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Abstract

Magnetite nanoparticles are a type of magnetic nanoparticle (MNP) that are in-
expensive to make and can be formed in different shapes and sizes. MNPs can be
used in DNA /RNA purification, drug delivery and other biomedical applications. The
commonly employed solvothermal route to make these MNPs gives the most uniform
products with the smallest size distribution, but there is a need to identify easily con-
trolled changes to reaction parameters that can reliably tune the size and composition
of the MNPs made by this method. In this work we report simple and reliable meth-
ods whereby adjusting the total water content and basic salt concentration affords size
and composition control, respectively. We employ synchrotron X-ray absorbance mea-
surements to prove our method offers monotonic control over MNP composition from
maghemite-rich (7-FeaO3) to the more magnetic magnetite (Fe3O4). This demonstrates
a simple, general method to produce particles with high magnetite concentration and

the desired size.

Introduction

Magnetic nanoparticles (MNPs) have received a lot of interest because they can be eas-
ily manipulated with an external magnetic field, unlocking a wide range of applications in
biomedical, engineering, material science and environmental areas. There are several differ-

ent materials that can be utilized to form magnetic nanoparticles such as nickel,

gadolin-
ium,3® cobalt®” and magnetite (Fe;04).8 In many applications, FezO, is advantageous over
other materials due to the relatively low toxicity of iron oxides as well as the high abundance
and low cost of the synthetic precursors.

Although bulk Fe3O, is ferromagnetic, when the size of individual nanoparticles is small
enough, the magnetization of the particle can fluctuate and changes its direction, a phe-

nomenon known as superparamagnetism.? In the absence of an external magnetic field,

superparamagnetic nanoparticles show no magnetic interaction with each other (similar to



paramagnets), whereas in a magnetic field, superparamagnetic nanoparticles exhibit much
larger magnetization. This superparamagnetic behaviour makes them preferred over ferro-
magnetic nanoparticles for some applications, because they are less likely to spontaneously
aggregate.

To exhibit superparamagnetism, the nanoparticles typically need to be less than 20 nm
in size.!%! There are different synthetic approaches aimed at forming Fe;O4 nanoparticles
in this 20 nm or less superparamagnetic size regime, including the generation of individual

10.12,13 o1 gynthesis of larger MNP clusters comprised of

superparamagnetic nanoparticles,
smaller superparamagnetic nanoparticles.'* 2! The latter approach affords larger particles
(25 nm to approx. 1 micron). These larger clusters of nanoparticles will the focus of this
work, as they are advantageous for applications that require MNPs to move in response to
an external magnetic field, as Brownian motion becomes far less significant and the larger

volume to surface area ratio reduces drag.

There are many reports of synthetic protocols for Fe;O4 nanoparticle clusters such as co-
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precipitation, solvotherma and hydrothermal®* reactions. Among them, solvother-
mal reactions offer the best monodispersity, typically utilising diethylene glycol (DEG) and
ethylene glycol (EG) as a reducing solvent, sodium citrate as a ligand, and a basic salt such
as sodium acetate (NaOAc). There have been reports of tuning the sizes of the produced
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nanoparticle clusters by adjusting the ratio of DEG/EG,?%?3 citrate concentration,?* and

changing the ligand (e.g. from single molecule to polymeric, molecular weight of polymer).2
However, these methods do not yet offer monotonic control over the final particle size with-
out affecting monodispersity or other parameters such as composition and yield, and offer
only a limited tuning range. We note that there are several studies on tuning the size of
individual magnetic nanoparticles (typically below 20 nm in diameter)?®2® but these are not
relevant for controlling the size of larger nanoparticle clusters considered in this work. Hence

a method to monotonically and predictably control the size of MNPs in a batch, without

alteration of other metrics, is highly desirable.



In addition to size tunability, the composition of the final MNP product is often not accu-
rately known. Magnetic iron oxide nanoparticles can exhibit two different crystal structures,
namely maghemite (7-Fe,O3) and magnetite (Fe3O4). There is also hematite (a-Fe;O3) that
has a red-brown color and is much less magnetically responsive than v-Fe;O3 and Fe3Oy.2%:30
~v-Fe; O3 is a common by-product of the reaction to make Fe3O,4 due to incomplete reaction or
the presence of oxygen.!® These two phases of iron oxide can co-exist in the same nanopar-
ticle, but as FezO,4 has the highest saturation magnetization and magnetic susceptibility
amongst all iron oxides, it is the more desired product over v-Fe;O3, which is also is also
known to convert to the weakly magnetic a-FeyO3.1331733 Although the presence of -FeyOs
is usually obvious from the brown color, compared to black Fe3Oy, it is challenging to ac-
curately quantify the composition based on color, and likewise difficult to quantitatively
distinguish composition using simple characterization techniques such as XRD (Figure S1)
due to similarities in crystal structure.®* Furthermore, there is no reported method to con-
trol/tune the composition of the product - some methods give brown ~-Fe,O3, and others
give black FesO,4, but discussion of the origin of this difference is missing in the literature.
Hence, it is desirable to understand the synthetic parameters that can be varied in any
reaction to change the composition.

Here, we address this need for greater synthetic control. We report an approach to control
and tune the size of the Fe3O, nanoparticles consistently over a range of 100-300 nm, while
maintaining the monodispersity, by changing the total concentration of water in the reaction.
In addition, we used X-ray Absorption Spectroscopy (XAS) with a synchrotron light source
to accurately quantify MNP composition and demonstrate that the concentration of NaOAc
employed in the reaction can be used to monotonically tune the composition from pure Fe3O4

to pure v-FeyOg.



Experimental

Materials

Diethylene glycol (DEG, Sigma-Aldrich, 99%), ethylene glycol (EG, Sigma-Aldrich, >
99%), FeCl3-6 HoO (Sigma-Aldrich, 97%), anhydrous FeCl; (Sigma-Aldrich, 97%), sodium
citrate tribasic dihydrate (NaCit, Sigma-Aldrich, 99%), sodium acetate anhydrous (Sigma-
Aldrich, 99%), Milli-Q water (Millipore).

Synthesis of MNPs for XAS measurement

Typically for a 150 g/L sodium acetate synthesis, EG (47.5 mL) was added to FeClz-6 H,O
(6.18 g, 22.8 mmol), sodium citrate dihydrate (2.85 g, 9.69 mmol) and sodium acetate (7.13
g, 86.9 mmol). The suspension was magnetically stirred and heated to 80 °C for 45 mins
until dissolved. The solution was then transferred to a Teflon lined autoclave (120 mL) and
placed in an oven. The oven was heated to 200 °C with a heating ramp of 1 hour and
left for 10 hours. After the autoclave was cooled to room temperature, the resulting black
precipitate was collected via magnetic separation and washed 3 times with water.

The concentration of sodium acetate was varied from 37.5 g/L to 225 g/L to achieve

different iron oxide composition.

Synthesis of MINPs of varying sizes

Typically, DEG (45 mL) and EG (45 mL) were added to anhydrous FeCls (1.87 g, 11.5
mmol), sodium citrate dihydrate (3.13 g, 10.6 mmol) and sodium acetate (1.60 g, 19.5 mmol).
Water (1.25 mL, 69.4 mmol) was added to the solution before it was magnetically stirred
and heated to 80 °C for 45 mins, forming a clear yellow solution. The solution was then
transferred to a Teflon lined autoclave (120 mL) and placed in an oven. The oven was heated

to 200 °C with a heating ramp of 1 hour and left for 10 hours. After the autoclave has been



cooled down to room temperature, it was removed, and the black precipitate was collected
via magnetic separation and washed 3 times with water.
The amount of water added was varied from 1.25 mL to 2 mL to tune the size of the final

product.

Preparation of XAS samples

Fe K-edge XAS spectra were recorded on the XAS beamline 12 ID at the Australian
Synchrotron, ANSTO in Clayton, Victoria. The excitation energy was selected using a
double-crystal Si (111) monochromator with focusing optics to minimize harmonic content.
Energy calibration of the monochromator was performed at the Fe-K absorption edge using
an inline Fe metal foil (first maximum of the first derivative at 7110.75 V). Powder samples
were mixed with cellulose and pelletized to form 7 mm disks. All analyses were performed
in transmission mode. Short, repeat XAS scans of representative samples were performed to
confirm that the materials were sufficiently impervious to X-ray exposure for at least several

minutes.

Collection and processing of XAS data

Samples were analysed with a count time of 2 seconds for each energy step in the pre-
edge and XANES region, with 10 eV steps in the pre-edge region of the XAS spectra (6912
— 7092 eV), 0.25 eV steps in the XANES region (7092 — 7162 eV). In the EXAFS region
spectra were collected, in steps of 1 eV to a maximum of 4 eV, with count time increasing
linearly from 2 seconds up to 8 seconds at the end of the EXAFS range. Multiple scans were
collected at different sample positions. Data were pre-processed using Athena program for
scan averaging, background subtraction and edge-height normalization. 3>

The energy of the absorption spectra were calibrated by measuring the XANES of a
reference Fe foil provided by the synchrotron. The Fe foil’s Eq was set to 7110.75 eV according

to literature value and all samples were calibrated accordingly.3® To normalize the energy



spectra and remove background, the pre-edge range was set to between -195 eV to -64 eV,
and the normalization range was set to from 105 eV to 830 eV post edge. The normalization
order was set to 3. The k-weight was set to 2. And the k-range for Forward Fourier transform

was set to from 3 to 12.

SQUID magnetometry measurements

Magnetic hysteresis measurements were performed at 300 K on a Quantum Design
MPMS3-VSM SQUID magnetometer scanning from 3 T to -3 T with an average sweep
rate of 10 Oe/s. Samples were dried and ground then loaded into gelatin capsules in plastic

straws. Raw data were converted to yg and compared between samples.

Transmission Electron Microscopy (TEM)

TEM images were collected on an FEI Tecnai F20 (200kV) or F30 cyro microscope at
300 kV (Ian Holmes Imaging Center, Bio21). The TEM samples were prepared by dropping
6 puL of sample dispersion on TEM grids (300 mesh copper grid). The grids were dried at

room temperature.

Dynamic Light Scattering (DLS)

DLS samples were prepared by diluting samples in filtered Milli-QQ water. They were

measured on a Brookhaven Instruments BI-200SM with a 632 nm laser at a 90 °angle.

Results and discussion

Composition control of MNPs

Figure 1 shows the color change of the MNP product of a set of reactions employing

ethylene glycol, FeCl3-6 H;O, sodium citrate and sodium acetate, with the sodium acetate



(NaOAc) concentration varying from 37.5 g/L to 225 g/L and all other reactants unchanged.
It is immediately evident that lower concentrations of sodium acetate give a brown product
(likely predominantly v-Fe,Os3), whereas higher concentration give a black product (likely
predominantly Fe3O,4). However, color offers only a qualitative and speculative indication of
composition. X-ray absorption spectroscopy (XAS) has been used successfully to determine
percentage composition of Fe3O4 and v-Fe,Og in previous studies as an alternative to PXRD,

which cannot distinguish between them (Figure S1).37 40

(@) (b)

Figure 1: Photographs of MNPs with (a) 37.5 g/L NaOAc, (b) 112.5 g/L NaOAc and (c)
225 g/L NaOAc.

In XAS, X-rays are used to excite the core-shell electrons of the element of interest within
a sample. This excitation occurs at a characteristic energy referred to as the absorption edge.
The impinging X-rays are scanned across a range of energies, typically from a few hundred
eV below the edge to around a thousand eV above the edge. At each energy, the absorption
was measured by comparing the intensity of the incident beam to the transmitted beam. The
XAS spectrum consists of two different regions, the X-ray Absorption Near Edge Structure
(XANES) and Extended X-ray Absorption Fine Structure (EXAFS) regions. As the name

suggests, XANES covers the region near the absorption edge, including the peaks, shoulders
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and other features if present. The EXAFS on the other hand is the gradual oscillation above
the absorption edge that extends for hundreds of eVs.*!

Figure 2 shows the normalized XAS (u(E)) of the Fe K-edge EXAFS measurements,
kZ-weighted X (k) signal and the Fourier transform magnitude (k*--weighted) of EXAFS data
|X(R)| of the standard sample of FezOy4, 7-FesO3 and hematite (a-FeyO3), as well as the
synthesized samples with NaOAc concentration ([NaOAc]) from 37.5 g/L to 225 g/L. These
standard samples are essential for determination of the composition of the synthesized sam-

ples via linear combination fitting (LCF).
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Figure 2: Fe K-edge EXAFS analysis of iron oxide. (a) Normalized XAS signal u(E), (b)
kZweighted X(k) EXAFS data extracted from u(E), (c) |X(R)|, the Fourier transform mag-
nitude (k?-weighted) of EXAFS data of standard samples of Fe30y4, 7-FeoO3 and a-Fe,O3.
(d) Normalized XAS signal u(E), (e) k*weighted X (k) EXAFS data extracted from u(E),
(f) |X(R)|, the Fourier transform magnitude (k*weighted) of EXAFS data of synthesized
MNPs using different [NaOAc|. The concentrations refer to the concentration of NaOAc in
the reaction mixture at the beginning of the reaction.

Figures 2b and ¢ show clear differences between the spectra of the three standard mate-

rials. The a-Fe;Og3 affords a completely different spectrum to those of Fe3O4 and v-FeyOs.



This is because a-Fe;O3 has a very different crystal structure from the other oxides, which
also allows distinction via PXRD. While the spectral difference is smaller, Fe3O4 and v-Fe; O3
can still be easily distinguished by the k*-weighted X (k) EXAFS data in Figure 2b and the
Fourier transform magnitude (k®-weighted) of EXAFS data |X(R)| in Figure 2c. There is a
clear difference in the magnitude of the peak at |[X(R)| = 2.5 A and there is an additional
peak at 3 A for Fe;04. Although radial distance here is not the actual distance between
neighbouring atoms, they are closely related and gives insight into the structure.!

By comparing the spectra of our 5 samples with different [NaOAc] in Figure 2f, we can
see a clear trend of increasing amplitude at around 2.5 and 3 A as we increase the [NaOAc].
Qualitatively, it is evident from a comparison of Figures 2c and f that samples made with
higher [NaOAc] more closely resemble Fe;O,4, and those with lower [NaOAc| more closely
resemble y-FeyO3.

To quantitatively analyze the composition of our samples, LCF of the XANES region was
utilized to determine the percentage of Fe3O,, 7-FesO3 and a-Fe;O3z. Three sample plots
have been shown in Figures 3a-c, with the rest of the plots in Supporting Information (SI),
and the LCF fit results are summarized in Table 1. As expected, a-Fe,O3 only comprises a
small percentage across all of the synthesized samples due to its completely different crystal
structure. The percentage of both v-FesO3 and a-Fe,O3 percentage decreases as [NaOAc]
increases. The amount of 7-Fe;O3 and a-FeyO3 becomes negligible at 225 g/L NaOAc.
Meanwhile the percentage of Fe3O, increases from around 10 % to almost 100 % (Figure
3d). This shows [NaOAc| is a simple parameter that can give real tunability of Fe3Oy4
composition into solvothermal synthesis of MNPs.

The composition of MNPs can change over time when exposed to air regardless of the
initial composition. Indeed, we observed that the color of Fe3O, (black) samples became more
brown when left in water over several months. Fresh samples and samples aged in water for
1.5 months and 3.5 months were also measured with XAS and their chemical compositions

are shown in Figure 3d. There are no clear differences between the fresh sample and sample
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Figure 3: (a), (b) & (c) Examples of LCF plots for samples with 75 g/L, 112.5 g/L and 150
g/L of NaOAc fitted to Fe3Oy4, 7-FeoO3 and a-Fe; O3, forcing weights to sum to 1. See SI for
other LCF plots. (d) Percentage composition of Fe3Oy, 7-FesO3 and a-FesO3 as a function
of [NaOAc]. (e) Percentage composition of Fe3Oy, 7-Fe,O3 and a-Fe, O3 as a function of time
of the sample exposed to air. (f) Room temperature magnetic hysteresis loops of synthesized
samples with different [NaOAc|, scanned from an external magnetic field strength of 0 to

30000 Oe.
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aged for 1.5 months. However, the 3.5 months aged sample has a large decrease of Fe3Oy
percentage, an increase of y-Fe;O3 percentage and much smaller increase for a-Fe;O3. This
behaviour is likely due to oxidation of Fe;O,4 to v-Fe;O3 and the slow transformation from

’}/—FGQ 03 to a—Fe2 03

Table 1: Summary of the composition of the MNP samples made with different
[NaOAc|. Compositions are expressed as decimals. The R-factor is a measure of
how well the LCF is matched to the original data. Smaller R-factor means less
deviation from original data.

[NaOAc] R-factor a-Fe,O4 ~v-Fea O3 Fes 04

37.5 g/L 424 x 1074 0.244 £+ 0.022 0.626 £+ 0.018 0.130 £+ 0.012
75 g/L 3.70 x 1074 0.181 £+ 0.020 0.690 £+ 0.017 0.128 £+ 0.011
112.5 g/L 1.39 x 1074 0.104 £ 0.012 0.394 + 0.010 0.502 £+ 0.007
150 g/L 1.67 x 1074 0.021 £ 0.013 0.351 £ 0.011 0.627 £+ 0.007
225 g /L 7.04 x 1074 0 0 1

Magnetic hysteresis loops were measured at room temperature for all five samples, allow-
ing determination of the saturation magnetization and coercive field in each case. Magneti-
zation saturation occurs when an increase in applied external magnetic field cannot increase
the magnetization of the material further. It is a measure of the strength of magnetic re-
sponse to an external field. The coercive field is the external field intensity necessary to
demagnetize a fully magnetized material. The coercivity is very small or zero for a su-
perparamagnetic material.*? Figure 3f shows the magnetic hysteresis loops and we can see
that all materials magnetically saturate at relatively low applied fields and there is a clear
trend of increasing saturation magnetization with the increase of [NaOAc]. This confirms
the expected behaviour that MNPs with a Fe3Oy-rich composition are more magnetic than
those with a 7-Fe;O3- or a-Fe,O3- rich composition. The coercivity of all samples is small at
around 10 - 30 Oe, suggesting that all samples are very close to being superparamagnetic as
expected. Hence we have found increasing [NaOAc] leads to a higher percentage composition
of Fe30,4 and gives a more magnetic material.

This result can be rationalized by considering the mechanism behind the synthesis of

12



Fe;0, in EG/DEG, which is hypothesized to follow the polyol reduction process.?43:44

2HOCH,CH,OH = 2CH5CHO + 2H,0 (1)

CH3;COO™ + H,0 = OH™ + CH;COOH (2)

Fe*™ + 30H™ — Fe(OH)3 (3)

2 Fe(OH)3 + 2 CH3;CHO = CH3COCOCH; + 2 Fe(OH), + 2H,0 (4)
2Fe(OH)3 + Fe(OH)y — FesO4 + 4H,0 (5)

NaOAc is a weak base in this reaction that produces OH  when reacting with HyO
(equation 2). As we can see in equations 3 and 4, OH ™ is crucial in facilitating the formation
of Fe(OH)3 and consequently leads to reduction from Fe** to Fe*".

This theory is further supported by two other experiments we have performed: adding
the strong base NaOH to the reaction, and removing water from reagents. When adding
NaOH between 0-4 g/L to the reaction mixture, the concentration of OH  is expected to
increase, and indeed we observe a blacker product (closer to pure Fe3Oy) in reactions with
higher [NaOH]. Removing water from reagents by using anhydrous chemicals and drying
solvents also resulted in lower percentage of Fe;O4 (Figure S3). In this case, we hypothesize
that a higher concentration of water promotes the formation of more OH™ from NaOAc and
hence aids the formation of FesO,4 as discussed above.

We also found other parameters such as reaction headspace (air or inert gas) and fill
ratio of the pressurized reactor can also affect the composition of the MNPs. These were

either challenging to control reliably or afforded only small changes in composition, but are
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still important to consider when designing an ideal synthesis. Details of these results can be

found in the SI (Figure S3).

Size control of MNPs

Unlike co-precipitation reactions and hydrothermal reactions, pressurized solvothermal
reactions form large monodisperse MNP clusters consisting of small nanocrystals (10-20 nm).
These small nanocrystals were stabilized by citrate and the Fe3* ions were reduced to Fe?* by
sodium acetate, as reported previously by Liu et al.'® These smaller nanocrystals aggregate
into larger nanoclusters driven by the balance of electrostatic repulsion and the reduction of
surface energy as a result of aggregation.?**® Under the right conditions, these aggregated
clusters are monodisperse (have a small size distribution).

The size of the MNPs were measured by dynamic light scattering (DLS). DLS measures
the hydrodynamic size of particles and provides polydispersity index (PDI), a measure of
the size distribution of the nanoparticles.

Here we have reduced the concentration of all reagents as it gives a more monodisperse
product than the conditions used above for the XAS measurements, enabling better com-
parison of size. To achieve size tunability, other researchers have reported methods such as

2223 and sodium citrate concentration ([NaCit]).?* Xuan et al.

changing solvent composition
reported tunability of MNP nanocluster sizes from 300 nm to 20 nm simply by changing
the volume ratios of EG:DEG from 1:0 to 1:19.2% However, in our attempts, we observed a
decrease in MNP size from 1:0 to 1:1 EG:DEG ratio, but the size increased again when the
ratio changed to 1:3, and no MNPs were formed when the solvent was solely DEG.

The concentration of sodium citrate ligand (NaCit) is another popular parameter for
tuning the size. However, since sodium citrate is only readily available as a dihydrate salt,

groups that have used [NaCit] as the parameter to control size have also inevitably changed

the concentration of water in the reaction mixture.?* In our reactions, we isolated the effects
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of water content from [NaCit] and have found that the size tuning effect that was believed
to be solely contributed by [NaCit] was in fact a combined effect of both [NaCit] and [HyO].

We believe the role of water in these reactions has been largely masked because (i) anhy-
drous sodium citrate is monobasic and hence cannot be simply subsituted for sodium citrate
dihydrate (which is tribasic) and (ii) these reactions contain another large source of water
molecules as they typically employ large quantities of the hydrated iron salt FeCls-6 HyO.
Therefore, we designed a reaction to keep [HoO] constant even as [NaCit] is varied, by using
anhydrous FeCl; and adding varying amounts ofH,O. In this way we were able to hold the
total [HyO] constant in the reaction to 1 M irrespective of [NaCit], and additionally vary the
[HyO] with other precursor concentrations fixed. We are assuming the anhydrous solvents
we utilized contain negligible amount of water in our calculation, and in any case, the water
content in the solvent would be constant across all reactions.

In Table 2, sample set 1 shows the correlation between size and [NaCit] and [HyO] when
using hydrated reagents and not regulating [HyO], as is common in the literature. Sample
set 2 of Table 2 show the effect of citrate concentration on the size of MNPs when [H2O] is
fixed by using anhydrous FeCls and adding various amount of HyO to keep the overall [HoO]
constant. The TEM images of sample 2a-e can be found in Figure S4. Sample set 3 shows
the effect of varying [HoO] with all other precursor concentrations fixed.

Comparing the effect of [NaCit] within each sample group, at low [NaCit] for sample la
and 1b, the size of the MNPs remained large and the sizes increased, similar to sample 2a and
2b. This suggests that under a certain threshold, the [NaCit] has little effect in regulating
the size of MNPs. When further increasing [NaCit] and [HyO] at the same time, the size
of the MNPs decreases in samples 1b-e. By deconvoluting the effect of [NaCit] and [H20O],
when only [NaCit] is changing in samples 2b-e, the size trend was similar to samples 1b-e.
The effect of [NaCit] is stronger and it makes it more difficult to realize the effect of [HyO].
In samples 3a-c, when only [H2O] is increasing while other parameters were fixed, the sizes

of MNPs decreased.
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When comparing between the sample groups, samples 1lc, 2¢ and 3a demonstrate that
the syntheses output very similar size MNPs for the same precursor concentrations. We
note that the iron chloride hexahydrate precursor (1c) gives a significantly smaller size than
the anhydrous iron chloride (2¢, 3a) for the same concentration of precursors, which may
be due to higher than expected water content in the hygroscopic iron chloride hexahydrate
precursor.

The effect of either [NaCit] or [H2O] on the sizes can be explained as follows. When
[HyO] is fixed, the size of the MNPs decreases as [NaCit] increases due to an increase in lig-
and density and therefore nanoparticle surface charge. Hence higher electrostatic repulsion
forces are present between individual nanoparticles (<20 nm), reducing the number of indi-
vidual nanoparticles which can be present in a cluster (aggregate) and hence the cluster size
decreases.?* When [NaCit] is fixed, increasing [H,O] makes the solvent environment more
polar. A more polar solvent environment enhances the electrostatic repulsion of NaCit and
reduces the cluster size via the same mechanism.

Table 2: Summary of the effect of the concentration of sodium citrate and added
water on the size and PDI of the synthesized MNPs.

SReactions using FeClz-6 H,O as iron precursor.

*Reactions using anhydrous FeCls as iron precursor.

[NaCit] HO added HyO:Feratio [HyO] DLSsize PDI — TEM size

(M) (mmol) (M) (nm) (nm)
la 0047  N/A 6.7 0.865 347 0.143 326 =+ 60
b 0095  N/A 7.5 0.965 458 0.170 498 = 48
lc 0118  N/A 7.8 18 228 0.063 198 =+ 35
1d 0130  N/A 8.0 1.05% 84 0.089 49 £ 6
le 0142  N/A 8.2 1105 55 0128 36 +5
2a  0.047 82 7.8 1% 460 0.096 415 + 51
2b  0.095 73 7.8 1% AT5 0.074 431 + 45
2¢ 0118 69 7.8 1% 263 0.048 241 =+ 33
2d 0130 67 7.8 1% 96 0.076 61 + 8
2 0142 64 7.8 1% 62 0.086 40 £ 5
3a  0.118 69 7.8 1% 253 0.028 215 + 23
3b 0118 83 10.9 1.39® 182 0.021 189 + 26
3¢ 0118 111 13.9 1.77% 150 0.083 138 =+ 22
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However, we observed that the relationship between size and [NaCit] was not linear. At
low [NaCit|, the size of the particles remained above 400 nm with little change. At 0.118
M and 0.130 M, the size of the particles quickly dropped to around 241 nm and 61 nm
according to TEM. This was a sharp decrease within a small [NaCit] change (Figure 4a).
Further investigation identified [HoO] as the best parameter to achieve size tunability in the
100-200 nm size regime, where the effect of [NaCit] is non-linear and less easily controlled.
The trend of varying [H2O] is much more linear than tuning [NaCit] and offers finer control
of the size (Figure 4a). The size distribution was also kept low.

Magnetic hysteresis loops were measured for samples 2a-e and they all show very similar
saturation magnetization (Figure 4b). Since [NaOAc| was the same in all of these samples,
this observation further reinforces our earlier conclusion that the composition of the MNPs is
determined primarily by [NaOAc|, and demonstrates that size of the particles in the 40-400

nm range does not affect the magnetization.

(@) [H,0] (M) (b)
1.0 1.2 14 1.6 1.8
500 . . . . . 80
1/ § 62 nm
400 F =] 96 nm
. . 401 263nm
—_ —=— Tuning NaCit -~
[ 300+ ) [ —475 nm
£ —=— Tuning Water .g — 460 nm
8 ol 1 §
N L =
N 200 ! 5
i ® 40/
100} s
~=
0.04 0.06 0.08 0.10 0.12 0.14 0.16 '80_30'000 15000 O 15000 30000
[NaCit] (M) Magnetic field (Oe)

Figure 4: (a) Size trend of the MNPs when tuned with changing [NaCit] or [HyO]. (b) Room
temperature magnetic hysteresis loops of synthesized samples with different sizes from Table
2 samples 2a-e, scanned from an external magnetic field strength of 0 to 30000 Oe.

Figure 5 shows the TEM images of MNPs synthesized with different water concentration.

The TEM sizes were 215 + 23 nm, 189 4+ 26 nm and 138 £+ 22 nm for 1 M, 1.39 M and 1.77
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M of water respectively. TEM size and DLS size have the same general trend, but DLS sizes
are usually larger since it measures the hydrodynamic size. The slight discrepancy in the

middle concentration could be attributed to the size variation of the particles in the TEM

:.“ ()
: 5

images being counted.
a 5
@) gle

(b)

100 ;
100 nm ‘ St », . o

Figure 5: TEM images of MNPs synthesized with (a) 1 M, (b) 1.39 M, (¢) 1.77 M of H,O
added to the reaction. The TEM sizes were 215 4+ 23 nm, 189 4+ 26 nm and 138 £ 22 nm
respectively. Scale bar = 100 nm.

The use of hydrated reagent for citrate and iron chloride is often overlooked in the
literature when attempting to tune the size of the particles. Sodium citrate is only available
commercially in the dihydrate form, and iron chloride hexahydrate is the most commonly
used iron reagent. By using these two reagents, the amount of water in the reaction is
inevitably altered every time citrate or iron concentration is changed, leading to undesired
effects on nanoparticle size. Hence, to properly tune the size of the Fe3O4 nanoparticles, we
recommend the use of anhydrous FeCl; and addition of HoO as an additional tool together

with sodium citrate dihydrate (or other ligands) to reliably control the size of MNPs.

Conclusion

In summary, we have used synchrotron XAS to demonstrate that the composition of
solvothermally synthesized MNPs can be controlled by varying sodium acetate (base) con-

centration. Increasing the concentration of sodium acetate leads to a higher percentage of
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Fe3O, and results in more magnetic MNPs. In addition, we discovered that tuning water
concentration is a reliable means to control the MNP size, and for certain size ranges of-
fers better size control than the ligand (sodium citrate) concentration. These results offer
simple and reliable methods to obtain precise control over critical properties of magnetic

nanoparticles.
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