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Abstract 

The study of the experimental conditions to synthetize monodisperse iron oxide nanocrystals 

prepared from the thermal decomposition of iron (III) acetylacetonate in the presence of 

surfactants and reducing agent was carried out. The influence of temperature, synthesis time 

and surfactant amounts on nanoparticle properties are reported. This investigation combines 

the relaxometric characterization and size properties. The relaxometric behavior of 

nanomaterials depends on the selected experimental parameters. The synthesis of iron oxide 

nanoparticles with a high relaxivity and a high saturation magnetization can be obtained with 

a short reaction time at high temperature. Moreover, the influence of surfactant concentrations 

determines the optimal value in order to produce iron oxide nanoparticles with a narrow size 

distribution. The optimized synthesis is rapid, robust and reproductive, and produces nearly 

monodisperse magnetic nanocrystals. 

Page 2 of 30AUTHOR SUBMITTED MANUSCRIPT - NANO-116031.R1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



3 

 

1. Introduction 

For the last decades, numerous groups reported the synthesis of iron oxide nanoparticles by a 

large panel of synthetic methods as coprecipitation [1-3], microemulsion [4-7], hydrothermal 

synthesis [8, 9], thermal decomposition [10-13], sol-gel [14-16] and polyol methods [17, 18]. 

Due to their interesting magnetic properties, iron oxide nanomaterials are essentially used in 

biomedical applications such as MRI contrast agents, nanocarriers for drug delivery and the 

cancer treatment by hyperthermia [19-22]. However, the magnetic properties of iron oxide 

nanoparticles are widely influenced by their physicochemical properties (size, size 

distribution, shape and surface nature) [23-26]. Therefore, the control of the size distribution 

is a real challenge for the researchers. It is reported that the production of magnetic 

nanoparticles with a controlled diameter and a better size distribution can be obtained by a 

high-temperature decomposition of iron inorganic precursors. 

Rockenberger  et al. [27] reported a general non hydrolytic method to synthesize transition 

metal oxide nanoparticles. In this method, iron(III) N-nitrosophenylhydroxylamine (Fe(cup)3) 

was injected in octylamine solution under argon atmosphere at high temperature (250-300°C). 

After the synthesis, monodisperse iron oxide nanoparticles present a size range between 4 and 

10 nm.  

A few years later, Hyeon and co-workers [28] reported the production of monodisperse iron 

oxide nanoparticles. Nanoparticles were prepared from the thermal decomposition of iron(0) 

pentacarbonyl in a solution of octylether containing oleic acid to yield an iron oleate complex 

at low temperature. Then, the iron oleate solution was decomposed at high temperature 

(300°C) to obtain monodisperse iron nanoparticles by a controlled oxidation with 

trimethylamine as a mild oxidant, in order to form 11 nm-iron oxide nanoparticles.  
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Sun and co-workers [29] reported a high temperature reaction of iron(III) acetylacetonate with 

1,2 hexadecanediol, oleic acid and oleylamine in a high boiling ether solution.  In function of 

the nature and the boiling point of the solvent, particles of different sizes have been obtained: 

4 nm particles are formed in presence of diphenylether and 6 nm particles are synthesized 

when dibenzylether is used. Numerous articles confirm the benefits of this synthetic approach 

by the use of several techniques such as transmission electron microscopy (TEM), X-ray 

diffraction (XRD) or/and vibrating sample magnetometry technique (VSM) [30, 31]. These 

reports essentially discussed the magnetic properties, the size and the size distribution of 

nanoparticles. The relaxometric behavior as a function of the modification of experimental 

parameters was poorly discussed in literature. Only few articles discuss the influence of 

experimental parameters on nuclear magnetic resonance properties [32-35]. Therefore, this 

article reports on the influence of experimental parameters of thermal decomposition method 

on the characteristics of the nanoparticles such as the size, the shape, the size distribution, the 

magnetic and the relaxometric properties. Moreover, the characterization was performed on 

the non-aqueous nanoparticle suspensions dispersed in n-heptane. This investigation defines 

an optimal protocol to obtain monodisperse iron oxide nanoparticles with a minimal synthesis 

time without the modification of standard size deviation. 

2. Experimental section 

2.1. Materials. Iron(III) acetylacetonate (97%), 1,2-hexadecanediol (90%), oleic acid (90%), 

oleylamine (70%), benzylether (99%) and iron standard for ICP-AES (TraceCerd©) were 

purchased from Sigma-Aldrich (Bornem, Belgium) and used as received. Ethanol (96%) and 

n-heptane (99%) were purchased from Acros Organic (Geel, Belgium) and used without 

purification. 

2.2. Synthesis.  
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The iron oxide nanoparticles were prepared by a thermal decomposition of iron(III) 

acetylacetonate in dibenzylether in the presence of surfactants and reducing agent. The 

experimental parameters (time, temperature and surfactant concentration) were systematically 

modified for studying the effects of reaction factors on nanoparticles properties. Typically, 

solvent (dibenzylether), surfactants (oleic acid and oleylamine) and reducing agent (1,2-

hexadecanediol) were added into a flask. The mixture was heated to the desired temperature 

(200°C, 250°C or 300°C) for 15 min and then iron(III) acetylacetonate diluted in 

dibenzylether was rapidly injected into the flask. The mixture was heated to a selected 

temperature and the heating period extended from 0 to 120 minutes during which a sample 

was taken every 30 minutes. Figure 1 shows the procedure approach to study the effect of 

time and temperature on the physicochemical properties of iron oxide nanoparticles with a 2:6  

ratio between iron precursor and oleic acid amounts (standard condition).  

 

Figure 1: Heating protocol used to study the influence of the temperature and the time 

on the nanoparticle properties 

The effect of surfactant amount was investigated with a mixture heated at 300°C during 30 

minutes. The oleic acid and oleylamine (1:1) quantities were varied between 2 and 10 
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millimoles and other reaction parameters remained unchanged. The purification of aliquots 

consists in mixing the black mixture with ethanol in order to precipitate nanomaterials. 

Thanks to the use of magnetic separation, nanoparticles were isolated and the supernatant was 

discarded. The washing step was realized three times. Finally, the nanoparticles were 

dispersed in n-heptane for analysis.  

To explore the influence of experimental parameters on the final physicochemical properties, 

different experiments were performed in which only one parameters (reaction time, 

temperature or surfactant amounts) was modified (table 1).  

Table 1: Summary of the experimental parameters studied and the standard reaction 

factors used. 

Parameters studied 

Heating time (min) 0, 30, 60, 90, 
120 

Heating temperature (°C) 200, 250, 300 

Oleic acid and oleylamine (mmol)
a
 2, 3, 4, 6, 10 

Standard parameters 

1,2-hexadecanediol (mmol) 10 

Iron(III) acetylacetonate (mmol) 2 

Dibenzylether (ml) 20 
a
The ratio between oleic acid and oleylamine amounts is equimolar and was kept constant for 

each run. 

2.3. Characterization.  

2.3.1. Nuclear Magnetic Resonance (NMR). The 
1
H NMRD profiles was recorded using a 

Stelar Fast Field Cycling relaxometer (Mede, Italy). The system operates over a range of 

magnetic field extending from 0.25 mT to 0.94 T (0.01-40 MHz) at 37°C. T1 and T2 

measurements were performed on a Bruker Minispec mq60 (Karlsrushe, Germany) working 

at a Larmor frequency of 60 MHz (1.41T) at 37°C. T1 measurements were performed by an 
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inversion-recovery sequence (IR), which consists in an inversion (180°) pulse followed, after 

a delay t, by a 90° reading pulse. The measurement of T1 consists thus in repeating this 

sequence with various inversion times, each sequence being separated from the next one by 

the recovery delay, RD (ideally equal to or larger than 5T1).. 

T2 is measured by the Carr–Purcell–Meiboom–Gill (CPMG) pulse sequence. In this sequence, 

a 90° pulse is followed by a series of 180° pulses, ideally covering the full decay of the signal. 

 

2.3.2. Transmission Electron Microscopy (TEM). All TEM images were obtained using a 

Microscope Leo960E operating at an accelerating voltage of 60kV (Oregon, USA). The 

sample was prepared by placing a drop of diluted iron oxide nanoparticle suspensions on a 

carbon-coated copper grid. The liquid dries in air at room temperature.  

2.3.3. Photon Correlation Spectroscopy (PCS). The PCS measurements were recorded on a 

Zetasizer NanoS from Malvern Instrument (Worcestershire, UK) using a detection angle of 

173° and a red laser operated at a wavelength of 633 nm. The hydrodynamic diameters were 

measured on nanoparticle suspensions dispersed in n-heptane using the viscosity of n-heptane 

of 0.39 mPa.s at 25°C and the refractive index of iron oxide nanoparticles of 2.42. 

2.3.4. Determination of iron content. The total amount of iron was determined by 

inductively coupled plasma-atomic emission spectroscopy (ICP-AES) using Jobin Yvon 

JY70
+
 instrument (Longjumeau, France). All samples were prepared for analysis as follows: 

0.2 ml of nanoparticle suspensions was added to 0.5 ml of concentrated nitric acid. The 

mixture was heated at 80°C during 30 minutes in a water bath. Distilled water was added to 

the mixture to reach a final volume of 5 ml.  
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2.3.5. X-ray diffraction (XRD). X-ray diffraction experiments were performed on a D5000 

Siemens diffractometer using the Cu Kα radiation (λ =0.15406 nm). The scattering intensities 

were measured over an angular range of 20° < 2Θ < 80° for all samples. One measurement was 

recorded every 0.05° during 25 seconds. The measurements were recorded at room 

temperature.  

2.3.6. Thermogravimetric analyses (TGA). The experiments were carried out on a TA 

Instruments Q500 (New Castle, United States) using Pt crucibles. The heating program is 

composed of an isotherm of 30 minutes at 100°C and then the samples were heated with a 

heating rate of 10°C min
−1

 until 800°C under a flow of nitrogen. 10-30 mg of iron oxide 

particle powders were used for analysis. For TGA coupled to a Fourier Transform Infra-Red, 

a Bruker Tensor 27 spectrometer equipped with a gas cell at 230°C was used.  

 

3. Results and discussion 

3.1. Nanoparticle formation by thermal decomposition 

The thermal decomposition can be realized by two different methods: “heating-up” and “hot 

injection” methods for the production of nearly monodisperse nanoparticles. The heating-up 

process consists in progressive heating a pre-mixed solution of precursors, surfactants and 

solvent to a given temperature to initiate the nanoparticle clustering and growth [10, 36]. The 

hot injection method consists in achieving a fast homogeneous nucleation by the injection of 

reagents into a hot surfactant solution followed by a controlled growth phase. Both processes 

are based on the same formation mechanism [37] and are able to form nanoparticle 

suspensions with a narrow size distribution according to the control of the reaction parameters 

[38-40]. This work is focused on the hot injection method in which the synthesis mechanism 
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of nanoparticles is described by the well-known Lamer diagram [41]. This theory describes 

the formation of monodisperse nanoparticles thanks to the separation of the nucleation and 

growth phases. This can be achieved if: (i) nucleation and growth take place at different 

temperatures [29, 41] or (ii) nucleation and growth occurs with different rates [42].  

After the injection of iron(III) acetylacetonate, the iron precursors are rapidly transformed to 

nuclei due to the precursor concentration increase and the subsequent supersaturation of the 

solution. Moreover, the temperature decreases, helping the burst nucleation of a majority of 

the iron initiators. Indeed, the growth rate slows down at lower temperatures. This step 

corresponds to the second stage in the Lamer diagram [41]. Then, the concentration of iron 

precursors simultaneous decreases with the rapid increase of temperature to higher values. 

This one induces the stop of the nucleation process. The crystal growth starts, inducing the 

size increase of the materials. Consequently, the hot injection method separates the nucleation 

and the growth processes by the use of different temperatures. This approach can be 

considered as a special case of Lamer theory in which the stage I is omitted.  

To get further information about the thermal behavior of iron(III) acetylacetonate, a 

thermogravimetry analysis (TGA) was performed (Supporting information). The main weight 

loss (about 95%) is observed between 175°C and 300°C. This observation suggests the loss of 

acetylacetonate groups (acac). In order to identify the structure of residues, TGA coupling 

with infrared spectroscopy (TGA-IR) was performed (figure 2). The IR spectra measured by 

TGA-IR in gas phase (figure 2A) suggests the presence of acetylacetonate groups. Indeed, the 

IR spectrum at 200°C (figure 2B) indicates the presence of C=O bonds at 1730 cm
-1
 and is 

similar to the conventional Fourier transform infrared spectroscopy (FTIR) of 2,4-

pentanedione (figure 2B) confirming that the temperature destabilizes iron(III) 

acetylacetonate complexes inducing the loss of these acac ligands. 
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Figure 2: (A) IR-3D spectrum as a function of analysis time and temperature and (B) 

comparison of IR spectra between the iron(III) acetylacetonate residue measured by gas 

phase IR (black line) and the 2,4-pentanedione measured by FT-IR (red line).  

Information available from the literature also reported the formation of other byproducts such 

as CO, CO2, H2, water, ketones and hydrocarbons with various chains [37, 43]. As a 

conclusion, these analyses give the temperature range required to decompose iron precursors 

that must be chosen between 175°C and 300°C. 

3.2. Influence of heating temperature on nanoparticles properties 

To study the effect of temperature, three samples A2, B2 and C2 heated at 200°C, 250°C and 

300°C respectively, for 30 minutes with a ratio between iron precursors to oleic acid of 2:6. 

The nuclear magnetic relaxation properties of magnetic nanoparticles are generally obtained 

by the study of their nuclear magnetic resonance dispersion (NMRD) profiles (figure 3). 

These curves give the evolution of the proton longitudinal relaxivity (r1) as a function of 

Larmor frequency.  
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Figure 3: 
1
H NMRD profiles of samples heated for 30 minutes at: 200°C (A2; black 

circle), 250°C (B2; red triangle) and 300°C (C2; green square). The continuous lines 

correspond to the fitting by the superparamagnetic relaxation theory (SPM). 

The results indicate a marked difference between samples A2, B2 and C2. The general shape 

of these three NMRD profiles are similar and match well with the NMRD curves of 

superparamagnetic colloidal suspensions [44]. An increase of the temperature induces an 

increase of proton longitudinal relaxivity (r1) at all values of Larmor frequencies. Moreover, 

the maximum longitudinal relaxivity (r1

max
) increases with synthesis temperature and its 

position moves toward lower proton Larmor frequencies, indicating an increase of particle 

size.   

At lower Larmor frequencies (0.1-1MHz), a small dispersion is observed, indicating the 

presence of nanoparticles with a single crystal [45] and a low anisotropy energy [46]. 

Moreover, the longitudinal proton relaxivity at low frequencies increases when the samples 

are heated at higher temperatures, indicating the increase of anisotropy energy without the 

disappearance of the superparamagnetic property. 
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The experimental NMRD points of each sample were fitted using the superparamagnetic 

relaxation theory (SPM) [47, 48] adapted to non-aqueous suspensions of superparamagnetic 

nanoparticles (with a diffusion coefficient of n-heptane  equal to 3.53 10
-5 

cm
2
 s

-1
) [49]. The 

relaxation models of superparamagnetic nanomaterials [47, 50] is based on the outer sphere 

model in which the theoretical parameters are extracted as NMRD diameter (d
NMRD

) 

(corresponding to the shortest distance between the magnetic core and the solvent molecules), 

saturation magnetization (Ms) and Néel correlation times (N) (see supporting information).  

This relaxation model is defined as a dipolar interaction between the proton spins of the 

solvent molecules and the magnetic moment of superparamagnetic center in which the 

molecular interaction is modulated via the translational correlation time (D) that depends on 

the relative diffusion and the distance between both centers (proton spin of solvent and 

magnetic moment of nanoparticles) [51]. The theoretical NMRD diameters and saturation 

magnetizations (table 2) increase with the temperature as predicted by the SPM theory. 

Indeed, similar effects can be observed for the samples heated at identical temperature but 

during various synthesis times (see supporting information). The dNMRD is obtained from the 

fitting of the NMRD curves. The cristal size is obtained from the inflection point of high 

magnetic field component (ωID ~ 1 ; D = r 
2
/D). The low particle size and the high dispersity 

of the sample may explain the high dNMRD. The diameter d
XRD

 have been estimated from 

Scherrer formula. It not always gives a real crystallite size value. The shape constant (k = 0.89 

~0.9) is used for spherical particles, so the cristallite have to be spherical, which is not the 

case for all our samples. The Ms has been obtained from from the fitting of the NMRD curves 

and is based on the classical outersphere relaxation model.  The resulting  low Ms values are 

probably the consequence of a deep and extended coating on the surface hindering the 
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approach of the stericaly imposing solvent molecules (i.e. heptane) at the nearby of the 

magnetic core. 

Table 2: Summary of the experimental parameters and the results obtained for the 

study of the influence of time and temperature. 

Experimental details Diameter (nm) PDI  Ms 

(A.m
2
/Kg 

of iron) 
Sample Temperature 

(°C) 

Time 

(min) 

Fe:Surf d
NMRD

 

 

d
XRD

 d
TEM

 

A2 200 30 2:6 9.0 3.0 4.3±1.7 1.5 13.4 

B2 250 30 2:6 9.5 6.5 5.7±1.8 1.4 49.5 

C2 300 30 2:6 12.3 5.4 8.0±2.4 1.3 47.5 

C1 300 0 2:6 9.6 / 7.0±2.0 1.3 42.6 

C3 300 60 2:6 12.4 / 8.4±2.7 1.3 46.7 

C4 300 90 2:6 12.1 / 8.2±2.3 1.3 47.5 

C5 300 120 2:6 11.5 6.0 9.4±2.5 1.2 48.7 

 

As a conclusion, the heating of reaction mixture at high temperature induces an increase of 

longitudinal relaxivity as well as an increase of crystal size. In order to obtain nanoparticle 

suspensions with a high relaxivity, it is essential to select a temperature larger than 200°C as 

predicted previously by the TGA analysis of iron(III) acetylacetonate. In a previous work, we 

have also reported [48] the evolution of NMR behaviors of compounds during the thermal 

decomposition process. A large difference between the NMRD profiles of aliquots taken at 

low temperature and at high temperature was observed. This can be due to an increase of 

nanoparticle size.  

In order to investigate the temperature influence on size properties, XRD and TEM were used 

to characterize the crystalline nature and the core size (figure 4B). X-ray diffraction analysis 

gives the size of the crystal as well as a qualitative information on the crystallinity. For this, 

XRD diameter (d
xrd

)  was estimated from the Scherrer formulation [53]. The position and 

relative intensity of all peaks match well with standard XRD data of the structure of iron 

oxide powders (maghemite or magnetite). The XRD peak intensity of each sample increases 
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with heating temperature. Sample C2 (heated at 300°C) exhibits peaks with higher intensities 

than samples A2 (heated at 200°C) and B2 (heated at 250°C) for the predominant lattice face 

of (311), (511) and (440). Sample heated at 200°C (sample A2) does not seem to be 

crystalline. On the contrary, when the temperature is increased to 250°C or 300°C, the 

characteristic XRD peaks of magnetite or maghemite clearly appear, demonstrating the 

presence of crystalline nanoparticles. Moreover, the narrow width of these XRD peaks shows 

that these samples (B2 and C2) exhibit a crystalline proportion much higher than samples 

heated at 200°C (samples A2). 

 

Figure 4: (A) Schematic illustration of size evolution and saturation magnetization, (B) 

X-ray diffraction patterns of samples heated for 30 minutes at: 200°C (sample A2: black 

line), 250°C (sample B2: red line) or 300°C (sample C2: green line) and TEM images of 

(C) sample A2, (D) sample B2  and (E) sample C2.  
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To complete the size characterization, transmission electron microscopy was used to study the 

morphology of each sample (figure 4). After the diameter measurement of a nanoparticle set 

(around 600-1000 of particles/ sample), the statistical treatment of the size histograms was 

fitted by a Gaussian function. The TEM diameter, the standard deviation and the 

polydispersity index (PDI) were calculated. It is observed that TEM diameters increase with 

reaction temperature, whereas, PDI tends to decrease (table 2). 

These data agree with the NMRD results, showing that sample A2 exhibits a low value of 

calculated saturation magnetization. At 200°C, the synthesis temperature is thus not sufficient 

to form nanoparticles with a high crystallinity level. At higher temperatures, the TEM 

diameter increases and is in good agreement with the results obtained by NMRD and XRD 

measurements. The comparison between NMR and size properties shows a good correlation 

and the difference observed between both TEM and XRD diameters can be related to the 

values of saturation magnetization. According to several reported works, the evolution of 

saturation magnetization is due to the growth of crystal size [8, 25, 54]. Therefore, the 

increase of the crystallinity degree and the nanoparticle size induces high impacts on the 

relaxometry properties of iron oxide nanoparticles. 

3.3. Influence of heating time on nanoparticle properties. 

The heating time effect is also an important factor influing on the nanoparticle properties. In 

this part, the study was focused on the NMR and size characterizations of the samples heated 

at 300°C (samples C1 to C5) as a function of heating time. As shown above, the samples 

heated at higher temperature exhibit a much higher relaxivity and crystallinity level; therefore, 

we focused on these samples. The solution was synthesized with the same ratio between iron 

precursor and surfactants (2:6). The heating time varied from 0 minutes to 120 minutes, an 
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aliquot was taken every 30 minutes during the synthesis process and other reaction factors 

were unchanged. 

 

Figure 5: 
1
H relaxation profiles, recorded at 37°C in n-heptane, for samples heated at 

300°C during: 0 min (C1; black circle), 30 min (C2; red triangle up), 60 min (C3; green 

square), 90 min (C4; blue diamond) and 120 min (C5; pink triangle down). 

Figure 5 shows the time influence on NMRD profiles of aliquots heated at 300°C. NMRD 

profile of sample C1 exhibits a proton longitudinal relaxivity much lower than the other 

samples over the whole range of proton Larmor frequencies. In addition, NMRD profiles of 

samples C2 to C5 exhibit analogous values of longitudinal relaxivities. The maximum 

longitudinal relaxivity remains at the same Larmor frequency (around 10 MHz). It seems thus 

that the heating time slightly influences the NMR properties of nanoparticles. As a result, the 

influence of reaction temperature is much more important than the heating time on 

relaxometric properties. All NMRD profiles were fitted with SPM theory to extract the 

NMRD parameters (table 2). As depicted in table 2, NMRD diameter of sample C1 

(corresponding to sample taken at initial reaction time) is smaller than for the other samples. 

A significant increase of NMRD values (d
NMRD

, MS and N) is observed between samples C1 
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and C2. However, similar values are observed for samples C2 to C5. An increase of the 

nanoparticle diameter is related to an increase of saturation magnetization. As a result, the 

heating time slightly influences the relaxometry parameters. In order to confirm these 

observations, TEM were performed on the samples heated at 300°C (Supporting 

informations). It was observed that TEM diameter tends to slightly increase as a function of 

the heating time when the reaction mixture is heated at 300°C (figure 6) whereas PDI slowly 

decreases with the heating time.  

 

Figure 6: Heating time effect on the TEM diameter and the polydispersity index (PDI) of 

samples heated at 300°C. 

Data discussed in the literature are sometimes contradictory concerning the influence of 

heating time on the properties of iron oxide nanoparticles synthesized by thermal 

decomposition. For example, Schladt et al. [55] reported that the nanoparticle size increases 

with heating time whereas the PDI values decrease. These data agree well with our results. 

However, Maity et al. [56] reported the deterioration of polydispersity index with the heating 

time. In our case, a low influence of reaction times is observed on nanoparticle size, size 

distribution, magnetic and relaxometric properties. Consequently, in order to form a 
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nanoparticle suspension with high performance, in terms of relaxivities and magnetization, the 

optimal temperature seems to be of 300°C with a minimal reaction time of 30 minutes.  

In order to select the optimal experimental parameters, the relationship between the reaction 

time and the synthesis temperature was investigated. Figure 7 shows the influence of 

synthesis time and temperature on the longitudinal relaxivity (a), transversal relaxivity (b) 

and their ratio (c) measured at a Larmor frequency of 60 MHz and at 37°C. The magnetic 

properties are illustrated with the values of saturation magnetization (d) of each sample 

extracted from the fitting of NMRD profiles according to the superparamagnetic relaxation 

theory.   

 

Figure 7: Influence of reaction time and temperature on nanoparticle properties: (a) 

longitudinal relaxivity r1, (b) transversal relaxivity r2, (c) ratio between transversal and 
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longitudinal relaxivities r2/r1 and (d) saturation magnetization. The relaxometric values 

were measured at 60 MHz and 37°C. 

Figure 7a shows the evolution of longitudinal relaxivity as a function of reaction time and 

temperature. At a fixed temperature, the r1 remains nearly constant between 30 and 120 

minutes, whereas, at identical time, the value of r1 progressively increases when the synthesis 

temperature changes from 200°C to 250°C and remains constant at 300°C. For the transversal 

relaxivity (figure 7b), an increase is observed between 250°C and 300°C.  The saturation 

magnetization (figure 7d) behaves similarly to r1. 

Figure 7c shows the ratio between the longitudinal and transversal relaxivities (r2/r1) at 60 

MHz and at 37°C. The ratio strongly increases when the temperature increases, since r2 

increases more and faster than r1. This observation can be explained by an increase of 

nanoparticle size and crystallinity level as shown by TEM images and by X-ray diffraction 

patterns.  

At high temperature, the decomposition of acetylacetonate complexes is easier. Therefore, the 

formation of the primary iron species followed by the nanoparticle growth can take place. At 

300°C, a mass transfer of primary species on nanoparticle surface can be facilitated in favor 

of the crystal growth. 

3.4. Influence of surfactant concentrations 

During the last decades, numerous works reported the influence of surfactants during the 

synthetic process [25, 56, 57]. The surfactants can play two roles: (i) they sterically avoid 

agglomeration and (ii) they play an active role in the nanoparticle growth. In our case, iron 

oxide nanoparticles are formed by the thermal decomposition of iron(III) acetylacetonate in 

the presence of oleic acid (OA), oleylamine and 1,2-hexadecanediol in dibenzylether. Oleic 
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acid is frequently used in thermal decomposition process due to the presence of a double bond 

giving a better steric stabilization. Yin et al. [58] reported that oleic acid influences the 

temperature decomposition of iron precursors and also affects the nanoparticle size. However, 

the results reported about the surfactant influence are not always clear. Although the influence 

of oleic acid is extensively discussed, the data found in the literature are sometimes 

contradictory. Some authors assumed that the nanoparticle size tends to increase with the 

surfactant concentration, whereas other research groups reported the inverse tendency [42, 58-

619].  

Consequently, the optimal ratio of oleic acid to iron precursor must be determined for the 

production of monodisperse nanoparticles. To this purpose, the reactant solutions were heated 

at 300°C for 30 minutes. As described previously, these conditions are the temperature and 

the reaction time required to obtain iron oxide nanoparticles with optimal magnetic and 

relaxometric properties.  

Different surfactant concentrations (oleic acid and oleylamine) were investigated (samples D1 

to D5; table 3). The concentration of iron precursors as well as 1,2-hexadecanediol and 

dibenzylether did not change in these experiments. The ratio between both surfactants, oleic 

acid and oleylamine, is equimolar. Indeed, in the literature, it is demonstrated that an 

equivalent concentration of both surfactants form small nanoparticles with a narrow size 

distribution [62]. 

Table 3: Summary of the experimental parameters and the results obtained for the 

study of the influence of surfactant. 

Experimental details Diameter (nm) PDI  

Sample Temperature 

(°C) 

Time 

(min) 

Fe:Surf d
PCS

 

 

d
XRD

 d
TEM

 

D1 300 30 2:2 9.9±2.6 6.0 6.1±0.9 1.1 

D2 300 30 2:3 9.7±2.5 6.4 9.4±2.6 1.2 

D3 300 30 2:4 9.0±2.2 5.6 8.4±1.8 1.2 
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D4 300 30 2:6 9.5±2.3 5.5 8.0±2.0 1.2 

D5 300 30 2:10 9.5±2.3 5.7 7.3±2.1 1.3 

 

To study the size properties, three characterization techniques (PCS, XRD and TEM) were 

used. PCS data show similar values of hydrodynamic diameter for each sample (table 3). 

Therefore, the surfactant amount does not seem to influence the hydrodynamic diameter. 

Similarly, XRD analysis (Supporting informations) shows similar spectra, correlated to the 

typical XRD spectra of the magnetite or maghemite. The calculated diameters (from (311) 

XRD peaks) exhibit similar values (around 5.5 and 6.5 nm) for each sample. After the 

statistical treatments (with a nanoparticle number of 600-1000), the evolution of TEM 

diameters and the polydispersity index (figure 8) shows that the nanoparticle size increases 

when oleic acid content increases from to 2 mmol (sample D1) to 3 mmol (sample D2), and 

then decreases. On the other hand, the size dispersity tends to increases when increasing the 

surfactant concentration. 

 

Figure 8: Evolution of TEM diameter and polydispersity index (PDI) as a function of 

oleic acid amount. 
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As shown in figures 8 and 9, the size distribution becomes broader for samples D2 to D5 

(corresponding to surfactant amount between 3 and 10 mmol). When the surfactant and iron 

precursor amounts are equimolar (sample D1: 2 mmol) , the particles are spherical, uniform 

and exhibit a smaller size compared to other samples. 

 

Figure 9: TEM images and their size histograms of the samples heated at 300°C during 

30 minutes with a surfactant amount of: (A) 2mmol, (B) 3mmol, (C) 4mmol, (D) 6mmol 

and (E) 10 mmol. 
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For the thermal decomposition of iron (III) acetylacetonate in the presence of oleic acid, 

oleylamine and 1,2-hexadecanediol, contradictory results have been reported. Vargas et al. 

[63] stated that the nanoparticle diameter continually decreases with the increase of oleic acid 

amount. On the other hand, Meledandri et al. [64] observed the inverse situation in which the 

particle size decreases with surfactant quantity as shown by several characterizations. Finally, 

Bronstein et al. [65] reported that the crystal size increases and then decreases with oleic acid 

concentration. In the present work, monodisperse nanoparticles were obtained when the 

surfactant amount is equal to 2 mmol while larger amounts of oleic acid induce a broadening 

of the size distribution. Moreover, this optimized protocol is reproducible (as shown in 

supporting information by NMRD profiles and VSM curves). 
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4. Conclusions 

The control of the size distribution is a major challenge which was fulfilled in this study 

for the production of monodisperse iron oxide nanoparticles. The influence of reaction 

factors (temperature, time and surfactant concentration) was investigated in order to 

define their impact on nanoparticle properties and to determine optimal experimental 

parameters for the production of monodisperse iron oxide nanoparticles. The present 

investigation showed that the reaction temperature and the surfactant concentration have 

larger effects than the reaction time. The optimized experimental protocol could be 

identified as follows: the reaction solution should be heated at 300°C during a minimum 

of 30 minutes with an equimolar Fe:OA ratio (2:2)., The optimized experimental protocol 

allowed a fast and reproducible synthesis of monodisperse iron oxide nanoparticles (6 

nm).  
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