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Superparamagnetic iron oxide nanoparticles (SPIONs) are nanoparticles used in a lot of 

applications such as batteries, biomedical, … To obtain these nanoparticles, several techniques 

exist such as coprecipitation, thermal decomposition, sol-gel process but they have some 

advantages (synthesis in a water media, high crystallinity, high monodispersity) and 

disadvantages (using organic solvent, large distribution of size, poor crystallinity). The goal of 

this work is to synthesize SPIONs for biomedical applications (for example as contrast agent 

for the MRI): SPIONs should be stable in an aqueous media, monodisperse and have good 

crystallinity and magnetic properties. To achieve this result, microwave process is carried out. 

However, any study describes the microwave parameter on the synthesis of the nanoparticles. 

This work offers to determine the best conditions of the microwave to obtain ideal SPIONs for 

MRI. For this, an experimental design is carried out to determine these parameters thanks to 

different techniques of characterization (Transmission Electronic Microscopy, Dynamic Light 

Scattering, X-Ray Diffraction, Thermogravimetric Analysis, magnetic characterizations). With 

the different results of these characterizations, the best conditions of the microwave are 

determined, and a simulation of all experiments is realised with a surface response. 

 

1. Introduction 

The use of nanoparticles is becoming more and more common in various applications such as 
data storage,[1] batteries,[2] biomedical. Indeed, thanks to the high ratio between surface and 
volume, the nanoparticles are good candidates for these applications. For biomedical 
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applications, nanoparticles are used for the diagnosis (medical imaging such as Magnetic 
Resonance Imaging MRI, Positron Emission Tomography PET),[3–5] for therapy (e.g. 
hyperthermia for the cancer treatment)[6,7] or both with the vectorization of an active substance 
with nanoparticles directly to damaged cells.[8,9] For this purpose, different nanoparticles can 
be used according to their properties, their biocompatibility and their no-toxicity. The most 
commonly used nanoparticles are silver, gold, gadolinium, iron.[10–13]  
 
Thanks to the magnetic properties of certain elements, the possibility of used these 
nanoparticles in different fields is increasing. For example, magnetic nanoparticles are used as 
contrast agent (CA) for the MRI imaging to increase the contrast and to reduce the time of 
analysis. Gadolinium (Gd3+) and iron oxide (Fe3O4) are the most important nanoparticles for 
this application.[12,14,15] Indeed, due to the strong magnetization, Gd3+ is one of the best contrast 
agents for MRI: the longitudinal relaxation time (called T1) is shortened and so the signal 
strength is increasing. The main disadvantages is the toxicity of this paramagnetic centre in 
particular with the brain.[16,17] To avoid this toxicity, an organic layer is grafted around the 
gadolinium core.[18] Another strategy consists to use iron oxide as CA for MRI imaging because 
iron oxide are less toxic: this inorganic compound has a good magnetization.[19,20] They are 
different types of iron oxide but magnetite (Fe3O4) and maghemite (γ-Fe2O3) are often used due 
to their high magnetization. In addition, in function the size of the iron oxide nanoparticle, 
different magnetic behaviours are present. If the size is greater than 20 nm, iron oxide 
nanoparticles are in a ferrimagnetic state. [21] If the size is below than 20 nm, a 
superparamagnetic behaviour is present: the magnetization is zero when the applied magnetic 
field is equal to 0 Tesla. These nanoparticles with this magnetic state are used in MRI as CA: 
the transverse relaxation time (called T2) is shorten and the signal strength is reduced.[22] It is 
for this reason that we had chosen the synthesis of iron oxide nanoparticles for this work. 
 
Superparamagnetic Iron Oxide Nanoparticles (SPIONs) can be synthesized by different 
methods such as coprecipitation,[23–25] thermal decomposition,[26,27], hydrothermal, [28,29] sol-gel 
process[30] but each synthesis has its advantages and disadvantages and can modify the physico-
chemical properties and therefore the desired applications. For example, SPIONs can be obtain 
by thermal decomposition: SPIONs have a narrow size distribution, a good crystallinity and the 
control of the size and the shape is easy.[31,32] However, SPIONs are stable in an organic media 
due to the ligands present around the inorganic core (generally fatty acid such as oleic acid, ….) 
and several steps are mandatory to eliminate the presence of these organic solvent (transfer 
phase in an aqueous media, create a micellar system, …).[33,34]   
For that, the coprecipitation synthesis is chosen because it allows to obtain SPIONs stable in 
water media for an using as CA. Indeed, this synthesis is one of the more used synthesis to 
obtain iron oxide nanoparticles because it is easy and quickly.[23–25] A mixture of iron salts 
(usually a mixture of iron chloride II and iron chloride III) with a base is realised. But, with 
these conditions, SPIONs obtained by this technique are aggregate and without a control of the 
shape and the size. To overcome these problems, an addition of a ligand (polyvinyl alcohol 
PVA, polyethylene glycol PEG, citric acid, …) is necessary.[35–37] To reduce this size 
distribution even further, a new synthesis directly in water is developed since a few years: the 
microwave synthesis.[38,39] Thanks to the microwave irradiations, a control of the temperature 
within the reactor is carried out: this temperature control allows to obtain monodisperse 
SPIONs.[40] More and more publications about the synthesis of inorganic nanoparticles are 
published since 2000’ but just a few publications talk about the microwave parameters and their 
influence on the synthesis and the physico-chemical properties of SPIONs.[41] Indeed, these 
parameters as time of the synthesis, the temperature, the power of the microwave and the stirring 
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can modify several parameters of SPIONs (mean diameter, lattice parameter, saturation 
magnetization).  
 
In this study, we want to investigate and predict the best parameters of the microwave on a 
synthesis of SPIONs using a microwave process with an addition of citrate as ligand. For this, 
a statistical approach is carried out with an experimental design (ED).[42–45] The chemical 
conditions of the synthesis were reported previously and remained fixed for this study: only the 
microwave parameters were modified in this study.[46]  All synthesis were operated in the same 
conditions. To predict the best conditions of microwave parameters, different technique of 
characterizations is carried out. Then, with the answer of these techniques, a prediction of these 
answers was analysed to determine how SPIONs must be synthesized for MRI applications.  
 

2. Results and Discussion 

SPIONs has been synthesized according to the parameters described on Table S1. For the rest 
of this work, an example of a sample (S63A) and its characterizations are presented and the other 
sample with their characterizations are summarized on Table S2.  
A TEM micrograph of S63A is presented on Figure 1.a with its histogram of size distribution 
(Figure 1.b). SPIONs obtained by microwave synthesis are monodispersed, with no or a little 
aggregation thanks to the organic layer around the inorganic core (another micrograph is present 
on Figure S2). The mean diameter of S63A obtained by the size distribution is equal to 2.77 ± 
0.91 nm. From all samples, the size is between 2.68 nm and 3.57 nm (Figure 1.c). This diameter 
is an important response of the ED. Given the diameter of each SPION, this parameter should 
be maximised in order to achieve a higher chance of good crystallinity and of high 
magnetization saturation. In addition, with the TEM characterization, another response can be 
obtained: the standard deviation. One objective of this work is to obtain isolated iron oxide 
nanoparticles stable in aqueous solution and with the same size: the standard deviation σTEM 
should be minimized. For all samples, σTEM is between 0.83 nm to 1.32 nm (Figure 1.d).   
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Figure 1: TEM image of S63A (a) and its size distribution (b). To obtain the mean diameter, a 
lognormal fit (red line) was carried out and the size was 2.77 ± 0.91 nm. A distribution of each 
mean diameter dTEM (c) and of standard deviation σTEM (d) of all samples of ED are represented 
with the average (pink) and the corresponding standard deviation.  
  
 
Then, to determine the stability of iron oxide nanoparticles in an aqueous solution and the 
hydrodynamic diameter (i.e. the diameter of the inorganic core plus the organic layer and the 
solvation sphere), DLS measurements were carried out. A comparison between the diameter of 
the inorganic core and the hydrodynamic diameter of S63A is described on Figure 2.a. The 
hydrodynamic diameter of these SPIONs is equal to 8.5 ± 2.3 nm. Compared to the mean 
diameter of the inorganic core, the hydrodynamic diameter is higher. This increase of the size 
is due to the presence of ligands around the inorganic core or an aggregation of SPIONs. 
However, with the TEM micrograph (Figure 1.a), no aggregation is visible: the increasing of 
diameter is due to the organic layer. For other samples of the ED, the hydrodynamic diameter 
is between 5.6 nm and 26.5 nm and are shown on Figure 2.b. For the biomedical applications 
and especially for CA, the hydrodynamic diameter dDLS should be as large as possible but 
without aggregation to avoid blocking the blood vessels: this parameter should be maximised 
in the ED. Indeed, the efficacity of SPIONs as CA is dependent on the hydrodynamic diameter: 
as the hydrodynamic diameter increases, the efficiency increases too.[47,48]  
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Figure 2: size distribution with the hydrodynamic diameter (8.5 ± 2.3 nm) in function of the 
number of S63A (a) and the distribution of each hydrodynamic diameter dDLS of all samples of 
ED with the average (pink) and their corresponding standard deviation (b).   
 
To verify the crystallographic structure of the inorganic core, XRD patterns measurements were 
carried out. The principal iron oxide, magnetite Fe3O4 and maghemite γ-Fe2O3, crystallize in 
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the same cubic crystal structure (Fୢଷഥ୫): this structure is an inverse spinel. The XRD pattern of 
S63A is shown on Figure 3.a. The main peaks of iron oxide are indexed according to the spinel 
structure. To determine if SPIONs are magnetite, maghemite or sub-stoichiometric magnetite 
(Fe3-δO4 with δ the stoichiometric deviation), the lattice parameter aXRD was calculated with the 
main peaks. For almost the samples, the lattice parameter aXRD is between 8.395 Å (lattice 
parameter of pure Fe3O4) and 8.354 Å (lattice parameter of pure γ-Fe2O3) (figure S3). For S63A, 
the lattice parameter is equal to 8.357 ± 0.005 Å. For the other samples, aXRD is between 8.353 
Å and 8.432 Å (Figure 3.b). For the ED, aXRD should be near to the lattice parameter of 
magnetite (i.e. 8.395 Å) because magnetite has a higher magnetization than to maghemite.  
In addition, with XRD measurements, the crystallite size can be calculated. Indeed, each 
nanoparticle can be assimilated to one crystal because a nanoparticle is composed of a single 
domain. Thanks to the Debye-Scherrer equation and the position of the mean peak of the 
patterns (the 311 plane), the crystal size tXRD can be calculated. For S63A, tXRD is equal to 3.51 
nm. For the other samples, tXRD is between 3.02 nm and 4.01 nm (Figure 3.c). For the ED, this 
parameter should be maximised to increase the magnetization saturation.  
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Figure 3: XRD spectra of S63A (a) and the distribution of lattice parameter aXRD (b) and of 
crystallite size tXRD (c) of each sample of the ED with the average (pink) and their corresponding 
standard deviation. 
 
To justify the presence of an assumed organic layer with DLS measurements, a 
thermogravimetric analysis (TGA) measurements were carried out. An example of TGA (of 
S63A) curve is present on Figure 4.a and other TGA curves are one Figure S4: all TGA curves 
are the same behaviour in function of the temperature. During the heating of the sample, three 
steps were present. The first began at room temperature and finished around 150°C and 
corresponded to the evaporation of water. The second step, and the more important, is between 
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180°C and 250°C and corresponded to the decomposition of the citrate. Indeed, with a 
comparison with a TGA curve of citric acid (Figure S4), the weight loss is similar. Finally, the 
last stage around 300°C is considered to be decomposition of the last remaining chains. The 
percentage of ligand %lig of S63A is equal to 35%. The percentage of the other samples of ED 
are between 16% and 39% of ligands (Figure 4.b). This parameter should be around 30%/35% 
to obtain a good stability of SPIONs in an aqueous solution.  
Another technique of characterization to confirm the presence of citrate around the iron oxide 
core is the FTIR, shown on Figure S5 for the sample S63A. For all samples of ED, the same 
vibrational bands are observed. At high wavenumber, a large band from 3500 to 3000 cm-1 
corresponds to the stretching vibration of O-H of the hydroxyl group in citrate and absorbed 
water. At 1610 cm-1 and at 1415 cm-1, two intensive bands are present and corresponded 
respectively to the asymmetric and symmetric stretching of carboxylate groups. In addition, 
these two bands were offset by 30 cm-1 due to the chemisorption of citrate on the surface of 
SPIONs.[49] The presence of these carboxylate groups is confirmed by the stretching of C-O at 
1260 cm-1.  At the low wavenumber, the type of iron oxide nanoparticles can be determined. 
Indeed, if there is only one intense peak around 580 cm-1, the major phase is magnetite and if 
there are few peaks from 400 to 800 cm-1, the major phase is maghemite.[50,51] For all samples 
of the ED, there are an intense peak at 580 cm-1 thus confirming the presence of magnetite, but 
other peaks are present: in this case, the major phase of the inorganic core is magnetite with a 
slight oxidation which corresponds to sub stoichiometric magnetite Fe3-δO4.  
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Figure 4: thermogravimetric analysis from 20°C to 600°C of S63A (a) and the distribution of 
percentage of ligands %lig of each sample of the ED with the average (pink) and their 
corresponding standard deviation (b). 
 
The last essential characterization of our SPIONs is the magnetic characterizations. Indeed, the 
magnetic state is an important parameter for the use of these nanoparticles as CA. The first 
measurement is a magnetization cycle at room temperature: a magnetic field is applied 
from 50 000 Oe (1 Tesla = 10 000 Oe) to -50 000 Oe and from -50 000 Oe to 50 000 Oe. If the 
magnetic state is a cooperative magnetism, when the magnetic field changes, a coercive field 
will then appear: a hysteresis loop is generated. If the magnetic state is a no cooperative 
magnetism such as superparamagnetism, any hysteresis is generated: when the applied 
magnetic field is zero, the magnetic moment is also zero. In our case and for all samples of the 
ED, any hysteresis is present on the magnetic cycle at room temperature: all samples are in a 
supereparamagnetic state at 300K (Figure 5.a and Figure S6). The second information given 
by these curves is the magnetization saturation MS (i.e the maximum of the magnetic moment). 
The MS of a bulk of maghemite γ-Fe2O3 is 74 emu.g-1 and for a bulk of magnetite Fe3O4 is 92 
emu.g-1. The goal is to maximise the value of MS to improve the efficacity of SPIONs as CA. 
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The magnetic cycle of S63A is shown of Figure 5.a. The MS of samples of the ED are between 
18 emu.g-1 and 65 emu.g-1 (Figure 5.b). To confirm the superparamagnetic state, magnetic 
cycles are carried out at 5K (Figure 5.c). Indeed, at this temperature, the magnetic moment is 
blocked: the magnetic behaviour is similar to a cooperative magnetism; a hysteresis is therefore 
present when the applied magnetic field is changed. The insert on Figure 5.c showed this 
hysteresis for S63A and is present for all samples of the ED. As the magnetic moment is blocked, 
the MS value is therefore higher as shown the distribution of MS at 5K (Figure 5.d): the MS 
values are between 43 emu.g-1 to 95 emu.g-1. As for the MS value at 300K, the MS at 5K should 
be maximise for a use as CA.  
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Figure 5: magnetic cycle of S63A at 300K (a), the distribution of MS values at 300K of each 
sample of the ED with the average (pink) with their corresponding standard deviation (b), 
magnetic cycle of S63A at 5K and in insert a zoom to see the hysteresis (c) and the distribution 
of MS at 5K of each sample of the ED with the average (pink) with their corresponding standard 
deviation (d). 
 
At 300K, all nanoparticles studied in this work are in a superparamagnetic state and are in a 
blocked magnetic state at 5K. However, the transition temperature between these two states is 
not known. To determine this temperature, called blocking temperature TB, ZFC-FC curves are 
carried out. Generally, TB is assimilated to the maximum of the ZFC curve (i.e. the curve from 
5K to 300K). However, this value is not the exact value because we assume that all SPIONs 
have the same size. There is a distribution of size of SPIONs, so there is a blocking temperature 
distribution too: a blocking region should be considered. The exactly TB is thus determined by 
means of Monte-Carlo simulations.[52] For ease of reference, we therefore consider TB to be the 
maximum of the ZFC curve. The ZFC-FC curve of S63A is shown on Figure 6.a and other 
examples are present on Figure S7. The value of TB is equal to 13K. For the other samples, TB 
is between 11K and 46K (Figure 6.b). In addition, as mentioned above, the ZFC-FC curve 
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corresponds to a distribution of TB. This distribution can be to compare with the size distribution 
obtained with TEM images: if the size distribution is large, the distribution of TB must be large. 
For S63A, the size distribution is narrow like the distribution of TB.   
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Figure 6: ZFC-FC curve of S63A with a TB = 13K (a) and the distribution of TB of each sample 
of the ED with the average (pink) and their corresponding standard deviation (b). 
 
Thanks all these characterizations, the different responses (the mean diameter dTEM, the 
standard deviation in TEM σTEM, the hydrodynamic diameter dDLS, the lattice parameter aXRD, 
the crystallite size tXRD, the percentage of ligands %lig, the magnetization saturation at 300K 
MS_300K and at 5K Ms_5K  and the blocking temperature TB) for our ED have been obtained 
and will allow us to determine the best microwave parameters to synthesize iron oxide 
nanoparticles for a use as CA. However, in view of the number of results for each response, a 
search of outliers is carried out thanks a Dixon’s test (described on Figure S8). This test allows 
to discriminate the extreme values. With a threshold of 0.01 (r4;0.99 = 0.889), a few values are 
removed: these values are crossed out on Table S2.  
 

To prove the repeatability, as mentioned above, the ED was repeated three times by the same 
operator. After this repeatability, an ANOVA (Analysis of Variances) is carried out to check if 
the different average of the different repeatability (ED1A, ED2A and ED3A) are similar or not. If 
the average of each repeatability is similar, the ED is repeatable. The different ANOVA of each 
response are present on Table S3. The difference between each ED is calculated and compared 
with the limit of repeatability (calculated from the sum of squared differences). If the difference 
is below to the limit of repeatability, we can hypothesize that the synthesis is repeatable. In this 
study, for all samples (16 samples per each ED) and for all responses, the difference between 
each ED is below to the limit of repeatability: the ED is so repeatable. 
 
For the reproducibility, the same operation is realised but with the average of two different 
operators (i.e. with the average of EDyA y = 1;2;3 and with ED1B). The results of ANOVA are 
present on Table S4. The same calculi are carried out than the repeatability and for each sample 
and each response, the difference between ED is below to the limit of reproducibility: the ED 
is maybe reproducible. To totally confirm this hypothesis, another operator in another lab must 
carry out this ED and the same physico-chemical characterizations.  
 
After to prove the repeatability and the reproducibility of the ED, the determination of the best 
microwave parameters for an application as CA is realized. For this, the average of each level 
of each factor is calculated. Thus, thanks to an effects diagram, the variations between the 
different levels of a factor become visual. For example, for the microwave power (factor D) at 
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650 W (level 3), the value is equal to the average of the response of S3, S5,  0 and S16. 
All averages of each response are summarised on Table S5. The different effects diagrams are 
shown on Figure 7.  
After determining how the responses should be (maximised, minimised, or close to a value), an 
optimisation of the microwave parameters is obtained according to this response. Thus, the 
mean diameter dTEM should be maximised (in view of the sizes obtained) (Figure 7.a), the 
standard deviation σTEM should be minimized (Figure 7.b), the hydrodynamic diameter dDLS 
should be maximised (Figure 7.c), the lattice parameter aXRD should be near to 8.395 Å (the 
lattice parameter of magnetite Fe3O4) because magnetite has a higher magnetization and 
therefore allows to increase the efficiency as CA (Figure 7.d). Then, in accordance with the 
mean diameter dTEM, the crystallite size should be maximised (in view of the sizes obtained) 
(Figure 7.e). For a good stability in an aqueous media, the percentage of ligands %lig should be 
near to 30/32% (Figure 7.f). Finally, for the magnetic properties, the magnetisation saturation 
Ms at 300K (Figure 7.g) and at 5K (Figure 7.h) should be maximised due to the potential 
application as CA. For the blocking temperature TB, this parameter should be minimised 
because generally when TB is high, aggregates can appear (Figure 7.i).  
For example, one goal of this study is to obtain monodisperse SPIONs: the size distribution 
should be narrow. So, to validate this criterion, the standard deviation σTEM should be minimised. 
With the effects diagram of σTEM (Figure 7.b), a minimum of the standard deviation is obtained 
when the ramp time is 5 min (factor A, level 1), the temperature is 90°C (factor B, level 1), the 
stage time is 40 min (factor C, level 4), the microwave power is 650 W (factor D, level 3) and 
without a stirring during the synthesis (factor E, level 1). However, in order to obtain 
reproducible and repeatable synthesis, the variance must also be minimised for all responses. 
The different variances of each response in function of the factor are shown on Figure S9.  
 

5 
m
in

10
 m

in

15
 m

in

20
 m

in
80

°C
90

°C

10
0°

C

11
0°

C

10
 m

in

20
 m

in

30
 m

in

40
 m

in

25
0 

W
45

0 
W
65

0 
W
85

0 
W

W
ith

ou
t t1 t2 t3

2.80

2.85

2.90

2.95

3.00

3.05

3.10

3.15

3.20

M
ea

n 
di

am
et

er
 d

T
E

M
 (

nm
)

(a)

5 
m

in

10
 m

in

15
 m

in

20
 m

in
80

°C
90

°C

10
0°

C

11
0°

C

10
 m

in

20
 m

in

30
 m

in

40
 m

in

25
0 

W
45

0 
W
65

0 
W
85

0 
W

W
ith

ou
t t1 t2 t3

0.85

0.90

0.95

1.00

1.05

1.10

1.15

S
ta

nd
ar

d 
d
ev

ia
tio

n 
s T

E
M

 (
nm

)

(b)

5 
m

in

10
 m

in

15
 m

in

20
 m

in
80

°C
90

°C

10
0°

C

11
0°

C

10
 m

in

20
 m

in

30
 m

in

40
 m

in

25
0 

W
45

0 
W
65

0 
W
85

0 
W

W
ith

ou
t t1 t2 t3

6

7

8

9

10

11

12

H
yd

ro
d
yn

am
ic

 d
ia

m
e
te

r 
d D

L
S
 (

nm
)

(c)

5 
m
in

10
 m

in

15
 m

in

20
 m

in
80

°C
90

°C

10
0°

C

11
0°

C

10
 m

in

20
 m

in

30
 m

in

40
 m

in

25
0 

W
45

0 
W
65

0 
W
85

0 
W

W
ith

ou
t t1 t2 t3

8.370

8.375

8.380

8.385

8.390

8.395

8.400

La
tti

ce
 p

ar
am

et
er

 a
X

R
D
 (

Å
)

(d)

5 
m

in

10
 m

in

15
 m

in

20
 m

in
80

°C
90

°C

10
0°

C

11
0°

C

10
 m

in

20
 m

in

30
 m

in

40
 m

in

25
0 

W
45

0 
W
65

0 
W
85

0 
W

W
ith

ou
t t1 t2 t3

3.3

3.4

3.5

3.6

3.7

3.8

3.9

C
ry

st
a
lli

te
 s

iz
e 

t X
R

D
 (

nm
)

(e)

5 
m

in

10
 m

in

15
 m

in

20
 m

in
80

°C
90

°C

10
0°

C

11
0°

C

10
 m

in

20
 m

in

30
 m

in

40
 m

in

25
0 

W
45

0 
W
65

0 
W
85

0 
W

W
ith

ou
t t1 t2 t3

24

26

28

30

32

34

36

P
e
rc

e
nt

a
ge

 o
f 
lig

an
d

s 
%

lig
 (

%
)

(f)

5 
m

in

10
 m

in

15
 m

in

20
 m

in
80

°C
90

°C

10
0°

C

11
0°

C

10
 m

in

20
 m

in

30
 m

in

40
 m

in

25
0 

W
45

0 
W
65

0 
W
85

0 
W

W
ith

ou
t t1 t2 t3

44

46

48

50

52

54

56

58

60

 M
S
 a

t 
30

0K
 (

e
m

u
.g

-1
)

(g)

5 
m

in

10
 m

in

15
 m

in

20
 m

in
80

°C
90

°C

10
0°

C

11
0°

C

10
 m

in

20
 m

in

30
 m

in

40
 m

in

25
0 

W
45

0 
W
65

0 
W
85

0 
W

W
ith

ou
t t1 t2 t3

60

62

64

66

68

70

72

74

76

78

80

82

84

 M
S
 a

t 5
K

 (
em

u.
g

-1
)

(h)

5 
m
in

10
 m

in

15
 m

in

20
 m

in
80

°C
90

°C

10
0°

C

11
0°

C

10
 m

in

20
 m

in

30
 m

in

40
 m

in

25
0 

W
45

0 
W
65

0 
W
85

0 
W

W
ith

ou
t t1 t2 t3

12

14

16

18

20

22

 B
lo

ck
in

g 
te

m
pe

ra
tu

re
 T

B
 (

K
)

(i)



  

10 
 

Figure 7: effect diagrams of the different responses of the ED: mean diameter dTEM (a), standard 
deviation σTEM (b), hydrodynamic diameter dDLS (c), lattice parameter aXRD (d), crystallite size 
tXRD (e), percentage of ligands %lig (f), the magnetization saturation at 300K MS_300K (g), the 
magnetization saturation at 5K MS_5K (h) and the blocking temperature TB (i) with their 
average (red dash). 
 
Taking into account the variance and the responses, the optimized microwave parameters for 
each response can be determined and are summarized on Table 1. Several parameters are 
similar between the different responses as for the factor E: the best condition is to realize the 
synthesis without a stirring. For the factor D, the level which is optimal for almost responses is 
at 850 W. For the other factors, a trend can be identified. Indeed, with a ramp time of 20 minutes 
(factor A, level 4) at 100°C or 110°C (factor B, level 3 or 4) and a stage time of 40 minutes, 
SPIONs synthesised with these parameters will be optimized for an application as CA.  
However, a certain hindsight must be taken into account based on the statistical results. Indeed, 
in according to the ED, any stirring allows to obtain better SPIONs for the application as CA: 
the absence of stirring will generate an aggregation of SPIONs. If there is an aggregation of 
these nanoparticles, the magnetization saturation will be increases because there will be a set 
of magnetic nanoparticles generating more magnetism.  
 
Table 1: table of the best microwave conditions for each response. 

Factor dTEM σTEM dDLS aXRD tXRD %lig Ms 300K MS 5K TB 

A 10 min 
(2) 

5 min 
(1) 

10 min 
(2) 

15 min 
(3) 

20 min 
(4) 

10 or 
15 min 
(2 or 3) 

20 min 
(4) 

20 min 
(4) 

20 
min 
(4) 

B 100°C 
(3) 

90°C 
(2) 

100°C 
or 

110°C 
(3 or 4) 

100°C 
(3) 

110°C 
(4) 

80°C 
(1) 

110°C 
(4) 

110°C 
(4) 

90°C 
(3) 

C 
30 or 

40 min 
(3 or 4) 

40 min 
(4) 

30 min 
(3) 

20 min 
(2) 

40 min 
(4) 

40 min 
(4) 

40 min 
(4) 

30 or 40 
min 

 (3 or 4) 

10 or 
20 

min 
(1 or 

2) 

D 850 W 
(4) 

650 or 
850 W 
(3 or 4) 

450 W 
(2) 

450 W 
(2) 

650 W 
(3) 

250 W 
(1) 

850 W 
(4) 

250 or 
650 W 
(1 or 3) 

850 
W (4) 

E t1 

(2) 
without 

(1) 
without 

(1) 
without 

(1) 
without 

(1) 
t1 

(2) 
without 

(1) 
without 

(1) 
t3 

(4) 
 
Thanks to these averages of each response (which are constructed the different effects 
diagrams), a simulation of the 1024 experiments (i.e. all experiments with all levels for each 
factor) is realized using the law of additivity of responses. This law consists of adding the mean 
of different factors at a specific level with the main average and the whole is divided by the 
number of factors and the main average. For the experiment with the following conditions 
(ramp time of 15 minutes, temperature at 80°C, stage time of 20 minutes, microwave power at 
850 W and without stirring i.e. A = 3, B = 1, C = 2, D = 4 and E = 1), the calculated response 
of the mean diameter dTEM is equal to (Equation 1):  
 

𝑑்ாெ(3; 1; 2; 4; 1) =  
𝑥̅஺ୀଷ + 𝑥̅஻ୀଵ + 𝑥̅஼ୀଶ +  𝑥̅஽ୀସ +  𝑥̅ாୀଵ +  𝑥̅ௗ೅ಶಾ

6
 (1) 
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With xത୅ୀଷ the average of dTEM when the factor A is equal to 3 (i.e. when the ramp time is 15 
minutes, the average is equal to dTEM of S1, S2, S3 and S4. For xത୆ୀଵ, the average is equal to the 
average of dTEM of S1, S5, S9 and S13. For xതେୀଶ, the average is equal to the average of dTEM of 
S2, S5, S12 and S15. For xതୈୀସ, the average is equal to the average of dTEM of S4, S6, S9 and 
S15. For xതୈୀଵ, the average is equal to the average of dTEM of S1, S8, S10 and S15. Finally, 
xതୢ౐ు౉

 is the total average of each value of dTEM from the ED.  
 
Thanks this different calculated values, the simulation of each response in function of the level 
of each factor is carried out and surface responses are obtained (Figure 8). In addition, thanks 
to these simulated data, the variation of one factor (with the other fixed) in function of each 
response is possible to be check (Table S6). For example, when the microwave power increases, 
the magnetic saturation at 300K increases too. All factors in function of each response are 
reported on Table S6. 
With this surface response, the last step for an experimental design can be carried out: the 
validation of the ED with another experiments. Indeed, three randomised experiments and three 
choose experiments are realised. The conditions are summarized on Table S7. Then, the values 
of the responses are reported on the surface response and the difference between the theoretical 
response and the experimental response is observed. All the values of each response of these 
last experiments are reported on Table S8. In general, the responses of the different experiment 
are near to the theoretical values. However, of the six randomised experiments, two have 
outliers: these differences are due to the percentage of ligand. Indeed, if the percentage of ligand 
is high, a matrix of this ligand appeared: the mean size is low, the hydrodynamic diameter 
increases, the magnetic properties decrease. In addition, an oxidation phenomenon occurs. This 
phenomenon is visible thanks to the magnetic characterization: the hysteresis is higher than the 
other synthetised nanoparticles and when a magnetic field is applied (4 Tesla) for a magnetic 
cycle at 5K, the left coercive field is higher than the left coercive field without a magnetic field. 
This increasing corresponds to the presence of another magnetic state: for our case, this other 
magnetic state is due to the presence of maghemite. Finally, when the percentage of ligands is 
low, the magnetic properties decrease too. For the other samples, the percentage of ligands is 
between 32% and 35%: the different other responses are near to their theoretical values obtained 
with the ED.  
  

 
 
Figure 8: surface response plot of the ED for the effect of the temperature (factor B) and for 
the microwave power (factor D) on the mean diameter dTEM (a) and on the standard deviation 
σTEM (b) with the experiments (spherical) with their sd to validate the ED.  
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3. Conclusion 
 
Superparamagnetic iron oxide nanoparticles (SPIONs) were synthesized by a derivate 
coprecipitation method with a microwave process. However, this method is not well developed, 
an experimental design was therefore carried out to determine the best microwave parameters 
to synthesise SPIONs. Indeed, without an experimental design, many experiments should have 
been synthesised: different factors (ramp time, temperature, stage time, microwave power and 
moment of stirring) has been choose at different values (levels) in order to obtain responses 
from the characterizations. Thus, a number of 1024 experiments has been reduced to 16 
experiments.  
In general, the size of these SPIONs is between 2.68 nm and 3.57 nm with a standard deviation 
between 0.83 nm to 1.32 nm. The other responses confirm that the inorganic core is magnetite 
with a slight oxidation (sub stoichiometric magnetite Fe3-δO4) with a superparamagnetic 
behaviour. Then, thanks to the repetition of this experimental design three times by a same 
operator and one time by another operator, the reproducibility and the repeatability has been 
confirmed with the statistical tests (ANOVA). Finally, a simulation of this experimental design 
is carried out and allowed to obtain the responses of the 1024 experiments: a surface response 
is obtained with the different factor for each response. To validate this experimental design, 
some experiments (selected for their responses and randomly selected) are carried out and the 
different responses are near to the theoretical values. However, when the percentage of ligands 
is not between 30% and 35%, a wide fluctuation in values is observed. To avoid these variations, 
a better control of the washing should be achieved to obtain superparamagnetic iron oxide 
nanoparticles with the best properties for MRI applications.  
 
4. Materials and methods 
 
4.1. Materials 
 
Ferric chloride (FeCl3.6H2O) and ferrous chloride (FeCl2.4H2O) were purchased from Alfa 
Aeser, citric acid (C6H8O7), absolute ethanol and ammonium hydroxide (NH4OH) were 
purchased from Sigma Aldrich. In all experiments, ultrapure water (resistivity = 18.2 MΩ.cm) 
was used.  
 
4.2. Synthesis 
 
For all experiment, the chemical conditions were fixed in order to see the influence of 
microwave parameters on the SPIONs synthesis. A solution of ferrous chloride (FeCl2.4H2O, 
5.03 mmol), ferric chloride (FeCl3.6H2O, 3.70 mmol) and citric acid (C6H8O7, 3.16 mmol) were 
mixed in ultrapure water in a Pirex reactor for microwave. Then, 5 mL of ammonium hydroxide 
(NH4OH) is added to generate the precipitation of iron ions: the solution turns brown to black. 
The reactor is placed directly in the microwave. The microwave is a single mode microwave 
from Anton Paar (Monowave 400) which operates at a frequency of 2.45 GHz and with a 
maximum power of 850 W.  
After heating, the solution is collected and washed several times to remove parasitic ions. For 
this, a first washing step is carried out with a mixture of absolute ethanol and nanoparticle 
solution. This mixture is centrifugated during 5 min at 10 000 rpm. After the centrifugation, 
SPIONs are collected and redispersed in a few volumes of ultrapure water. After an adding of 
absolute ethanol, the mixture is centrifugated another time at 10 000 rpm during 5 min. Finally, 
after this second stage, SPIONs are collected, and a part is dried in an oven at 80°C and another 
part is dispersed in water. The powder obtain after the drying is used for certain techniques and 
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the SPIONs in the liquid state allow to see the stability of the nanoparticles in an aqueous media 
and for certain techniques too.  
 
4.3. Characterizations techniques 
 
4.3.1. Transmission Electron Microscopy 
Transmission Electron Microscopy (TEM) is carried out to determine the size, the size 
distribution, and the shape of nanoparticles. TEM is a CM200-FEI working at 200 kV (point 
resolution 0.27 nm). To visualize SPIONs, a drop of the solution is placed on a copper grid with 
a carbon film and dried to remove the solvent. After the analysis, the size distribution as well 
as the mean diameter of SPIONs is calculated using free software ImageJ.  
 
4.3.2. Dynamic Light Scattering 
Dynamic Light Scattering (DLS) was performed by the ZETASIZER Nano ZS device from 
Malvern Instrumental. The SPIONs solution was diluted to obtain a mass concentration of 0.2 
mg.mL-1. With this characterization, the stability as well as the hydrodynamic diameter are 
determined. DLS measurements are performed three times and the average of these three 
measurements will be presented in this study. In addition, the number measure was kept to 
allow a comparison between the hydrodynamic diameter and the diameter obtain by TEM 
measurement.[53]  
 
4.3.3. X-Ray Diffraction 
X-Ray Diffraction (XRD) patterns were recorded at room temperature with an INEL CPS120 
equipped with a monochromatic cobalt radiation (Co Kα = 0.17886 nm) at grazing angle of 
incidence simultaneously at 120°.  
 
4.3.4 Fourier Transform Infra-Red 
Fourier Transform Infra-Red spectroscopy (FTIR) was performed with a Nicolet 6700 from 
Thermo-Fischer between 400 and 4 000 cm-1.  
 
4.3.5. Thermogravimetric measurements 
Thermogravimetric analysis (TGA) was performed to determine the mass percentage of ligands 
(citrate) and of iron oxide. A SETSSYS EV 1750 TGA microbalance from Setaram. 
Experiments are carried out in the temperature range of 20 to 600°C under air flow (20 mL.min-

1) at a heating rate of 10°C/min. 
 
4.3.6. Magnetic measurements 
A Superconducting Quantum Interference Device (SQUID equipped with a Vibrating Sample 
Magnetometer (VSM) are performed to determine the magnetic state, the magnetization 
saturation (MS); The magnetic field applied for these characterizations is sweeping from +50 
000 to -50 000 Tesla and then -50 000 Oe to +50 000 Oe. Then, to determine the blocking 
temperature (TB), a Zero Field Cooled – Field Cooled (ZFC-FC) curve is carried out. The 
sample was cooled to 5K without a magnetic field. At 5K, a low magnetic field (200 Oe) is 
applied, and the temperature is increased to 300K (ZFC curve). Finally, the sample is cooled 
another time to 5K but with an applied magnetic field, the same during the heating from 5K to 
300K: this curve is the FC curve.  
 
4.4. Experimental Design (ED) 
 
The goal of this work is to determine the influence of microwave parameters on the SPIONs 
synthesis. The SPIONs synthesis is composed of three steps: the first is a temperature ramp 
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(called t1), the second a temperature tray (called t2) and finally a decrease of the temperature to 
room temperature (called t3). Five parameters have been chosen to see their influence on the 
physico-chemical parameters of SPIONs: the time of the ramp (called A), the temperature of 
the synthesis (called B), the time of the stage (called C), the microwave power (called D) and 
the moment of stirring (called E). For each microwave parameters, four levels (from 1 to 4) 
have been defined and are summarized on Table 2.  
 
Table 2: factor levels of each microwave parameters.  

Variable parameters 
Level 

1 2 3 4 
A: ramp time 5 min 10 min 15 min 20 min 

B: temperature 80°C 90°C 100°C 110°C 
C: stage time 10 min 20 min 30 min 40 min 

D: microwave power 250 W 450 W 650 W 850 W 
E: moment of 

stirring Without t1 t2 t3 

 
There are therefore five parameters with four levels: the number of experiments is equal to 45 
experiments or 1024 experiments. In order to examine all microwaves parameters and their 
influences on the SPIONs synthesis, a reduction of the synthesis number is mandatory. For this, 
statistical tables established by Tagushi during the middle of 20th century are used. It exists 
several tables with different number of factors and levels.[54] For our study, a table where all 
levels of each parameter are equally represented has been choose: the table is a L16(45). The 
construction of the table is described on Figure S1. The number of experiments is reduced from 
1024 to 16. For the next of this study, each simple will name S1 to S16. The microwave 
parameters of each sample are described on Table S1.    
To show the influence of these parameters, a study of the response and after a simulation of 
these results are carried out:  surface responses are realized to determine the best conditions for 
microwave parameters to synthesize and to use SPIONs as CA. The different responses are the 
mean diameter (dTEM), the standard deviation of the diameter (σTEM), the hydrodynamic 
diameter (dDLS), the lattice parameter (aXRD), the crystallite size (tXRD), the percentage of ligands 
(%lig), the magnetization saturation at 300K (Ms_300K) and at 5K (Ms_5K) and the blocking 
temperature (TB). The ED has been carried out four times to show the reproducibility and the 
repeatability. For the repeatability, the ED has reproduced three times by the same operator in 
the same conditions. The samples from this ED are named SXyA with X the number of the 
sample from the ED (from 1 to 16), y the number of the repetition of the DE (y = 1;2;3) and A 
the operator. For the reproducibility, the ED has realized by another operator in the same 
conditions. The sample from this ED are named SX1B with X the number of the sample from 
the ED and B the second operator. A total of 64 experiments for this study are therefore realized 
and the average of responses of the same experiments are allowed to simulate the 1024 
experiments. The 64 samples are summarized on Table S2. 
Finally, with this simulation, a surface response in function of the microwave parameters is 
obtained. To validate the ED, three randomly experiments within the range of the factors and 
three selected experiments are shown on the surface response.  
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Figure S1: steps on the construction of the experimental design. One square corresponds to an 
experiment (a). Each line corresponds to a level of the factor A (b) and each column correspond 
to a level of the factor B (c). Then, for factors C, D and E (respectively (d), (e) and (f)), each 
level is present on one column and one line.  
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Table S1: table of the microwave parameters for the different samples. The highlighted 
parameters are the synthesis described on the publication. 
 

Sample 
A 

(time of the 
ramp in min) 

B 
(temperature 

in °C) 

C 
(time of the 
stage in min) 

D 
(microwave 
power in W) 

E 
(moment of 
the stirring) 

S1 1 
(5 min) 

1 
(80 °C) 

1 
(10 min) 

1 
(250 W) 

1 
(without) 

S2 1 
(5 min) 

2 
(90 °C) 

2 
(20 min) 

2 
(450 W) 

2 
(t1) 

S3 1 
(5 min) 

3 
(100 °C) 

3 
(30 min) 

3 
(650 W) 

3 
(t2) 

S4 1 
(5 min) 

4 
(110 °C) 

4 
(40 min) 

4 
(850 W) 

4 
(t3) 

S5 2 
(10 min) 

1 
(80 °C) 

2 
(20 min) 

3 
(650 W) 

4 
(t3) 

S6 
2 

(10 min) 
2 

(90 °C) 
1 

(10 min) 
4 

(850 W) 
3 

(t2) 

S7 2 
(10 min) 

3 
(100 °C) 

4 
(40 min) 

1 
(250 W) 

2 
(t1) 

S8 2 
(10 min) 

4 
(110 °C) 

3 
(30 min) 

2 
(450 W) 

1 
(without) 

S9 3 
(15 min) 

1 
(80 °C) 

3 
(30 min) 

4 
(850 W) 

2 
(t1) 

S10 3 
(15 min) 

2 
(90 °C) 

4 
(40 min) 

3 
(650 W) 

1 
(without) 

S11 3 
(15 min) 

3 
(100 °C) 

1 
(10 min) 

2 
(450 W) 

4 
(t3) 

S12 3 
(15 min) 

4 
(110 °C) 

2 
(20 min) 

1 
(250 W) 

3 
(t2) 

S13 4 
(20 min) 

1 
(80 °C) 

4 
(40 min) 

2 
(450 W) 

3 
(t2) 

S14 4 
(20 min) 

2 
(90 °C) 

3 
(30 min) 

1 
(250 W) 

4 
(t3) 

S15 4 
(20 min) 

3 
(100 °C) 

2 
(20 min) 

4 
(850 W) 

1 
(without) 

S16 4 
(20 min) 

4 
(110 °C) 

1 
(10 min) 

3 
(650 W) 

2 
(t1) 
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Table S2: summarize of all samples of the experimental design. The values in bold are 
described on the supplementary information. The values crossed out are removed on the 
simulation due to the Dixon’s test. The value highlighted is described on the publication.  
 

Sample dTEM 
(nm) 

σTEM 

(nm) 
dhydro 
(nm) 

aXRD 
(Å) 

tXRD 
(nm) 

%lig 

(%) 
Ms 300K 
(emu.g-1) 

Ms 5K 
(emu.g-1) 

TB 
(K) 

S11A 

S12A 

S13A 

S11B 

2.91 
2.83 
2.92 
2.95 

1.02 
1.10 
1.12 
1.08 

6.91 
8.30 
7.88 
9.92 

8.401 
8.408 
8.362 
8.391 

3.33 
3.29 
3.44 
3.87 

34 
26 
26 
26 

43.08 
36.39 
49.85 
49.24 

69.85 
57.85 
69.07 
70.96 

12 
15 
19 
24 

S21A 

S22A 

S23A 

S21B 

2.82 
3.08 
2.97 
3.05 

0.83 
1.08 
1.00 
0.88 

6.50 
10.00 
8.56 
6.10 

8.393 
8.391 
8.354 
8.391 

3.89 
3.62 
3.46 
3.37 

33 
32 
28 
24 

32.47 
51.09 
55.52 
58.37 

56.89 
72.95 
75.01 
78.99 

14 
13 
14 
44 

S31A 

S32A 

S33A 

S31B 

2.95 
3.16 
3.57 
3.18 

0.89 
1.09 
1.02 
0.81 

8.17 
9.74 
8.91 
7.82 

8.404 
8.382 
8.359 
8.391 

3.72 
3.60 
3.85 
3.55 

35 
16 
35 
25 

52.71 
60.28 
54.47 
58.18 

78.11 
74.74 
77.00 
77.60 

15 
34 
13 
24 

S41A 

S42A 

S43A 

S41B 

3.37 
2.98 
3.22 
3.07 

1.05 
1.04 
0.94 
0.83 

7.71 
6.50 
8.84 
7.38 

8.394 
8.375 
8.350 
8.393 

4.02 
3.56 
3.70 
3.86 

37 
29 
25 
20 

51.87 
51.86 
59.48 
59.95 

73.45 
72.20 
76.74 
78.46 

15 
14 
17 
43 

S51A 

S52A 

S53A 

S51B 

3.02 
2.68 
3.17 
2.88 

0.96 
0.97 
1.26 
1.00 

5.61 
9.56 
9.29 
7.39 

8.399 
8.369 
8.374 
8.386 

3.65 
3.50 
3.80 
3.34 

32 
34 
39 
31 

29.09 
46.16 
49.35 
50.06 

48.58 
65.26 
64.71 
76.99 

12 
14 
12 
16 

S61A 

S62A 

S63A 

S61B 

3.13 
2.88 
2.97 
3.22 

0.96 
0.92 
0.91 
0.99 

8.11 
6.12 
8.45 
6.87 

8.390 
8.432 
8.357 
8.387 

3.32 
3.02 
3.51 
3.20 

27 
35 
35 
32 

49.69 
23.86 
48.15 
48.39 

69.25 
45.01 
71.87 
55.00 

17 
11 
13 
13 

S71A 

S72A 

S73A 

S71B 

3.48 
3.16 
3.08 
3.06 

1.17 
1.19 
0.92 
0.84 

7.32 
7.63 
7.68 
5.98 

8.394 
8.405 
8.353 
8.392 

3.54 
3.58 
3.62 
3.47 

31 
20 
27 
25 

51.01 
64.52 
57.12 
61.40 

72.13 
80.99 
75.78 
83.10 

14 
25 
16 
20 

S81A 

S82A 

S83A 

S81B 

3.11 
3.21 
3.13 
2.68 

0.92 
1.18 
1.16 
1.02 

11.70 
8.94 
7.54 

26.53 

8.400 
8.393 
8.362 
8.377 

3.86 
3.63 
3.93 
3.94 

17 
35 
36 
22 

58.81 
55.31 
53.04 
64.73 

75.38 
77.30 
75.40 
86.30 

46 
13 
14 
25 

S91A 

S92A 

S93A 

S91B 

3.22 
2.93 
3.09 
2.88 

1.17 
1.00 
1.32 
0.99 

7.50 
5.71 

12.91 
6.24 

8.391 
8.391 
8.386 
8.370 

3.93 
3.52 
3.69 
3.42 

32 
23 
37 
32 

47.20 
57.05 
49.90 
50.97 

72.83 
76.23 
73.44 
75.66 

14 
20 
13 
15 

S101A 

S102A 

S103A 

S101B 

3.21 
3.19 
3.00 
2.74 

1.22 
0.88 
0.86 
0.87 

8.63 
8.11 
6.65 
6.76 

8.391 
8.398 
8.379 
8.377 

3.61 
3.69 
3.50 
3.50 

35 
37 
36 
27 

57.48 
53.78 
55.04 
59.14 

79.13 
76.68 
76.86 
77.61 

17 
12 
13 
22 

S111A 2.96 1.12 13.54 8.393 4.43 39 17.49 42.77 10 
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S112A 

S113A 

S111B 

3.03 
3.16 
2.95 

1.17 
0.92 
0.86 

10.69 
7.34 
6.57 

8.393 
8.378 
8.384 

----- 
3.64 
3.68 

32 
36 
25 

59.85 
51.96 
59.14 

73.50 
72.78 
83.76 

16 
12 
20 

S121A 

S122A 

S123A 

S121B 

3.17 
2.92 
3.15 
2.82 

1.30 
0.96 
1.14 
0.98 

9.10 
8.51 
6.48 
6.76 

8.384 
8.408 
8.374 
8.376 

3.47 
3.57 
3.62 
3.69 

34 
31 
37 
24 

55.23 
49.78 
44.57 
64.11 

71.19 
69.96 
66.86 
85.36 

15 
15 
11 
23 

S131A 

S132A 

S133A 

S131B 

3.30 
3.06 
2.93 
2.89 

0.87 
1.13 
1.18 
1.02 

8.93 
7.83 
8.68 
8.27 

8.390 
8.366 
8.379 
8.378 

3.99 
3.58 
3.67 
3.98 

36 
30 
33 
33 

46.02 
54.07 
52.93 
56.84 

70.66 
74.38 
74.11 
94.62 

12 
15 
15 
17 

S141A 

S142A 

S143A 

S141B 

2.87 
3.11 
2.91 
2.93 

1.11 
0.99 
0.86 
1.10 

6.74 
9.62 
8.03 
7.81 

8.391 
8.368 
8.362 
8.377 

3.88 
3.59 
3.62 
3.21 

35 
35 
35 
37 

43.12 
53.07 
51.07 
44.77 

64.52 
76.81 
71.73 
69.00 

12 
12 
13 
11 

S151A 

S152A 

S153A 

S151B 

3.06 
3.14 
3.00 
2.79 

1.09 
1.07 
0.85 
0.88 

7.59 
8.81 
7.23 
9.64 

8.389 
8.390 
8.366 
8.388 

3.93 
3.70 
3.66 
3.60 

34 
23 
35 
22 

59.84 
63.54 
55.62 
62.15 

80.76 
80.11 
77.18 
66.98 

13 
20 
13 
21 

S161A 

S162A 

S163A 

S161B 

3.21 
2.94 
3.21 
3.01 

1.12 
0.84 
1.24 
0.94 

6.95 
7.82 
9.74 
7.65 

8.395 
8.354 
8.378 
8.378 

3.78 
3.55 
3.28 
3.75 

35 
38 
30 
36 

49.35 
62.73 
52.03 
54.43 

72.12 
87.73 
72.27 
60.33 

11 
14 
13 
14 
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Figure S2: TEM images of S71A (a), S142A (c) and S41B (e) with their respectively size 
distributions (b), (d) and (f). The main diameter of S71A is 3.48 ± 1.17 nm of S142A is 3.11 ± 
0.99 nm and of 3.07 ± 0.83 nm. In each graph, the DLS measurements (symbols) is represented 
to determine the hydrodynamic diameter. This value is equal to 7.32 nm (b), 9.62 nm (d) and 
7.38 nm (f) respectively for S71A, S142A and S41B.   

(a) 

(c) 

(e) 
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Figure S3: XRD patterns of S71A (green), S142A (orange) and S41B (purple) with the plans of 
the spinel structure of magnetite Fe3O4. 
 
 
Debye-Scherrer equation: 
 

𝑡 =  
𝑘 × 𝜆

ඥ𝐻ଶ − 𝑠² × cos (𝜃)
 

 
With t the crystallite size (nm), λ the wavelength (λ= 0.178886 nm), k a correction factor (0.9), 
H the FWHM of the main peak (311) in radian, s the FWHM of a main peak of a Si reference 
(s = 0.323°) and θ the position of the main peak (°) 
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Figure S4: TGA curves of S71A (green), S142A (orange) and S41B (purple) from 20°C to 600°C 
(a) and of pure citric acid (b).  
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Figure S5: FTIR spectra of S71A (green), S142A (orange), S41B (purple) and S63A (blue) with 
the vibrational bands of citrate to confirm this ligand around the iron oxide core.  
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Figure S6: magnetic cycles of S71A (green), S142A (orange) and S41B (purple) at 300K (a) and 
at 5K (b).  
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Figure S7: ZFC-FC curve of S71A (green), S142A (orange) and S41B (purple) with a blocking 
temperature equals to 14K, 12K and 43K respectively for S71A, S142A and S41B. 
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Figure S8: Dixon’s test 
 
For a Dixon’s test to discriminate the extreme values, the values should be arranged in 
ascending order. Then, a formula is used in function of the number of the values. For our study, 
there are four values, the formula used are:  
 

For a minimum For a maximum 

𝑥௠௜௡ =  
𝑥ଶ −  𝑥ଵ

𝑥ସ −  𝑥ଵ
 𝑥௠௔௫ =  

𝑥ସ −  𝑥ଷ

𝑥ସ −  𝑥ଵ
 

  
If xmin or xmax is less than r4;0.99 (value of the Dixon’s table with 4 values and with a threshold 
of 0.01), the values are not discriminate. If the opposite is true, the extreme value (xmin or xmax) 
is removed.  
 
For the ED, the different values which are removed are crossed out on the table S2. For example, 
the blocking temperature TB of S41B is removed compared to the other TB values of the other 
samples S4.   
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Table S3: ANOVA values of the experiments from the ED of the same operator (ED1A, ED2A and ED3A) to check the repeatability of the ED 
(Repeat = limit of the repeatability, Sd = standard deviation). The difference between each ED is calculated and compare to the limit of the 
repeatability: if this difference is below to the limit (green value), the experiments are repeatable.  
 

  S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 S13 S14 S15 S16 

dTEM (nm) 

Repeat 0.14 0.37 0.89 0.56 0.71 0.52 0.60 0.15 0.41 0.33 0.29 0.39 0.53 0.36 0.20 0.44 
Sd 0.05 0.13 0.32 0.20 0.25 0.18 0.21 0.05 0.15 0.12 0.10 0.14 0.19 0.13 0.07 0.16 

1A vs 2A 0.08 0.26 0.21 0.39 0.34 0.25 0.32 0.10 0.29 0.02 0.07 0.25 0.24 0.24 0.08 0.27 
1A vs 3A 0.01 0.15 0.62 0.15 0.15 0.36 0.40  0.02 0.13 0.21 0.20 0.02 0.37 0.04 0.06 0.00 
2A vs 3A 0.09 0.11 0.41 0.24 0.49 0.11 0.08 0.08 0.16 0.19 0.13 0.23 0.13 0.20 0.14 0.27 

σTEM (nm) 

Repeat 0.15 0.36 0.29 0.17 0.48 0.07 0.43 0.41 0.45 0.04 0.37 0.48 0.47 0.35 0.38 0.58 
Sd 0.05 0.13 0.10 0.06 0.17 0.03 0.15 0.14 0.16 0.01 0.13 0.17 0.17 0.13 0.13 0.21 

1A vs 2A 0.08 0.25 0.20 0.01 0.01 0.04 0.02 0.26 0.17 - 0.05 0.34 0.26 0.12 0.02 0.28 
1A vs 3A 0.10 0.17 0.13 0.11 0.30 0.05 0.25 0.24 0.15 - 0.20 0.16 0.31 0.25 0.24 0.12 
2A vs 3A 0.02 0.08 0.07 0.10 0.29 0.01 0.27 0.02 0.32 0.02 0.25 0.18 0.05 0.13 0.22 0.40 

dhydro 
(nm) 

Repeat 2.02 4.98 2.22 3.31 6.25 3.56 0.55 5.99 
10.6

1 
2.91 8.78 3.89 1.63 4.08 2.34 4.04 

Sd 0.71 1.76 0.79 1.17 2.21 1.26 0.20 2.12 3.75 1.03 3.10 1.37 0.58 1.44 0.83 1.43 
1A vs 2A 1.39 3.50 1.57 1.21 3.95 1.99 0.31 2.76 1.79 0.52 2.85 0.59 1.10 2.88 1.22 0.87 
1A vs 3A 0.97 2.06 0.74 1.13 3.68 0.34 0.36 4.16 5.41 1.98 6.20 2.62 0.25 1.29 0.36 2.79 
2A vs 3A 0.42 1.44 0.83 2.34 0.27 2.33 0.05 1.40 7.20 1.46 3.35 2.03 0.85 1.59 1.58 1.92 

aXRD (Å) 

Repeat 0.07 0.00 0.06 0.06 0.05 0.11 0.08 0.06 0.01 0.03 0.02 0.05 0.03 0.04 0.00 0.06 
Sd 0.02 0.00 0.02 0.02 0.02 0.04 0.03 0.02 0.00 0.01 0.01 0.02 0.01 0.02 0.00 0.02 

1A vs 2A 0.01 0.00 0.02 0.02 0.03 0.04 0.01 0.01 0.00 0.01 0.00 0.02 0.02 0.02 0.00 0.04 
1A vs 3A 0.04 - 0.04 0.04 0.02 0.03 0.04 0.04 0.01 0.01 0.02 0.01 0.01 0.03 - 0.02 
2A vs 3A 0.05 - 0.02 0.03 0.01 0.08 0.05 0.03 0.01 0.02 0.02 0.03 0.01 0.01 - 0.02 

tXRD (nm) 
Repeat 0.22 0.62 0.35 0.67 0.42 0.70 0.11 0.44 0.58 0.27 1.58 0.22 0.61 0.45 0.41 0.71 

Sd 0.08 0.22 0.13 0.24 0.15 0.25 0.04 0.16 0.21 0.10 0.56 0.08 0.22 0.16 0.15 0.25 
1A vs 2A 0.04 0.27 0.12 0.46 0.15 0.30 0.04 0.23 0.41 0.08 - 0.10 0.41 0.29 0.23 0.23 
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1A vs 3A 0.11 0.43 0.13 0.32 0.15 0.19 0.08 0.07 0.24 0.11 0.79 0.15 0.32 0.26 0.27 0.50 
2A vs 3A 0.15 0.16 0.25 0.14 0.30 0.49 0.04 0.30 0.17 0.19 - 0.05 0.09 0.03 0.04 0.27 

%lig (%) 

Repeat 0.00 7.49 31.04 
17.2

9 
10.2

0 
13.0

7 
15.7

6 
30.2

6 
20.0

8 
2.83 9.94 8.49 8.49 0.00 

18.8
4 

11.4
4 

Sd 0.00 2.65 10.97 6.11 3.61 4.62 5.57 
10.6

9 
7.09 1.00 3.51 3.00 3.00 0.00 6.66 4.04 

1A vs 2A - 1.00 19.00 8.00 2.00 8.00 
11.0

0 
18.0

0 
9.00 2.00 7.00 3.00 6.00 0.00 

11.0
0 

3.00 

1A vs 3A - 5.00 0.00 
12.0

0 
7.00 8.00 4.00 

19.0
0 

5.00 1.00 3.00 3.00 3.00 0.00 1.00 5.00 

2A vs 3A 0.00 4.00 19.00 4.00 5.00 0.00 7.00 1.00 
14.0

0 
1.00 4.00 6.00 3.00 0.00 

12.0
0 

8.00 

Ms 300K 
(emu.g-1) 

Repeat 19.05 34.61 11.21 
12.4

4 
30.8

3 
3.08 

19.1
5 

8.23 
14.4

0 
5.32 63.75 

15.0
9 

12.3
3 

14.8
9 

11.2
1 

20.0
3 

Sd 6.73 12.23 3.96 4.40 
10.8

9 
1.09 6.77 2.91 5.09 1.88 22.53 5.33 4.36 5.26 3.96 7.08 

1A vs 2A 6.69 18.62 7.57 0.01 
17.0

7 
- 

13.5
1 

3.50 9.85 3.70 42.36 5.45 8.05 9.95 3.70 
13.3

8 

1A vs 3A 6.77 23.05 1.76 7.61 
20.2

6 
1.54 6.11 5.77 2.70 2.44 34.47 

10.6
6 

6.91 7.95 4.22 2.68 

2A vs 3A 13.46 4.43 5.81 7.62 3.19 - 7.40 2.27 7.15 1.26 7.89 5.21 1.14 2.00 7.92 
10.7

0 

Ms 5K 
(emu.g-1) 

Repeat 19.00 28.08 4.86 6.64 
26.8

2 
41.9

1 
12.6

0 
3.12 5.13 3.86 49.63 6.31 5.87 

17.4
8 

5.40 
25.3

8 

Sd 6.71 9.92 1.72 2.35 9.48 
14.8

1 
4.45 1.10 1.81 1.37 17.54 2.23 2.07 6.18 1.91 8.97 

1A vs 2A 12.00 16.06 3.37 1.25 
16.6

8 
24.2

4 
8.86 1.92 3.40 2.45 30.73 1.23 3.72 

12.2
9 

0.65 
15.6

1 
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1A vs 3A 0.78 18.12 1.11 3.29 
16.1

3 
2.62 3.65 0.02 0.61 2.27 30.01 4.33 3.45 7.21 3.58 0.15 

2A vs 3A 11.22 2.06 2.26 4.54 0.55 
26.8

6 
5.21 1.90 2.79 0.18 0.72 3.10 0.27 5.08 2.93 

15.4
6 

TB (K) 

Repeat 9.94 1.63 32.80 6.11 3.27 8.65 
16.5

8 
53.1

2 
10.7

1 
7.49 8.65 6.54 4.90 1.63 

11.4
4 

4.32 

Sd 3.51 0.58 11.59 2.16 1.15 3.06 5.86 
18.7

7 
3.79 2.65 3.06 2.31 1.73 0.58 4.04 1.53 

1A vs 2A 3.00 1.00 19.00 1.00 2.00 6.00 
11.0

0 
33.0

0 
6.00 5.00 6.00 0.00 3.00 0.00 7.00 3.00 

1A vs 3A 7.00 0.00 2.00 2.00 0.00 4.00 2.00 
32.0

0 
1.00 4.00 2.00 4.00 3.00 1.00 0.00 2.00 

2A vs 3A 4.00 1.00 21.00 3.00 2.00 2.00 9.00 1.00 7.00 1.00 4.00 4.00 0.00 1.00 7.00 1.00 
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Table S4: ANOVA values of the experiments from the ED from two different operators (ED1A and ED1B) to check the reproducibility of the ED 
(Repro = limit of the reproducibility, Sd = standard deviation). The difference between the two experiments is calculated and compare with the 
limit. 

  S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 S13 S14 S15 S16 

dTEM (nm) 
Repro 0.15 0.28 0.52 0.40 0.44 0.66 0.50 0.94 0.47 0.81 0.26 0.57 0.51 0.22 0.57 0.34 

Sd 0.05 0.10 0.19 0.14 0.15 0.23 0.18 0.33 0.16 0.29 0.09 0.20 0.18 0.08 0.20 0.12 
1A vs 1B 0.04 0.23 0.23 0.30 0.14 0.09 0.42 0.43 0.34 0.47 0.01 0.35 0.41 0.06 0.27 0.20 

σTEM (nm) 
Repro 0.09 0.28 0.41 0.37 0.31 0.13 0.56 0.27 0.43 0.02 0.47 0.41 0.28 0.31 0.33 0.42 

Sd 0.03 0.10 0.15 0.13 0.11 0.05 0.20 0.10 0.15 0.01 0.17 0.15 0.10 0.11 0.12 0.15 
1A vs 1B 0.06 0.05 0.08 0.22 0.04 0.03 0.33 0.10 0.18 - 0.26 0.32 0.15 0.01 0.21 0.18 

dhydro 
(nm) 

Repro 4.60 5.35 2.58 2.01 3.92 2.48 3.14 
34.4

7 
7.87 2.67 9.40 3.39 1.03 2.44 3.78 2.55 

Sd 1.63 1.89 0.91 0.71 1.38 0.88 1.11 
12.1

8 
2.78 0.94 3.32 1.20 0.36 0.86 1.34 0.90 

1A vs 1B 3.01 0.40 0.35 0.33 1.78 1.24 1.34 
14.8

3 
1.26 1.87 6.97 2.34 0.66 1.07 2.05 0.70 

aXRD (Å) 
Repro 0.04 0.00 0.04 0.05 0.03 0.06 0.05 0.04 0.04 0.03 0.02 0.04 0.02 0.03 0.00 0.03 

Sd 0.01 0.00 0.01 0.02 0.01 0.02 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01 
1A vs 1B 0.01 0.00 0.01 0.00 0.01 0.00 0.00 0.02 0.02 0.01 0.01 0.01 0.01 0.01 0.00 0.02 

tXRD (nm) 
Repro 1.04 0.67 0.40 0.43 0.67 0.44 0.23 0.37 0.68 0.25 1.06 0.30 0.58 1.01 0.40 0.59 

Sd 0.37 0.24 0.14 0.15 0.24 0.15 0.08 0.13 0.24 0.09 0.38 0.11 0.21 0.36 0.14 0.21 
1A vs 1B 0.54 0.52 0.17 0.16 0.31 0.12 0.07 0.08 0.51 0.11 0.75 0.22 0.01 0.67 0.33 0.03 

%lig (%) 

Repro 0.00 14.66 19.37 
22.9

6 
9.94 7.58 9.31 

22.8
2 

11.8
9 

18.0
8 

22.10 
20.6

0 
4.90 4.00 

20.4
7 

7.40 

Sd 0.00 5.18 6.84 8.11 3.51 2.68 3.29 8.06 4.20 6.39 7.81 7.28 1.73 1.41 7.23 2.61 

1A vs 1B - 9.00 10.00 
17.0

0 
1.00 5.00 6.00 5.00 0.00 8.00 14.00 

10.0
0 

3.00 2.00 
12.0

0 
1.00 

Ms 300K 
(emu.g-1) 

Repro 16.48 31.26 8.01 
13.2

2 
24.6

6 
1.87 

13.4
7 

18.6
5 

8.36 8.03 48.84 
29.8

2 
13.6

7 
12.1

9 
8.16 

11.5
8 
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Sd 5.82 11.04 2.83 4.67 8.71 0.66 4.76 6.59 2.95 2.84 17.26 
10.5

4 
4.83 4.31 2.88 4.09 

1A vs 1B 6.16 25.90 5.47 8.08 
20.9

7 
1.30 

10.3
9 

5.92 3.77 1.66 41.65 8.88 
10.8

2 
1.65 2.31 5.08 

Ms 5K 
(emu.g-1) 

Repro 15.36 26.87 3.43 9.47 
38.2

4 
28.0

0 
15.4

3 
20.6

4 
4.21 2.23 50.44 

32.2
7 

43.3
0 

10.8
7 

24.9
5 

37.1
2 

Sd 5.43 9.49 1.21 3.35 
13.5

1 
9.89 5.45 7.29 1.49 0.79 17.82 

11.4
0 

15.3
0 

3.84 8.82 
13.1

2 

1A vs 1B 1.11 22.10 0.51 5.01 
28.4

1 
14.2

5 
10.9

7 
10.9

2 
2.83 1.52 40.99 

14.1
7 

23.9
6 

4.48 
13.7

8 
11.7

9 

TB (K) 

Repro 18.27 60.71 20.08 - 6.93 5.17 
10.1

4 
30.7

0 
6.33 

16.5
8 

15.50 
19.0

5 
6.64 2.83 

13.1
2 

3.65 

Sd 6.45 21.45 7.09 - 2.45 1.83 3.58 
10.8

5 
2.24 5.86 5.48 6.73 2.35 1.00 4.64 1.29 

1A vs 1B 12.00 30.00 9.00 - 4.00 4.00 6.00 
21.0

0 
1.00 5.00 10.00 8.00 5.00 1.00 8.00 3.00 
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Table S5: average of the different responses of the ED for each level of each factor.  
 

Factor 
with 
the 

level 

dTEM 
(nm) 

σTEM 

(nm) 
dhydro 
(nm) 

aXRD 
(Å) 

tXRD 
(nm) 

%lig 

(%) 

Ms 

300K 
(emu.g-

1) 

Ms 5K 
(emu.g-

1) 

TB 
(K) 

A1 3.05 0.99 8.08 8.386 3.63 28 51.55 72.49 17 
A2 3.03 1.02 9.05 8.386 3.56 30 52.22 70.19 18 
A3 3.03 1.03 8.22 8.386 3.68 32 52.04 73.41 16 
A4 3.01 1.02 8.21 8.380 3.67 33 53.85 74.58 14 
B1 2.98 1.07 8.18 8.384 3.63 31 48.01 70.95 15 
B2 3.00 0.94 7.69 8.386 3.50 33 50.62 69.83 14 
B3 3.09 0.99 8.42 8.386 3.72 29 55.58 74.83 18 
B4 3.07 1.04 9.26 8.381 3.70 30 55.46 75.07 17 
C1 3.02 1.02 8.30 8.386 3.56 32 48.78 67.13 15 
C2 2.98 1.02 7.95 8.387 3.62 31 51.68 71.11 15 
C3 3.05 1.04 9.62 8.382 3.68 30 53.42 75.13 18 
C4 3.08 0.98 7.68 8.382 3.68 30 55.78 77.31 16 
D1 2.99 1.06 7.79 8.384 3.55 30 51.15 72.20 16 
D2 3.02 1.02 9.86 8.385 3.79 31 51.73 74.05 17 
D3 3.07 0.98 8.05 8.382 3.60 32 52.77 72.86 16 
D4 3.05 1.00 7.85 8.386 3.60 30 54.03 71.57 15 
E1 2.99 1.00 9.45 8.387 3.65 29 54.82 74.84 19 
E2 3.05 1.03 7.77 8.385 3.59 30 53.45 74.15 15 
E3 3.08 1.01 8.05 8.385 3.58 31 52.76 72.23 16 
E4 3.00 1.01 8.29 8.380 3.71 33 48.64 69.45 14 
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Figure S9: variance diagrams of each responses of the ED in function the level of each factors 
(the mean diameter dTEM (a), the standard deviation σTEM (b), the hydrodynamic diameter dDLS 
(c), the lattice parameter aXRD (d), the crystallite size dXRD (e), the percentage of ligands %lig (f), 
the magnetization saturation at 300K MS_300K (g), at 5K MS_5K (h) and the blocking 
temperature TB (i)). 
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Table S6: Variation of each factor (time of the ramp, temperature, time of the stage, microwave power, moment of the stirring) in function of the 
different responses. In these different graphs, all factors are fixed expect one (this one shown on the graph). The values of the graphs are obtained 
from the simulated data (i.e. from the 1024 simulated experiments). 

 Factor A Factor B Factor C Factor D Factor E 

dTEM 

(nm) 

5 min 10 min 15 min 20 min

3.022

3.024

3.026

3.028
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3.032

3.034

3.036

3.038

3.040

3.042

d T
E

M
 (n

m
)

 
80 °C 90 °C 100 °C 110 °C

3.022

3.024

3.026

3.028

3.030

3.032

3.034

3.036

3.038

3.040

3.042

d
T

E
M

 (
n

m
)

 
10 min 20 min 30 min 40 min

3.022

3.024

3.026

3.028

3.030

3.032

3.034

3.036

3.038

3.040

3.042

d
T

E
M
 (

n
m

)

 
250W 450W 650W 850W

3.022

3.024

3.026

3.028

3.030

3.032

3.034

3.036

3.038

3.040

3.042

d T
E

M
 (

nm
)

 
without t1 t2 t3

3.022

3.024

3.026

3.028

3.030

3.032

3.034

3.036

3.038

3.040

3.042

d T
E

M
 (

nm
)

 

σTEM 

(nm) 

5 min 10 min 15 min 20 min
1.000

1.005

1.010

1.015

1.020

1.025

s
T

E
M

 (
n

m
)

 
80 °C 90 °C 100 °C 110 °C

1.000

1.005

1.010

1.015

1.020

1.025
s

T
E

M
 (

n
m

)

 
10 min 20 min 30 min 40 min

1.000

1.005

1.010

1.015

1.020

1.025

s
T

E
M
 (

nm
)

 
250W 450W 650W 850W

1.000

1.005

1.010

1.015

1.020

1.025

s
T

E
M
 (

nm
)

 
without t1 t2 t3

1.000

1.005

1.010

1.015

1.020

1.025

s
T

E
M
 (

nm
)

 

dhydro 
(nm) 

5 min 10 min 15 min 20 min
8.25

8.30

8.35

8.40

8.45

8.50

8.55

8.60

8.65

d
h

yd
ro

 (
nm

)

 
80 °C 90 °C 100 °C 110 °C

8.25

8.30

8.35

8.40

8.45

8.50

8.55

8.60

8.65

d
h

yd
ro

 (
n

m
)

 
10 min 20 min 30 min 40 min

8.25

8.30

8.35

8.40

8.45

8.50

8.55

8.60

8.65

d h
yd

ro
 (

nm
)

 
250W 450W 650W 850W

8.25

8.30

8.35

8.40

8.45

8.50

8.55

8.60

8.65

d h
yd

ro
 (

nm
)

 
without t1 t2 t3

8.25

8.30

8.35

8.40

8.45

8.50

8.55

8.60

8.65

d h
yd

ro
 (

nm
)

 

aXRD 
(Å) 

5 min 10 min 15 min 20 min
8.3834

8.3836

8.3838

8.3840

8.3842

8.3844

8.3846

8.3848

a X
R

D
 (

Å
)

 
80 °C 90 °C 100 °C 110 °C

8.3834

8.3836

8.3838

8.3840

8.3842

8.3844

8.3846

8.3848

a X
R

D
 (

Å
)

 
10 min 20 min 30 min 40 min

8.3834

8.3836

8.3838

8.3840

8.3842

8.3844

8.3846

8.3848

a
X

R
D
 (

Å
)

 
250W 450W 650W 850W

8.3834

8.3836

8.3838

8.3840

8.3842

8.3844

8.3846

8.3848

a
X

R
D
 (

Å
)

 
without t1 t2 t3

8.3834

8.3836

8.3838

8.3840

8.3842

8.3844

8.3846

8.3848

a X
R

D
 (

Å
)

 



  

37 
 

tXRD 
(nm) 

5 min 10 min 15 min 20 min
3.61

3.62

3.63

3.64

3.65

3.66

3.67

t X
R

D
 (

nm
)

 
80 °C 90 °C 100 °C 110 °C

3.61

3.62

3.63

3.64

3.65

3.66

3.67

t X
R

D
 (

n
m

)

 
10 min 20 min 30 min 40 min

3.61

3.62

3.63

3.64

3.65

3.66

3.67

t X
R

D
 (

n
m

)

 
250W 450W 650W 850W

3.61

3.62

3.63

3.64

3.65

3.66

3.67

t X
R

D
 (

nm
)

 
without t1 t2 t3

3.61

3.62

3.63

3.64

3.65

3.66

3.67

t X
R

D
 (

n
m

)

 

%lig 

(%) 

5 min 10 min 15 min 20 min
30.0

30.2

30.4

30.6

30.8

31.0

31.2

%
lig

 (%
)

 
80 °C 90 °C 100 °C 110 °C

30.0

30.1

30.2

30.3

30.4

30.5

30.6

30.7

30.8

30.9

31.0

31.1

31.2

%
lig

 (
%

)

 
10 min 20 min 30 min 40 min

30.0

30.2

30.4

30.6

30.8

31.0

31.2

%
lig

 (
%

)

 
250W 450W 650W 850W

30.0

30.2

30.4

30.6

30.8

31.0

31.2

%
lig

 (
%

)

 
without t1 t2 t3

30.0

30.2

30.4

30.6

30.8

31.0

31.2

%
lig

 (
%

)

 

Ms 

300K 
(emu
.g-1) 

5 min 10 min 15 min 20 min

51.6

51.8

52.0

52.2

52.4

52.6

52.8

53.0

M
s 

3
00

K
 (

e
m

u
.g

-1
)

 
80 °C 90 °C 100 °C 110 °C

51.6

51.8

52.0

52.2

52.4

52.6

52.8

53.0

M
s 

3
00

K
 (

em
u

.g
-1

)

 
10 min 20 min 30 min 40 min

51.6

51.8

52.0

52.2

52.4

52.6

52.8

53.0

M
s 

30
0K

 (
em

u.
g-1

)

 
250W 450W 650W 850W

51.6

51.8

52.0

52.2

52.4

52.6

52.8

53.0

M
S
 3

0
0K

 (
em

u.
g

-1
)

 
without t1 t2 t3

51.6

51.8

52.0

52.2

52.4

52.6

52.8

53.0

M
S
 3

00
K

 (
em

u.
g-1

)

 

Ms 
5K 

(emu
.g-1) 

5 min 10 min 15 min 20 min
71.6

71.8

72.0

72.2

72.4

72.6

72.8

73.0

73.2

73.4

73.6

M
s 

5
K

 (
em

u.
g

-1
)

 
80 °C 90 °C 100 °C 110 °C

71.6

71.8

72.0

72.2

72.4

72.6

72.8

73.0

73.2

73.4

73.6

M
s 

5
K

 (
em

u.
g

-1
)

 
10 min 20 min 30 min 40 min

71.6

71.8

72.0

72.2

72.4

72.6

72.8

73.0

73.2

73.4

73.6
M

S
 5

K
 (

e
m

u.
g-1

)

 
250W 450W 650W 850W

71.6

71.8

72.0

72.2

72.4

72.6

72.8

73.0

73.2

73.4

73.6

M
S
 5

K
 (

em
u.

g-1
)

 
without t1 t2 t3

71.6

71.8

72.0

72.2

72.4

72.6

72.8

73.0

73.2

73.4

73.6

M
S
 5

K
 (

e
m

u
.g

-1
)

 

TB 
(K) 

5 min 10 min 15 min 20 min
15.6

15.8

16.0

16.2

16.4

16.6

T
B

 (K
)

 
80 °C 90 °C 100 °C 110 °C

15.6

15.8

16.0

16.2

16.4

16.6

T
B
 (

K
)

 
10 min 20 min 30 min 40 min

15.6

15.8

16.0

16.2

16.4

16.6

T
B
 (

K
)

 
250W 450W 650W 850W

15.6

15.8

16.0

16.2

16.4

16.6

T
B
 (

K
)

 
without t1 t2 t3

15.6

15.8

16.0

16.2

16.4

16.6

T
B
 (

K
)

 



  

38 
 

 
Table S7: table of the microwave parameters of experiments to validate the ED. The first three 
were chosen at random. The last three were chosen for their optimized responses. 
 

Samples A B C D E 
S50 1 1 4 1 2 
S477 2 4 2 4 1 
S753 3 4 4 1 1 
S893 4 2 4 4 1 
S957 4 3 4 4 1 
S1021 4 4 4 4 1 
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Table S8: summarize of the different responses (theoretical in red and experimental in black) 
of the experiments to validate the ED. 
 

Sample dTEM 
(nm) 

σTEM 

(nm) 
dhydro 
(nm) 

aXRD 
(Å) 

tXRD 
(nm) 

%lig 

(%) 
Ms 300K 
(emu.g-1) 

Ms 5K 
(emu.g-1) 

TB 
(K) 

S50 theo 

S50 exp 

3.03 
2.98 

1.02 
1.05 

7.98 
8.57 

8.3842 
8.3789 

3.62 
3.17 

30 
34 

52.06 
52.11 

73.29 
74.42 

16 
14 

S477 theo 

S477 exp 
3.03 
2.69 

1.02 
0.96 

8.66 
57.28 

8.3851 
8.3785 

3.63 
2.48 

30 
40 

53.44 
12.08 

72.57 
37.56 

17 
11 

S753 theo 

S753 exp 
3.03 
3.10 

1.02 
0.81 

8.46 
7.90 

8.3841 
8.3946 

3.65 
3.66 

30 
35 

53.61 
60.83 

74.25 
81.93 

17 
15 

S893 theo 

S893 exp 
3.03 
2.84 

0.99 
0.88 

8.21 
8.46 

8.3842 
8.3818 

3.62 
3.40 

31 
32 

53.58 
59.30 

73.47 
80.37 

16 
13 

S957 theo 

S957 exp 
3.04 
3.19 

1.00 
0.74 

8.33 
9.03 

8.3842 
8.3729 

3.66 
3.49 

30 
32 

54.41 
53.83 

74.30 
74.30 

16 
14 

S1021 

theo 

S1021 exp 

3.04 
3.15 

1.01 
0.99 

8.47 
5.83 

8.3833 
8.3852 

3.66 
3.34 

30 
26 

54.39 
38.59 

74.34 
57.67 

16 
16 

 
 


