."* To assess
their viability for MRI our NPs were first made water soluble
with a coating of polyethylene glycol dopamine surfactant
(PEG600-DPA). MTT toxicity data for the solubilised NPs reveal
good cell viability over a 48 hour time period, decreasing slightly
for the 85 nm octapods by 72 hours.f MRI relaxation
measurements, collected from water-dispersed PEG600-DPA-
MnO NPs held in tubes and at 7.0 Tesla, are summarised in
Fig. 5 and gave relaxivity values of 7, = 12.5 mM ™' s~ ', rp/r; =
8.4 for the octapods and r; = 10.7 mM ™" s™*, r,/r; = 8.6 for 17
nm spherical NPs. (Further details of the coating, cell viability
and MRI measurements are provided in the ESI.T) Comparison
with the images collected from pure water (Fig. 5, left-hand
column) shows that both sets of NPs show positive T; contrast
and negative T, contrast, indicating their potential as MRI
contrast agents. The r; relaxivity values are also relatively large
in both cases, albeit collected at 7.0 Tesla, which is larger than
in most clinical systems. Reported MnO NPs show a wide range
of relaxation values depending on NP size, shape and surface
metal ion oxidation state,* the latter of which is expected to be
the same for both octapods and spherical NPs. Of particular
importance to the relaxation rate is the NP surface coating since

0.103
mM

0.031
mM

0.38
mM

0.254 0.086
mM mM

0.194
mM

water octapod sphere

Fig. 5 (Top row) T;-weighted and (bottom row) T,-weighted MRI
images of water-dispersed MnO 17 nm spherical and 85 nm octapod
nanoparticles, collected using a 7.0 Tesla MRI scanner. NP Mn
concentrations, determined by ICP-AES, are indicated above the
images; note that concentrations differ for octapods and spheres.
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its thickness, density and hydration level determine the prox-
imity of water molecules to NP surface ions."® PEG surfactants
have been shown to improve T, relaxation of super-
paramagnetic iron oxide nanoparticles’ and T, relaxation of
KMnF; NPs (ref. 15b) and it is likely that a similar Ty
enhancement arises from the hydrophilic PEG600-DPA coating
in our case. What is most interesting — and of potential appli-
cation - is the comparison between large octapods and small,
spherical NPs, which give similar MRI contrast. For example, T;
contrast of the octapods is positive and increases with Mn
concentration; at 0.194 mM Mn concentration the 85 nm-
octapod T; contrast is similar to that obtained from the 17
nm spheres at 0.254 mM concentration, despite their far larger
size. We attribute the octapods’ retention of positive T7; MRI
contrast and high-field, low-temperature magnetisation to their
increased surface to volume ratio.

Conclusions

In conclusion, we have demonstrated polynuclear complexes to
be advantageous in nanoparticle synthesis since they offer a
new degree of freedom that can be optimised towards the
formation of distinct morphologies. Here, we demonstrate the
formation of previously-unreported octapod MnO nanoparticles
that are bounded by negatively-curved, out-of-equilibrium
surfaces. The increased surface area leads to substantial
enhancement of the nanoparticles’ low temperature ferromag-
netic behaviour compared to spherical nanoparticles of a
comparable size. Both small spherical and large octapod PEG-
DPA coated NPs show promise as contrast agents displaying
high r; MRI relaxivity values. We anticipate the methodology
outlined here to have potential in a wide variety of other
nanoparticulate systems.
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