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Branched or multiply branched iron oxide nanoparticles are
synthesized, the crystal domains rearrange forming single
crystalline structures, that are crucial for efficient
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Introduction

Shape controlled iron oxide nanoparticles:
inducing branching and controlling particle
crystallinityy

Nur Hanisah AbuTalib,1? Alec P. LaGrow, @ ** Maximilian O. Besenhard, @ °
Oleksandr Bondarchuk, ©° Andreas Sergides,® Simone Famiani,®

Liliana P. Ferreira, ©9 M, Margarida Cruz, ®¢

Asterios Gavriilidis @ and Nguyen Thi Kim Thanh @ *2

Anisotropic nanoparticles (NPs) have garnered a great deal of attention for their applications in catalysis,
magnetism and biomedicine. However, synthetic strategies to grow such NPs are still limited as their growth
mechanisms are poorly understood. This work presents the synthesis of iron oxide nanoparticles (IONPs)
based on the decomposition of iron(in) acetylacetonate in organic solvents to form anisotropic IONPs that are
branched or multiply branched. We fully explore their growth parameters to understand the effect of varying
amounts of oleylamine (OAm), as well as a nitrogen purge on particle morphology. We show here the synthetic
relationship between a wide range of sizes and shapes of IONPs that are both isotropic and anisotropic. Of all
the parameters, the amount of oleylamine in the reaction is the key to tune the particle size while the effect of
a nitrogen gas purge during synthesis was shown to be crucial for the formation of the branched and multiply
branched NPs. Two multiply branched NP systems with only a small difference in the synthetic conditions
were shown to have radically different magnetic properties, such as heating in an alternating magnetic field.
This was attributed to the defects found in the structure of one and not in the other. By following their
development during growth, crystal defects were observed in both systems during the early stages of the
reaction. However, for the multiply branched structure that became single crystalline, the aggregation of the
nuclei occurred earlier in the reaction, allowing more time for growth and crystallite rearrangement to occur.
These results have wide ranging implications for controlling the properties of anisotropic nanomaterials with
similar structures, including their magnetic behavior.

seen increased interest is branched or clustered NPs." They
have shown increased activity in catalysis due to the higher

Nanomaterials are now being used in a wide range of
applications, and it is becoming increasingly obvious that
control over the morphology of a nanomaterial is imperative
for many applications.”” A class of nanomaterials which have
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proportion of high index facets exposed.'”™ Another example
is in biomedical applications where multi-core magnetic NPs,
often called nanoflowers, have been shown to be ideal
candidates for magnetic hyperthermia.®'® For magnetic
hyperthermia, the key characteristics making these shapes
ideal is thought to be their magnetic anisotropy and core-core
interactions, with the best properties coming from having
multiple aligned crystalline domains.®

Several mechanisms have been reported in the formation
of anisotropic NPs, these include controlled aggregation,
etching and branching. Etching typically occurs either during
the growth or via a post-preparative step to remove material
selectively from faceted surfaces and rearrange the particle
into a multiply branched structure.>'! In aggregative growth
mechanisms the final particles can be made up of aligned®
or unaligned"” crystal domains. The alignment of the crystal
domains to form a single crystal occurs via aggregation in
solution called oriented attachment where the facets of

This journal is © The Royal Society of Chemistry 2021
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growing particles align in solution.”*™"® Anisotropic structures
can also grow in solution where branches grow from a central
core, this can lead to the formation of particles ranging from
short rods up to multiply branched particles." The branches are
grown off a central core, either from the introduction of a seed
particle'” or via self-seeding.”"”>° These branches are typically
formed in twinned particles from symmetry breaking
events,"”>' or via polymorphism where arms of an hcp
polymorph are grown from seeds of an fcc polymorph.>'>

For IONPs, there are several synthetic strategies to form
anisotropic morphologies, in particular nanoflowers have been
formed via water based co-precipitation pathways,® and the
thermal decomposition synthesis in polyol solvents.>*** For
thermal decomposition synthesis of branched NPs in other (ie.,
non-polar) organic solvents, there is one study on tetrapods.*®
However, control over synthesis of anisotropic, branched or
nanoflowers of iron oxide, including their total size and
crystallinity, is still limited due to a lack of understanding over
the growth mechanism at play to form these unique shapes.

Here we illustrate a high temperature synthesis expanding
on the work of Sun et al.>” forming anisotropic NPs with varying
levels of branching, as well as their isotropic counterparts by
varying the amount of OAm, and purging nitrogen during
synthesis. Of particular interest were branched, and multiply
branched NPs which were characterized fully for their growth
mechanisms and potential for magnetic hyperthermia. The
two multiply branched systems explored were shown to have a
similar morphology but very different magnetic properties
which were attributed to their growth mechanism where one
rearranged to form a single crystalline branched structure and
the other did not.

Experimental

The IONPs were synthesized by the decomposition of iron(mr)
acetylacetonate [Fe(acac);] in a mixture of OAm, oleic acid,
1,2-hexadecanediol (HDD), benzaldehyde and 1-octadecene at
280 °C with purging nitrogen (Fig. 1A). The mixture of
benzaldehyde and 1-octadecene is used as a solvent, instead
of benzyl ether to increase the reproducibility of the synthesis
as reported by Qiao et al.>® From our experiments, the use of
the benzaldehyde/ 1-octadecene solvent mixture gave the
same results as what was seen with benzyl ether alone, while
also showing that the benzylether/ benzaldehyde was a key
component in forming anisotropic nanostructures (Fig. S17).
The precursor solution was composed of 0.35 g Fe(acac)s,
made up with between 0 and 40 equivalents of OAm
molecules to the metal precursor (eq. OAm). The other
surfactants, oleic acid and HDD, equivalents to the metal
precursor concentration were typically kept at 9 eq. and 4.5
eq. respectively, unless otherwise stated. The precursor
solution was heated to ~120 °C with a nitrogen purge and
held there for 30 min to remove oxygen and water. Then the
solution was rapidly heated to 280 °C at a rate of ~9 °C
min~!, with a vigorous purge of nitrogen (~0.5 mL min™").
The sample was kept at 280 °C for 30 min before cooling to
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Fig. 1 Schematic of the reaction set up showing a three neck flask
with a stir bar in it, a condenser and a temperature probe in the right
arm, with A) the nitrogen purge set up where a needle allowing the
nitrogen in is run through the left arm into the solution and out
through an outlet needle from the same arm. B) The nitrogen blanket
set up, where the nitrogen is attached to the top of the flask allowing
for a nitrogen blanket that can be replaced from the nitrogen manifold
which is attached to the top of the condenser.

below 80 °C in ~45 min. The reactions with the nitrogen
purge are the standard configuration used (Fig. 1A), but
experiments were also carried out under a blanket of
nitrogen, in these cases the nitrogen purge was used at the
start of the reaction to degas the system at ~120 °C and then
the system was put under a nitrogen blanket (Fig. 1B) before
the reaction was heated from ~120 °C to 280 °C.

Results and discussion
Synthesis of anisotropic and isotropic nanoparticles

Varying the OAm to precursor ratio from 0 to 40 eq. of OAm
to the metal precursor showed a clear and significant change
in shape anisotropy as seen in Fig. 2. The total size refers to
the longest continuous diameter across the particles to allow
comparison between the varied shapes formed, and the
branch width was taken from the diameter of a branch. The
measurement error given is the standard deviation of the
particle size distribution. With a large excess of OAm (>40
eq.) almost spherical particles of 6 + 1 nm are formed
(Fig. 2A). For lower equivalencies, 25-19 eq. OAm branched
particles (Fig. 2B and C, Table S1 and Fig. S27) are formed
with typically between 1 and 4 arms, with 25 eq. have a total
size of 13 + 3 nm and a branch width of 5.3 + 0.7 nm
(Fig. 2B) and 21 eq. being slightly larger with a size of 14 + 3
nm and a branch width of 5.6 + 0.8 nm (Fig. 2C). At 17 eq.
multiply branched particles are formed having a total size of
21 + 4 nm with branch width of 6.6 + 0.9 nm (Fig. 2D). With
decreasing amounts of OAm, the branched particles get
thicker and the core larger. At 15 eq. OAm the multiply
branched particles have a total size of 17 + 3 nm and a
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Fig. 2 TEM images of IONPs made with a constant nitrogen purge
with A) 40 eq., B) 25 eq., C) 21 eq., D) 17 eq., E) 15 eq., F) 13 eq., G) 10
eg., and H) 5 eq. OAm to the metal precursor [Fe(acac)s].

branch width of 7 + 1 nm (Fig. 2E). At 13 eq. OAm the
branched structure becomes less obvious as the total size
increases to 29 + 4 nm with a branch width of 14 + 3 nm
(Fig. 2F). When the amount of OAm is decreased to 10 eq.
the particles still have a degree of anisotropy and elongation
and have a total size of 17 + 3 nm with a ‘branch’ width of 12
+ 2 nm. Finally, faceted octahedral particles were formed at 5
eq. OAm (Fig. 2H). At 0 eq. OAm, NPs were not formed. Fe2p
XPS spectra show main peaks at ~711 and ~725 eV
corresponding to Fe2p;, and Fe2p,, respectively, and a
small peak at ~719 eV which is the shake-up satellite (Fig. S3
and S4, Tables S2 and S37). The peak positions of the Fe2p;,
and in particular the satellite peak are characteristic of
Fe’*>® An Fe®" contribution is often observed when the
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Fig. 3 TEM images of IONPs made under a positive nitrogen pressure
with A) 23 eq., B) 17 eq., C) 15 eq., D) 13 eq., E) 10 eq., and F) 5 eq.
OAm to the metal precursor [Fe(acac)s].

satellite is less obviously present, and can also be inferred
from the ratio of the iron to oxygen bound to a metal (Opeq).
The XPS O1s spectra showing a complex structure were fitted
with up to three Lorentzian-Gaussian curves (Fig. S3t). The
O1s component (Op,) centred at ~530 €V is assigned to the
oxygen-metal bonds. The molar ratio of Fe/Oy,e; ranges from
0.5 (5 eq. OAm) to 0.72 (17 eq. OAm) as shown in Table S2
Fe;0, and Fe,O; have ratios of 0.75 and 0.66 respectively,
whereas the lower ratio for 5 eq. OAm is attributed to unreacted
Fe(acac); which is difficult to remove via cleaning steps.

The effect of the nitrogen purge was investigated. Instead
of having a constant purge through the system, the reaction
was held under a blanket of nitrogen after purging the
system with nitrogen at 120 °C. Applying the nitrogen blanket
system to the OAm series, the shape of the NPs are more
isotropic than that with the nitrogen purge, forming spheres
and cubes (Fig. 3). The NPs formed with 23 eq. OAm are 7 +
1 nm and faceted (Fig. 3A and Table S4}). With 17 eq. OAm
the particles increased to 8 + 2 nm (Fig. 3B). With 15 eq.
OAm the NPs were 10 + 3 nm in size with ~50% of faceted
cubic particles formed (Fig. 3C). The particle size increases as
the equivalents of OAm is decreased, until it reaches a
maximum of 24 + 5 nm at 13 eq. OAm (Fig. 3D). At 10 eq. the

This journal is © The Royal Society of Chemistry 2021
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particle size decreases to 14 + 2 nm and are highly faceted
(Fig. 3E). At 5 eq. OAm the particles are 6.6 + 0.8 nm in size
(Fig. 3F). XPS of the particles are similar to that of the
particles synthesized with the nitrogen purge, with the peaks
in the Fe2p spectra being typical for Fe** and Fe: Oy, ratios
ranging from 0.7 for 23 eq. to 0.5 for 5 eq. OAm (Fig. S5 and
S6, Tables S5 and S67).

Further experiments showed that to form the branched
particles the nitrogen purge must be bubbling through the
solution. With nitrogen flowing over the solution (~0.5 mL
min~') the particles are anisotropic in shape, with bipod
formation and some that are branched (Fig. S7AfT). An
increased flow rate of the nitrogen to 0.6 mL min " through
the solution was tested by increasing the diameter of the
needles used for the entry and exit of the nitrogen into the
solution, this did not make an appreciable difference to the
NPs size or shape compared to the particles synthesized
under the typical flowing nitrogen configuration (Fig. S7B¥).

To further characterize the system with the nitrogen
purge, the effect of other reaction conditions
investigated. Increasing the concentration of the Fe(acac); by
up to 50% more, while keeping all other parameters the same
(Fig. S871) showed a similar trend as seen when decreasing
the OAm (Fig. 2), going from branched to multiply branched
particles. Increasing the concentration of the iron precursor
and the surfactants together, by up to 50% more, showed no
change in the shape of the particles formed (Fig. S97).
Decreasing the amount of oleic acid from 9 eq. down to 0 eq.
led to smaller more spherical particles (Fig. S10t). Finally,
the effect of the diol surfactant was also investigated by
altering its amount in the reaction mixture. Increasing the
amount of HDD to 7 eq. formed small and slightly elongated
NPs (Fig. S11f). While decreasing the amount of HDD,
increased the particle size and maintained the shape for 23
eq. OAm and 15 eq. OAm, until controlled particles were not
observed for 15 eq. OAm (Fig. S12 and Table S7t). At 23 eq.
OAm and 0 eq. HDD, 33 nm octapods of FeO/FexOy were
formed (Fig. S12 and Fig. S13f), similar to reports of
octapods formed in the literature.®® For 5 eq. OAm smaller
particles were formed with lower amounts of HDD until no
particles were formed at all.

The effect of the surfactants in this system can be
considered in two parts, the first is as reducing agents
facilitating the decomposition of Fe(acac);. OAm is well
documented to work as a reducing agent,** HDD has also been
reported to be a reducing agent*” and benzaldehyde (replacing
the early benzyl ether) has been reported to facilitate the
reduction of Fe*" to Fe**.*® Previous reports have shown that
thermal decomposition occurs via the reduction of Fe** to Fe**
through a radical reaction between the Fe’* center and the
carboxylate ligand* (in this case it would be either the
acetylacetonate ligand or the oleic acid). Other possible
reductants could come from the H,, CO and carbon formed
during the breakdown of the precursor.>* Also in the reaction,
decomposition of the precursor can be facilitated by radicals
that occur at high temperatures during break down of the

were
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precursors.®® Under these reaction conditions, the large
variation in the amount of OAm would cause a change in the
reduction rate observed of the Fe(acac);. This would also be
true for the HDD, where in reactions with low amounts of OAm
(5 eq.) and without HDD particles were observed only in
negligible amounts indicating that only limited reduction/
decomposition of the precursor was occurring.

The other effect of the role of surfactants in this synthesis
is discussed with regards to the categories of surfactants
described as nucleating agents and ripening agents.>**® To
summarize, the nucleating agent promotes the generation of
nuclei through strong attachments on the surface of the NP
thus stabilizing the nuclei. This lowers the barrier to
nucleation and affects the survival probability of the nuclei.
The ripening agent, on the other hand, stabilizes the
monomers in solution, thus limiting the number of nuclei
formed and leads to the formation of larger nuclei. Different
surfactant behaviour shows variation over the control of the
rate of nucleation of nanocrystals and the solubility of the
surfactant monomer complex.

We hypothesize that the effect of OAm in the system with
a nitrogen Dblanket atmosphere is to promote the
decomposition of Fe(acac); for nanoparticle formation. Below
13 eq., it is hypothesized that there is not enough OAm to
facilitate the full decomposition of the Fe(acac)s;, versus the
oleic acid in solution that is stabilizing the precursor, thus
reducing the size of the particles that are formed with lower
equivalents of OAm. As higher equivalents of OAm is added
to the reaction mixture, decomposition of the precursor
occurs to a greater extent. This allows for the NPs to grow in
size until a maximum of 24 + 5 nm at 13 eq. OAm; with
further addition of OAm, a general decrease in size is
observed. After 13 eq. OAm, the higher equivalents of OAm
increases the rate of nuclei formation and reduces the critical
size for nuclei to form, thus making smaller particles with
increased amounts of OAm. The same general trend is seen
for the total size of the particles synthesized with the
nitrogen purge.

In this reaction, the purge of nitrogen was shown to give
rise to the anisotropy. Nitrogen flow have been shown in the
literature to have an effect on NP formation.>**” One possible
reason is the extra stirring due to the nitrogen bubbles,
Hemery et al showed that vigorous stirring formed
nanoflowers, whereas the solution with only convective
stirring formed spherical particles.>® However, in the case of
this synthesis, all systems were vigorously stirred via a
magnetic stir bar. Another possibility is the bubbles provoke
nucleation or aggregation. This seems to be unlikely to be
the explanation as experiments with flowing nitrogen over
the solution (Fig. S7t) also lead to the formation of
anisotropic NPs, just to a lesser degree. Finally, another effect
of the purging nitrogen would be to allow volatile
compounds generated during the decomposition of Fe(acac),
to be removed. Belaid et al studied the thermal
decomposition of Fe(acac); using thermogravimetric analysis-
infrared (TGA-IR) spectroscopy, showing that decomposition

CrystEngComm, 2021, 23, 550-561 | 553
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began at 200 °C. At this temperature the loss of
acetylacetonate ligands (2,4-pentadione) was observed,*®
which unbound has a boiling point of 140 °C. Also, the
formation of other products such as CO, CO,, H,, H,O,
ketones and hydrocarbons has been reported,*®*° which all
have a boiling point below 260 °C. When purging nitrogen
though the solution volatile components are removed faster
compared to the set-up without the nitrogen purge. This
difference in components that bind to the forming nuclei in
solution is likely to affect the synthesis. For example,
acetylacetonate ligands and other ligand fragments have been
suggested to stabilize nuclei during the early stages of a
reaction.*>*! Of particular consideration is the CO formed
during the break down of the precursor, CO binds strongly to
Fe and is commonly used to form shape controlled NPs with
their low index facets exposed (cubes and octahedra).** CO
generated from the breakdown of acetylacetonate ligands
have been previously reported to act as a reducing agent in
solution of reactions at 300 °C.** In this context, the residual
CO in the solution could be important for forming the
isotropic nanostructures formed without the nitrogen purge,
stabilizing the nuclei and the low index facets formed.
Hence, the nitrogen gas purge in this synthesis is
hypothesized to promote the rapid aggregation of the nuclei
due to the loss of ligand fragments and reactive gases during
the initial stages of particle formation.

Comparison of the branched nanoparticle types

The three branched nanoparticles systems were further
studied for their magnetic and crystallographic properties,
and were studied for their heating properties in an
alternating magnetic field in water after a ligand exchange
step. This exchange making the particles dispersible in water
is essential for their use in biomedical applications. The
branched nanoparticles formed with 25 eq. OAm which were
considered to be the most pure in terms of not having
multiply branched particles (more than 4 branches present in
the reaction solution), was compared to the multiply
branched systems formed with 15 and 17 eq. OAm, the
particles formed with less OAm were not studied as they were
either too large to make a stable dispersion (13 eq. OAm) or
were no longer obviously anisotropic in shape. The NPs were
ligand exchanged for dispersion in water with dopamine-
functionalized poly(isobutylene-alt-maleic anhydride) as
shown previously.** The corresponding solutions were then
characterized in regard of their heating performance for
magnetic hyperthermia. The multiply branched NPs made
with 15 eq. OAm were seen to have the best heating
performance with an intrinsic loss property (ILP) of 1.55 nH
m? kgp. * and a specific absorption rate (SAR) of 457 W g ™" at
488 kHz and 24.5 kA m™". The branched NPs (25 eq. OAm),
and other multiply branched NPs (17 eq. OAm) had much
lower ILP values of 0.13 and 0.11 nH m® kgy. ' respectively,
with the corresponding SAR values of 37 and 50 W g " (Fig. 4
and Table S87).
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Fig. 4 Hyperthermia results for the branched (25 eq. OAm), and the
two multiply branched NPs (17 eq. OAm and 15 eq. OAm) made with a
constant nitrogen purge. The ILP values were all calculated at 488 kHz
and 24.5 kA m™%. The average size and size distribution (error bars) of
the long axis (total size) and the branch width of the particles is used
to compare with the ILP.

The branched NPs (25 eq. OAm) as well as the two
multiply branched NPs (17 eq. OAm and 15 eq. OAm) were
fully characterized with aberration corrected high resolution
transmission electron microscopy (HRTEM). The branched
NPs (25 eq. OAm) were single crystalline across the entire
particle, shown by the fast Fourier transforms (FFTs) from
the whole particle, the left arm (red box) and the right arm
(blue box), all have the reflections for the [110] zone axis
present in the same locations (Fig. 5A). For the multiply
branched particle formed with 17 eq. OAm, the predominant
zone axis the particle is being viewed down is the [100], as
shown from the area taken in the blue box at the bottom of
the particle (Fig. 5B). However the top area that is indicated
by the red box, shows the [100] axis reflections as well as
additional reflections indicated by the red circles in the FFT.
The FFT of the whole particle shows some of these additional
reflections still. For the multiply branched particle formed
with 15 eq. OAm, the particle is shown to be single
crystalline, with all of the FFT's showing the reflections for
the [110] zone axis (Fig. 5C). For 15 eq. OAm it is also
noticeable that the central core of the particle is much larger
than for 17 eq. OAm. Comparing these results to the XRD of
the three systems with the Scherrer equation gave crystallite
sizes of 12 + 1, 8.1 + 0.8 and 8.8 + 0.7 nm for 25 eq. OAm, 17
eq. OAm and 15 eq. OAm respectively (Fig. S147). This also
indicates that in the case of the 15 eq. OAm there is a slight
increase in crystallite ordering increasing the particle size
observed, corroborating the HRTEM results.

It is interesting to note the large difference in values
between the two multiply branched NPs, where the particles
formed at 17 eq. OAm have a larger total size of the particles,
21 +4 nmvs. 17 + 3 nm, and a slightly smaller branch width,
6.6 + 0.9 nm vs. 7 £ 1 nm, yet drastically different heating
properties. Studies performed with a superconducting

This journal is © The Royal Society of Chemistry 2021
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17 eq OAm |[100]

15ieq QAm’ [110]

Fig. 5 High resolution images of the IONPs synthesized with a
nitrogen purge and A) 25 eq. OAm (branched), B) 17 eq. OAm (multiply
branched) and C) 15 eq. OAm (multiply branched). Each particle has
the FFT of the full particle in the white box, and the FFT's of two
different regions of the particle indicated by the red and blue boxes
respectively.

quantum interference device (SQUID) showed a saturation
magnetization of 73.7 Am> kg™' at 300 K for 17 eq. OAm
which was lower than the 85.1 Am® kg™* for 15 eq. OAm (Fig.
S15A7). Both systems had a negligible coercivity of less than
~2.0 kA m™' at 300 K, indicating superparamagnetic
behavior. The blocking temperature (Tg) was investigated for
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the particles via zero-field cooled/field cooled (ZFC-FC)
measurements at 1.6 kKA m™* Oe *. The Ty was recorded at
159 K for the 17 eq. OAm, whereas for 15 eq. OAm the two
curves overlap only at 300 K, showing that it's blocking
temperature is higher and more varied amongst the
population of NPs (Fig. S15B7).

There was no clear correlation when comparing the total
particle size of the particles with their heating performance.
The key effects explaining the data is the number of
correlated domains forming a single crystalline structure, the
short branches and the larger core seen in 15 eq. OAm.
Whereas for 17 eq. OAm the core and branch sizes are
roughly equivalent in size, and not all the crystalline domains
are aligned. Different heating characteristics of these
particles are in line with the work of Palchoudhury et al. and
Lartigue et al., showing that the internal crystal ordering of
the nanoflowers is essential for improved heating
performance.>*> This system unlike the reports with
nanoflowers are smaller and more controlled with specific
domains around a central core, whereas nanoflowers are
made up of aligned but mis-oriented grains, which are made
by in a high temperature polyol reaction and are typically
larger and optimized to have higher heating response.®*
However, it is interesting to note that having a single
crystalline branched structure is increasing the ILP of the
nanoparticles formed via this method, above what is seen for
other materials synthesized via a derivative of the Sun
method, in particular for spheres of the same size range.*
This is particularly of note as for the high temperature
reaction methods carried out for iron oxide, the particles
formed via the Sun method were shown to have the best
magnetic properties as they are formed in a single crystalline
manner without defects present in the structure.*”

Growth studies of the anisotropic nanoparticle type

To understand the growth mechanism, 0.2 mL aliquots were
taken over the course of the synthesis (during the
temperature ramp of the synthesis and the aging time at 280
°C) starting at 260 °C for the branched particles (25 eq. OAm)
and multiply branched particles (17 eq. OAm and 15 eq.
OAm). Small nuclei were observed at 260 °C in all cases, and
proceeded to grow over time till the particles reached their
final size and shape after 30 min (Fig. 6A). At 260 °C in all
cases some larger chunks of material are observed, and this
is clear in the TEM image of the particles formed with 17 eq.
OAm. The average particle size and size distribution was
plotted with time for the three particle shapes with time 0
starting at 280 °C (Fig. 6B and C). The branched particles (25
eq. OAm) grow steadily from small anisotropic nuclei at 260
°C to larger branched structures after 30 min at 280 °C. This
growth shows a small increase in the total size, which
reaches a maximum after 5 min, while the branch width
which continues to increase with time (Fig. 6). For the
multiply branched particles formed at 17 eq. OAm, the nuclei
formed are initially branched, and the number of branches
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appears to increase at 280 °C, while at 5 min the particles
become fully aggregated and reach almost their full size. The
total size of the multiply branched particles formed at 15 eq.
OAm increased the most rapidly, reaching almost their final
size at 0 min, indicating that aggregation occurs during the
ramp up process (Fig. 6B). However, the branch width at 15
eq. OAm was observed to increase steadily after 0 min
(Fig. 6C), indicating that growth was occurring on top of the
aggregated particle. The branch width for the multiply
branched particles at 17 eq. OAm is seen to increase with
time, but to a smaller degree than for 15 eq. OAm.

HRTEM was performed for the particles obtained at
various stages during growth to study how the shape and
crystal structure evolve. At 260 °C, nuclei were observed at
25 eq. OAm, 17 eq. OAm and 15 eq. OAm. In all cases the
nuclei were slightly anisotropic and polycrystalline with one
or more defects observed in the structure (Fig. 7A-
C, red arrows). For 25 eq. OAm, polycrystalline branched
NPs are observed at 260 °C, with one particle showing a
mis-alignment between one anisotropic particle and the
second branch (Fig. 7A, red arrow). The branched particle at
0 min appears to be single crystalline and the one at 5 min

556 | CrystEngComm, 2021, 23, 550-561

still shows several defects present, however it is viewed
down a single zone axis (Fig. 7D and G). For 17 eq. OAm
the nuclei at 260 °C show a small anisotropic particle that
has multiple defects present (Fig. 7B, red arrows). At 280
°C, 0 min and 5 min, the particles show an increased
number of branches but each of the structures still have
multiple defects present (Fig. 7E and H, red arrows). The
FFT of the particle at 280 °C 0 min shows a small mis-
orientation in the FFT (Fig. 7E, white arrow) between the
main particle and the end of one of the arms. At 5 min
looking at a larger particle with three distinct arms it can
be seen that there are several additional reflections present
in the FFT (Fig. 7H, FFT red circles) and each of the arms
appear to have a defect present near where is attaches to
the main particle (Fig. 7H, red arrows). For 15 eq. OAm at
260 °C a particle is seen with defects present where a
second smaller particle appears to be attaching to the side
of the particle, the rest of the particle is viewed down one
zone axis with streaking in the FFT indicating defects
present in the particle (Fig. 7C). At 280 °C 0 min the
particles have already adopted a multiple branched
morphology, which is all viewed down a single zone axis

This journal is © The Royal Society of Chemistry 2021
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(Fig. 7F). After 5 min a larger multiply branched particle is
observed, however the FFT shows additional reflections
indicating the presence of mis-aligned domains. As shown
above, after 30 min of reaction only the multiply
branched particles formed with 17 eq. OAm have a large
degree of defects in the structure. This indicates that for
25 eq. OAm and 15 eq. OAm, the particles are not
formed as single crystal, but their crystal domains
undergo a degree of rearrangement and ordering during
the 30 min reaction time at 280 °C. For the multiply
branched particles formed at 17 eq. OAm this
rearrangement does not completely occur. XPS shows that
for all synthesis systems, after exceeding 260 °C, the
material consisted of Fe>”?" and O®  in a metal oxide
lattice with a Fe:O ratio between 0.72 and 0.76 (Fig.
S16-S18 and Tables S9-S12). This is consistent with the
nucleated particles being magnetite/maghemite, and
without any obvious change in the chemical structure
after nucleation.

Finally, the octahedra formed by reducing the amount of
OAm to 5 eq. were studied. The initial particles were observed
only after 5 min at 280 °C with a size of 13 + 3 nm, which

This journal is © The Royal Society of Chemistry 2021

continues to grow to their final size of 16 + 2 nm (Fig. S197).
The initial particles formed have a degree of anisotropy that
disappears as the reaction progresses, ending up with faceted
octahedra.

Two significant effects of the OAm are shown. First,
increasing the OAm causes the decomposition of the
precursor to occur at lower temperatures and shorter
times, by favoring the nucleation of the IONPs. At low
OAm concentrations (5 eq.), nucleation occurs at a much
later time due to an increased critical size required
before the nuclei are stable in solution. The initial NPs
formed are polydisperse and aggregated, however as the
concentration of monomers in solution (and iron still in
the precursor) is high, growth on top of the initial nuclei
allows the initial random shapes formed with 5 eq. OAm
to continue to grow until only isotropic octahedra are
present.

Increasing the amount of OAm lowers the nucleation
temperature and forms smaller anisotropic nuclei, these
anisotropic nuclei aggregate earlier in the reaction (Fig. 8).
Once the aggregated nuclei are formed, the NPs continue to
grow with the remaining monomers in solution. Comparing
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purge, detailing the overlapping stages of nucleation, attachment,
growth and rearrangement.

the two systems with multiply branched NPs, the 15 eq. OAm
synthesis had the aggregation occurring earlier in the
reaction, and thus more growth would occur on top of the
aggregated nuclei. The monomers in solution would then
attach to “fill up the holes” within the aggregates and allow
for the minimization of the surface energy during growth,
causing the formation of larger cores with shorter branches.
This growth on top of the aggregated nuclei would also favor
crystallization and lattice orientation (Fig. 8). For the multiply
branched NPs formed at 17 eq. OAm, the final particle is
polycrystalline, this can be explained through the decreased
number of monomers available for growth after the
aggregated multiply branched NPs are formed. The particle
would not be supplied with enough monomers during growth
for the rearrangement of the crystal domains. At high
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concentrations, 25 eq. OAm, the initial nuclei formed are
anisotropic and aggregate into branched particles during the
early stages of reaction, but do not continue to aggregate to
form the multiply branched particles. The OAm could
stabilize the nuclei decreasing the amount of aggregation
that occurs. After aggregation occurs, rearrangement also
occurs which is further facilitated by the continued growth of
the particles (Fig. 8).

From the growth studies, the NPs are shown to aggregate
into branched particles early and then grow from the initial
branched nuclei. Our growth mechanism departs from
studies of iron oxide nanoflowers in the literature, that show
that the particulates are formed and then align to produce
the nanoflowers.*®**® In nanoflowers the crystal domains
successfully rearrange as the reaction progresses, forming
aligned domains with a small degree of misalignment
present between domains.'® The growth mechanism we
observed is more similar to the work of Cozzoli et al. who
showed small tetrapods of iron oxide formed shortly after
nucleation at high temperatures in organic solvents and then
grew only in branch length.>® Unlike the work of Cozzoli
et al. we report here an initial nucleation of anisotropic iron
oxide that goes through an aggregation step and then
rearrange to form single crystalline particles. Once the initial
nucleation and aggregation occurs, then the particles
continue to grow in all directions. This leads to the
rearrangement and orientation of crystalline domains.

Conclusions

This work studies the effect of synthetic conditions of IONPs
on the particle morphology and size. Due to the wide range
of the conditions studied, anisotropic IONPs (branched
particles, and multiply branched particles) as well as
isotropic particles were observed. The isotropic particles
commonly observed, seem to be only a particular case of the
broader synthetic landscape. It must be highlighted, that the
presence of the purge of nitrogen through the solution was
essential to form the anisotropic IONPs. In the formation of
the anisotropic NPs, the OAm concentration was the key
parameter having a large effect on the NP morphology. For
the isotropic particles the OAm controlled the particle size
and polydispersity while for the anisotropic particles it also
controlled the degree of branching observed. Of particular
interest was the two multiply branched systems studied that
showed that small changes in the equivalents of OAm (17 eq.
vs. 15 eq. OAm) in the synthesis was shown to significantly
affect the NPs' heating properties. These changes were linked
to one key difference in the growth mechanisms, the time
that aggregation took place which then dictated the degree of
growth and crystallite rearrangement that occurred on top of
the aggregated nuclei.

The insights from the growth mechanism indicate the
importance of the nucleation rate and growth period to allow
crystallite rearrangement in the creation of a single
crystalline particle. Even small differences in growth

This journal is © The Royal Society of Chemistry 2021
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parameters resulted in particles with similar morphologies
that had radically different magnetic properties. This
indicates that a deep understanding of a NPs growth
mechanism and appropriate synthetic measures must be
taken to allow for crystallite rearrangement to occur. This can
also help to explain and thus limit problems with
reproducibility in a nanomaterials properties and structure,
which are common within the synthesis of anisotropic
nanostructures. It also illustrates the necessity of
understanding the growth mechanism to make sure that time
and feed source of precursors/monomers is sufficient to
allow for the rearrangement of the crystallites to occur, so
that an extended single crystalline domain of iron oxide
materials can be formed for efficient magnetic hyperthermia.

Finally, we have expanded the high temperature reaction
system, that has been used to form spheres, cubes, octahedra
and tetrapods, to branched nanoparticles and multiply
branched nanoparticles. Using a single procedure, thus
excluding system dependent effects, to fabricate a wider
range of nanoparticle shapes and sizes will allow further
study on the effect of synthetic parameters on the materials
properties. The insights from this study will also allow for
the other nanoparticle growth systems such as the polyol
method to be further expanded to be able to form other
shape controlled nanoparticles.

Methods

Chemicals

Iron(m) acetylacetonate (=99%), HDD (90%), oleic acid
(90%), OAm (70%), benzaldehyde (=99%), 1-octadecene
(90%), poly(isobutylene-alt-maleic anhydride) (M,, = 6000),
dopamine hydrochloride, triethylamine, dimethylformamide
(anhydrous), and tetrahydrofuran (THF) were purchased from
Sigma-Aldrich. Toluene (HPLC grade) was purchased from
Fisher Chemical. All chemicals were used as perceived.

Nanoparticle synthesis

In a typical synthesis 0.35 g (0.04 mol L) of iron(m)
acetylacetonate [Fe(acac);] and 1.3 g (4.5 molar equivalents to
Fe) of HDD was dissolved in 15 mL of 1-octadecene, 7.5 mL
of OAm, 2.85 mL (9 molar equivalents to Fe) of oleic acid
and 0.5 mL of benzaldehyde. The reaction mixture was
heated to 120 °C with purging nitrogen and dewatered and
degassed for 10 min. The solution was then heated to 280
°C and the reaction was run with purging nitrogen for 30
min. Once the reaction was finished the solution was
cooled to room temperature. Once cool, the solution was
removed from the flask and mixed with the same
proportion of acetone and then the particles were separated
with a magnet. A second and third wash was carried out by
re-dispersing the particles in a minimum amount of
toluene and then adding three times as much ethanol and
separated with a magnet.

This journal is © The Royal Society of Chemistry 2021
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Transmission electron microscopy (TEM)

Transmission electron microscopy was carried out on a JEOL
JEM 1200-EX operating at 120 kV with a tungsten filament.
The high-resolution TEM (HRTEM) was carried out on an FEI
Model Titan G2 60-300 and FEI Model Titan Themis 60-300
equipped with a Cg image corrector operating at 200 kv. TEM
samples were made by depositing the nanoparticle solutions
onto 200 mesh carbon coated copper grids (EM Resolutions
Ltd.).

X-ray diffraction (XRD)

Measurements were carried out on an X-ray diffractometer
from PanAnalytical, using a CoKoa radiation source with a
wavelength of 1.789 A. Samples were prepared by pressing
dried powders onto a zero-background silicon wafer.

X-ray photoelectron spectroscopy (XPS)

Measurements were carried out on an ESCALAB 250Xi with a
monochromatic Al Ko X-ray source. The XPS spectra were
acquired with a hemispherical analyzer with pass energies 20
eV and 200 eV for high resolution and survey spectra,
respectively. A dual beam charge neutralization technique
with 0.5 eV Ar ions and 0.5 eV electrons was used for
eliminated surface charging during the XPS measurements.
XPS spectra were peak-fitted using Avantage (Thermo Fisher
Scientific) data processing software. For peak fitting smart-
type background subtraction was used. Quantification has
been done using sensitivity factors provided by Avantage
library.

Magnetic measurements

Isothermal magnetic hysteresis curves up to 5.5 T and field
cooled/zero field cooled measurements in increasing
temperature, between 10 K and 300 K under 1.6 kA m ', were
carried out using a Quantum Design superconducting
quantum interference device (SQUID-MPMS).

Ligand exchange

The synthesis of the dopamine-functionalized
poly(isobutylene-alt-maleic anhydride) and subsequent ligand
exchange with it, was carried out as in the work of Thanh
et al.** In this work the ligand exchange was carried out by
dissolving ~50 mg of the dopamine-functionalized
poly(isobutylene-alt-maleic anhydride) in 10 mL of THF and
0.5 mL of ethanol. Then ~10 mg of NPs that had been
precipitated and dried were dispersed in 2 mL of THF. The
NP dispersion was mixed with the solution containing the
polymer and then it was agitated via a rotating shaker for 48
h. The NPs were then precipitated via centrifugation (5 min
at 4000 rpm) using excess hexane. The supernatant was
discarded and the precipitate was re-dispersed in 6 mL of
THF and 1 mL of ethanol. The nanoparticles were again
precipitated out with centrifugation and excess hexane. The
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precipitate was then dried under vacuum before 10 mL of di-
sodium tetraborate buffer solution at pH = 9.2 was added to
it and it was agitated via the rotating shaker for up to 3 d.
The resulting dispersion was filtered through a 0.45 pm
disposable syringe filter with VWR polyethersulfone
membrane. The excess ligands were removed through a
centrifugal filter (Sartorius, M, cut-off 50 kDa) and washing
three times with Milli-Q water (>18.0 MQ ecm ™).

Magnetic hyperthermia

The particles heating abilities in an AC magnetic field were
tested using a G2 driver D5 series calorimetric analyzer from
nB nanoScale Biomagnetics which was equipped with the
CAL1 coil set featuring a sealed glass Dewar flask (pressure
0.01-0.1 Pa) providing good thermal insulation (pseudo-
adiabatic system). The analyzer facilitated measurements for
variable frequencies and field strength while recording the
temperature with GaAs-based fiber optic probe immersed in
a vial containing ~1 mL of the aqueous IONP solution, ie.,
after the ligand exchange step.

The particles’ specific absorption rate (SAR), i.e., the power
dissipation of the magnetic material, was obtained based by

m -C My-Cy AT
SAR — THoNP-CioNP + My-¢w AT
mjonp At

AT m 1
SAR = ¢y — - —oPe
At myonp

where AT/d¢ was determined using the initial slope method

via a linear fit through the first 20 s of the heating profile
T(t) after applying the AC magnetic field, ¢, is the specific
heat capacity of water, and Mgampie/Mione is the sample to
IONP mass ratio.

Since SAR values depend on the used field strength and
frequencies the intrinsic loss power® was determined as

SAR[W kg ']

P = kb H2 [ (ka? m )]

To allow for a better comparison with literature.

Iron quantification

To determine the concentration of iron in the NP sample
for hyperthermia analysis, an iron quantification assay
method is used. This was conducted through the formation
of an iron complex with 1,10-phenanthroline forming a
deep red colour which was quantified using UV/vis
spectroscopy. A serial dilution was used to find the
concentration of the unknown iron sample. Using a
volumetric flask, a stock solution of 0.2 mg mL™" of [Fe]
was made up using Milli-Q water. This solution was used to
form a calibration curve for the UV/vis measurements by
creating a dilution series.
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In a glass vial, 500 ug mL™" concentration sample was
added with 500 ug mL™ of 4 M HCL and the solutions were
heated for 1 h in a 70 °C heating bath to ensure that
surfactants attached on the iron were completely digested. In
a glass vial, 200 ug mL™" of the sample was added with 450
uL of sodium acetate (125 mg mL™'), 50 ug mL™"' of
hydroxylamine hydrochloride (10 mg mL™) and 300 umL of
1,10-phenanthroline monohydrate (10 mg mL ™). The sample
is left for 30 min to ensure that the complexing process is
complete. Each sample was then analysed using a
SpectraMax M2e UV/vis spectrometer. The absorbance was
measured at 510 nm and compared to the calibration curve
to find the concentration of iron in the sample.
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