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Reproducibility studies

The reproducibility of the synthesis of citric acid coated iron oxide NPs through the
described microwave method was investigated to assess its feasibility towards mass-
production. The sources of variation that could affect the repeatability of the results were
studied. The rate of injection of sodium carbonate was identified as the “Achilles heel” of the
reaction, as it is subjected to human error. To overcome this limitation, a syringe pump was
used to provide reproducible injection conditions. Each reaction was repeated three times at
four different injection rates. As expected, the obtained results revealed a direct link between
the rate of injection and the quality of the obtained nanoparticles. DLS measurements for the
series of samples showed an increase on the average hydrodynamic diameter (D) with the
rate of addition of Na,COj; (Fig. S1) as attested by the one-way ANOVA test (F (3, 8)=
18.90, p < 0.001). Tukey post-hoc comparison for the four rates of injection indicated
significant differences (a0 = 0.05) with a rate of injection of 1 ml/min; however, no significant
differences were found between the rates of injection of 2 to 4 ml/min. All samples were
stable over time; however, a rate of addition greater or equal to 3 ml/min led to a size
distribution with a maximum hydrodynamic diameter of nearly 300 nm. The corresponding
particle size distributions from TEM images were also affected by the injection rate (Fig. S2).
Whereas the obtained particles had spheroidal morphology independently from the rate of
addition, particle average size and polydispersity varied with the injection rate. Core size
increased from 12.7 £ 2.1 nm to 16.9 + 2.9 nm upon increasing the injection rate from 1 to
2 ml/min (Fig. S2) with no detrimental effect on the reproducibility of Dy between the
repeats (Fig. S1). Conversely, a further increase on the injection rate had a detrimental effect
on the nanoparticle size distribution (Fig. S2), as seen by the increased coefficient of

variation with injection rate.
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Fig. S1. DLS measurement of citric acid coated iron oxide nanoparticles synthesised by

coprecipitation in a microwave reactor at a rate of injection of sodium carbonate ranging from
1 to 4 ml/min (left to right panel order).

A ferromagnetic-like curve was obtained for all samples (Fig. S3). Saturation
magnetisation (o;) at 300 K varied with a maximum 81.0 Am?kg-' and minimum 70.1
Am?Zkg! at an injection rate of 1 and 2 ml/min, respectively (Table S1). Magnetic saturation
was close to the bulk value of maghemite (78 Am?kg! at 300 K),! which could indicate that
the contribution of citric acid to the overall NP mass was negligible.> The decrease in oy may
be the result of finite size and surface effects, since no significant particle morphology
differences were detected. (Fig. S2). Particle size distribution widened upon increasing the
injection rate (Fig. S2), which led to the presence of big particles over the typical
superparamagnetic size (17.5 nm for maghemite and 12.2 nm for magnetite nanoparticles)
threshold of iron oxide® and became blocked at 300 K (Fig. S3). Consequently, H, and o; at
300 K increased with injection rate (Table S1). At 5 K, o; of all samples was higher
compared to the 300 K values as a result of the blocking of the spins at lower temperatures.?
The increase on oy was significantly higher for the sample prepared at 1 ml/min (Table S1),
amounting to 12.5 Am?kg!. This larger net increase indicates a higher population of

superparamagnetic nanoparticles at RT becoming blocked at lower temperatures (Fig. S2).
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Fig. S2. TEM images and particle size distribution of CA-IO nanoparticles synthesised with
2 mmol CA and step time for the reaction of 10 min with Na,CO; with injection rates of: A-

C) 1 ml/min, D-F) 2 ml/min, G-I) 3 ml/min and J-L) 4 ml/min.



Table S1. Overview of the magnetic parameters for CA-IO nanoparticles.

Injection
rate Gs 300K HoHe 300k Gt 300K Gs sk oHe sk Gr sk
(ml/min) (Am’kg™) (T) (Anm’kg') (Anmkg") (T) (Am’kg')
1 81.0 1.2x10* 0.2 93.5 1.98x1072 21.6
2 70.1 1.9x10 0.3 78.6 1.81x1072 18.8
3 74.6 2.5x104 0.5 84.0 2.05x1072 20.6
4 72.4 6.7x10 1.1 80.7 2.02x1072 21.6
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Fig. S3. Magnetisation curves for citric acid coated iron oxide nanoparticles synthesised by

coprecipitation in a microwave reactor at a rate of injection of sodium carbonate ranging from

1 to 4 ml/min at A) 300 K and B) 5 K.

The reproducibility of the heating performance of the synthesised particles was varied with
the rate of injection of sodium carbonate. Changes on core (Fig. S2) and hydrodynamic size
(Fig. S1) were translated on the heating capability of the generated samples. A one-way
ANOVA was used to test for heating performance differences among the rates of addition.
Heating performance differed significantly across the four injection rates used, F (3, 8) =

26.65, p < 0.001. Nonetheless, Tukey post-hoc comparison indicated no significant



differences (o = 0.05) in the heating performance between injection rates of 2 and 3 ml/min.
Nevertheless, an injection rate of 2 ml/min offered a higher control on the final properties of
the nanoparticles, as attested by the reproducibility studies on morphology and hydrodynamic

size and the smaller coefficient of variability.
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Fig. S4. Changes on ILP with the rate of addition of Na,CO;. Samples were measured at a
frequency of 950 kHz and a field amplitude of 10.5 kA.m.

Surface functionalisation — ATR-FTIR

Surface functionalisation was assessed by the ATR-FTIR spectrum. The chemisorption of CA
to the surface of the iron oxide nanoparticles was confirmed from the shift of the
characteristic peaks for free CA (Fig. S5). The 1065, 1247 and 1391 cm™' peaks were
assigned to the OH group, the symmetric stretching of C-O and the symmetric stretching of
COO- of CA, respectively.* The vibration for the asymmetric stretching of the COOH groups
of CA, shifted from 1700 to 1601 cm!' due to the binding of the carboxylic groups to the
surface of the nanoparticles.> Charge delocalisation gave a single-like bond character to the
C=0 bond, which reduced the vibration frequency. The 2871 cm!' peak is due to CH,
stretching. The band observed around 3300 - 3500 cm™' may correspond to unbound OH

groups from CA; however, it is also associated to coordinated OH groups from the



physisorbed water on the nanoparticle surface,® 7 and thus it cannot be used for identification

purposes.
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Fig. S5. ATR-FTIR spectra of IONPs before and after CA coating. CA spectrum is included
for reference. The 1800 - 2700 cm™! range has been excluded as no significant information

was found.

TEM images and particle size distributions for the complete CA-io sample series.
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from the measurement of at least 300 particles per sample and fitted to a log normal function.
The room temperature XRD patterns from the complete set of freeze-dried samples

Fig. S6. TEM analysis of CA-io nanoparticle series. Particle size distributions were obtained
primarily show a single phase corresponding to an iron oxide with an inverse spinel structure

XRD patterns and agreement indices for the Rietveld refinement.



(Fig. S7 and Table S2). After the corresponding analysis, it is not possible to unambiguously
distinguish whether the diffraction patterns correspond to either maghemite (y-Fe,Os) or
magnetite (Fe;0,) or a mixture of both due to the well-known similarity between the typical
diffraction profiles of these structures. In addition, peak broadening due to the small average
particle size throughout the series further complicates an accurate phase characterisation. As
the concentration of citric acid increases in solution, Fe(Il) from the inverted spinel structure
is slowly removed from the framework, with the subsequent increment of vacancies in the
structure. The unit cell parameters obtained from the Rietveld refinement showed a reduction
on the unit cell to a maximum of 8.378 A for CA-ioA. which corresponds to non-
stoichiometric or partially oxidised magnetite (magnetite and maghemite reference unit cells
8.397 A and 8.334 A, respectively).® The average decrease on the unit cell parameter with the

increase of citric acid in solution suggests the displacement of Fe(Il) from the structure.
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Fig. S7. X-ray powder diffraction patterns and agreement indices from Rietveld refinement
calculated for the CA-io series (D = crystallite size, a = lattice parameter, GoF = Goodness of

Fit, Ry = weighted R). The (*) indicates a peak corresponding to sodium carbonate
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Table S2. Crystallite size (Dygp) changes for the CA-io nanoparticle series obtained from the
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Rietveld refinement of the room temperature XRD patterns.

100

Sample Step time (min) MW power (W) ~ CA (mmol)  Dxgp (nm)  a(A)
CA-iocA 60 50 1 13.2 8.378
CA-ioB 60 50 2 133 8.370
CA-ioC 60 300 1 12.7 8.375
CA-ioD 60 300 2 14.3 8.369
CA-ioE 10 50 1 13.7 8.375
CA-ioF 10 50 2 14.2 8.372
CA-ioG 10 300 1 12.5 8.373
CA-ioH 10 300 2 14.7 8.359




Mossbauer spectroscopy

The standard model for analysis of Mdssbauer spectral is based on Lorentzian lineshapes
for the absorption lines. A less common, but very useful extension of this methodology, that
is pertinent to the analysis of fine particle iron oxides, is the Voigt lineshape, which is the
resultant of an intensity-based summation of Lorentzian lineshapes whose energies follow a
Gaussian distribution relative to the center of the absorption. This model was used in the
fitting of the room temperature Mossbauer spectra of samples CA-i0A and CA-ioH. (For
details see: K. Lagarec and D. G. Rancourt, Recoil-Mdssbauer spectral analysis software for
Windows, University of Ottawa, Ottawa, ON (1998).)

Both spectra exhibit a sextet with broad lines. This was fitted to a purely phenomenological
model comprising a superposition of three Voigtian sextets, with each component sextet
comprising two or three subcomponents. The resultant fits are shown in Fig. S8A. Very little
difference was distinguishable between the two spectra, as illustrated in the overlay of the
raw data shown in Fig. S8B.

Regarding the stoichiometry of the sample, the mean isomer shift (spectral centroid) of
0.40 mm/s is a good deal less than the 0.53 mm/s of stoichiometric magnetite, Fe;0,4, while
also being larger than the 0.34 mm/s of stoichiometric maghemite, y-Fe,O;. From this we
infer that the samples may comprise a non-stoichiometric magnetite and/or a mixture of

magnetite-like and maghemite-phases.
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Fig. S8A. Mossbauer spectra for samples CA-ioA and CA-ioH at 300 K (Iobs = observed

intensity, Icalc = calculated intensity, HFD Site = hyperfine field distribution site).
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Fig. S8B. Overlay of the room temperature Mdssbauer spectra of samples CA-i0A (black

symbols) and CA-ioH (blue symbols).



Static magnetic properties at 300 and 5 K

Table S3. Summary of the main magnetic parameters of the CA-io sample series.

Sample Gs 300K HoHe 300k Gr 300Kk G5 5K HoHe sk Or 5K
(Am%kg) (T) (Amkg')  (Am%kg") (T) (Am%kg™)

CA-ioA 71.5 4.6x10 0.5 84.5 2.4x107 17.8
CA-ioB 70.4 3.2x10+ 0.4 82.6 2.0x107 16.9
CA-ioC 72.9 3.7x10+ 0.4 84.5 2.4x107 19.9
CA-ioD 65.2 6.2x10* 0.7 76.7 1.3x107 18.9
CA-ioE 71.2 5.5x10+ 0.6 83.5 2.1x107 18.1
CA-ioF 71.9 4.6x104 0.5 83.9 2.0x107 16.9
CA-i0G 70.7 3.1x10+ 0.3 82.9 2.2x107 17.5
CA-ioH 72.7 5.9x10+ 0.7 85.2 2.1x107 18.1

804 —=—CA-ioA 80 ——CA-icA
—=— CA-ioB —=—CA-ioB
—=— CA-ioC r —=— CA-ioC
60 CA4oD 60 CA-doD
—=— CA-ioE —=—CA-ioE
£ 40 —=— CA-ioF L 40 ——CAvioF
o0 —=— CA-ioG =] —=—CA-ioG
< . i =4 . i
c\.5 20 CA-ioH NE 204 CA-ioH
S 300K N 5K
g 0 o 0
2 Z I
g -20 1 1 7 g 204
et N
o 4 15}
EO -40 1 0 7z |-, a) 404
) Z s
e ) /// = o
-804 -2 -804 3
1A -2x10° -1x10° 1x10°  2x107) %18 772004 002 000 002 0.04
T T L — 1T — T T 1 T T T+ T T L LI T L — r T r T
-8 -6 -4 2 0 2 4 6 8 -8 5 -4 2 0 2 4 6 8

Fig. S9. Hysteresis loops at A) 300 and B) 5 K for the whole CA-io sample series.
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