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ABSTRACT Iron oxide nanoparticles (NPs) have been extensively used for both health and 

technological applications. The control over their morphology, crystal microstructure and 

oxidation state are of great importance to optimize their final use. However, while mature in 

understanding, it is still far from complete. Here we report on the effect of the amount of either 

1,2-hexadecanediol and/or 1-octadecene in the reaction mixture on the thermal decomposition of 

iron (III) acetylacetonate in oleic acid for two series of iron oxide NPs with sizes ranging from 6 

to 48 nm. We show that a low amount of either compound leads to both large, mixed-phase NPs 

composed of magnetite (Fe3O4) and wüstite (FeO) and high reaction yields. In contrast, a higher 
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amount of either 1,2-hexadecanediol or 1-octadecene gives rise to smaller, single-phase NPs with 

moderate reaction yields. By infrared spectroscopy, we have elucidated the role of 1,2-

hexadecanediol, which mediates in the particle nucleation and growth. Finally, we have correlated 

the magnetic response and the structural features of the NPs for the two series of samples 

Introduction 

Magnetic nanoparticles (NPs) have been largely investigated in the last decades because of their 

current and potential applications in storage media,1–3 environmental remediation,4 and 

biomedicine.5–9 In particular, iron oxide NPs composed of magnetite (Fe3O4)  and/or maghemite 

(γ-Fe2O3) have been extensively employed with medical purposes because of their fascinating 

chemical and physical features. To name a few, their easy functionalization, low toxicity and good 

magnetic properties make them excellent candidates for magnetic recoverable catalysts,4,10 

biosensing,5,11–13 drug delivery,14–16 and as contrast agents for magnetic resonance imaging,17–20 

among others. Besides, the low price of the iron reagents enables the production of large amounts 

of NPs with low costs of production. From the fundamental point of view, iron oxide NPs are also 

ideal candidates to study fundamental phenomena because of the emergence of new or enhanced 

properties as compared with the bulk counterpart; for example, the appearance of 

superparamagnetic behavior, the increase of the magnetic anisotropy, both the reduction or the 

improvement of the magnetic response, and the vanishing of the Verwey transition in Fe3O4 

NPs.9,21–25 

The thermal decomposition of iron acetylacetonate (Fe(acac)3) in presence of fatty acids stands 

out among the common synthesis methods to obtain iron-oxide NPs because it allows a very 

precise control over particle size and shape.26,27 However, there are still some issues to be 

addressed regarding the control over the particle composition depending on the solvent employed 
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in the reaction mixture. 1-octadecene is one of the most used solvents in the preparation of NPs 

because of two reasons. Firstly, it enables a very good tuning of the particle size distribution, since 

its high boiling point ensures a nucleation temperature separated enough from the precursor 

decomposition temperature. Secondly, its low reactivity inhibits secondary reactions; thus, 

favoring the formation of a great number of particles. However, the main drawback of this solvent 

is its weaker antioxidant behavior that inhibits the thermal decomposition of Fe(acac)3.
28 As a 

result, nucleation and growth processes are hampered and the reaction is delayed. In this context, 

secondary phases energetically stable can appear within the particle structure. The most common 

case is the presence of wüstite (FeO) crystallites as a secondary phase within the Fe3O4 NPs.29–32 

Note that FeO dissociates to Fe3O4 and Fe below 560 ºC but can be metastable at the nanoscale.33 

Besides, FeO is antiferromagnetic (AFM) below 198 K. Consequently, particles enriched with this 

phase show a dramatic change in their magnetic properties compared to the homogeneous single-

phase Fe3O4 counterparts, namely a higher magnetic anisotropy, a strong reduction of the 

saturation magnetization and the presence of a horizontal shift of the hysteresis loop after a field 

cooling procedure (i.e., exchange bias). Furthermore, 1,2-hexadecanediol has been extensively 

employed to ensure a controlled reduction of reagents. Nevertheless, the effect of its concentration 

in the reaction mixture on the precise morphology, oxidation state and magnetic response of iron 

oxide NPs is not well understood yet. 

Within this framework, we report on the results of the synthesis of two series of iron oxide NPs 

by the rational monitoring of the effects of the amounts of either 1,2-hexadecanediol and 1-

octadecene on the thermal decomposition of Fe(acac)3 in the presence of oleic acid. We have tuned 

the amounts in the reaction mixture of both 1,2-hexadecanediol and 1-octadecene from 0 to 12 

mmol and 0 to 20 mL, respectively. Next, we have evaluated the effect of each reagent on the 
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structural parameters, such as size, particle shape and composition, and reaction yield (𝜂). We have 

also gained insight into the role of each reagent on the reaction mechanism by an infrared study of 

aliquots at different reaction stages. To finish, we have correlated the magnetic behavior of their 

samples to their structural features.  

Experimental Section 

Materials. Iron (III) acetylacetonate (Fe(acac)3, 99.9%), 1,2-hexadecanediol (90%), oleic acid 

(90%), 1-octadecene (90%) were purchased from Sigma-Aldrich. Nitric acid (HNO3, 65%), 

acetone (99,9%) and hexane (95%) were bought from Panreac. All materials were used as received 

without further purification. 

Synthesis of oleic acid coated iron oxide NPs. The effect of the stabilizer reagent (1,2-

hexadecanediol) and the solvent (1-octadecene) were evaluated in the synthesis of 7 nm NPs   

following a standard procedure described elsewhere.27,34 First, 0.36 g of Fe(acac)3 (1 mmol), 1.15 

g of oleic acid (4 mmol) and 1.5 g of 1,2-hexadecanediol (6 mmol) were mixed with 5 mL of 1-

octadecene at 1100 rpm using a Teflon coated magnetic stir bar in a three-neck flask. The reaction 

mixture was purged at 105 °C for 30 min under low pressure, and then the reaction temperature 

was increased at 3.2 °C/min up to 200 °C and kept at this temperature for two hours under argon 

flow. Afterwards, the temperature was raised at 11 °C/min up to 310 °C and kept constant for one 

hour. Then, the heating mantle was removed, and the reaction mixture was cooled down until room 

temperature. After, it was mixed with 60 mL of hexane and acetone mixture, with a ratio of 1:3, 

transferred to two 50 mL centrifuge tubes, and centrifuged at 9000 rpm for ten minutes. The black 

precipitate of each tube was dispersed with 40 mL of the mixture of hexane and acetone and 

washed by centrifugation a minimum of three times. Finally, the precipitate was dried using 
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compressed nitrogen gas for 30 seconds, dispersed in 5 mL of hexane, and stored at 5 ºC. This 

sample was labelled as S7.  

After that, two series of samples were prepared varying the amount of either 1,2-hexadecanediol 

or 1-octadecene in the reaction mixture. To simplify the reading, hereafter the samples obtained 

with tunable amounts of 1,2-hexadecanediol or 1-octadecene will be labelled as SOH and SOC, 

respectively. Firstly, three samples were prepared changing only the amount of 1,2-hexadecanediol 

in the reaction mixture as follows: 12, 2.5 and 0 mmol, referred to as SOH6, SOH10, and SOH16, 

respectively. Secondly, three additional samples were prepared modifying only the amount of 1-

octadecene in the reaction mixture as indicated: 20, 2.5 and 0 mL, referred to as SOC6, SOC29 and 

SOC48, respectively.  

Characterization  

Transmission electron microscopy (TEM). The morphology and size of the NPs in the samples 

were determined using a JEOL 1010 microscope operating at 100 kV. TEM samples were prepared 

by placing a drop of a diluted suspension of NPs in hexane onto a carbon-coated Cu grid and letting 

it dry for 10 minutes at 90 ºC. Particle histograms were determined analyzing at least 500 particles 

with the Image J software.35 The resulting histograms of the particle diameters 𝐷 were fitted to a 

log-normal distribution of the form  

𝑃(𝐷) =
1

𝑆√2𝜋𝐷
𝑒

−ln2(
𝐷

𝐷0
)/(2𝑆2)

                    (1) 

except those from sample SOC16 (see Figure S1 from Supporting Information) and SOC29, which 

were fitted to the superposition of two log-normal functions since these samples showed clear 

particle bimodality. The mean particle size, 𝐷𝑇𝐸𝑀, and the standard deviation 𝜎 were computed 

from eq 2 and 3, respectively, 

𝐷𝑇𝐸𝑀 = 𝐷0𝑒𝑆2/2                                                              (2) 
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   𝜎 = 𝐷0𝑒𝑆2/2√𝑒𝑆2
− 1            (3)          

where 𝐷0 and 𝑆 are the parameters of the log-normal function determined by fitting experimental 

data to eq 1. The particle dispersion among samples was compared by using the relative standard 

deviation 𝑅𝑆𝐷 = 𝜎/𝐷𝑇𝐸𝑀. The crystal structure of the particles was determined by the analysis of 

High Resolution TEM images (HR-TEM) and Selected Area Electron Diffraction (SAED) 

recorded with a JEOL 2100 microscope. The particle interplanar distances were calculated using 

the Gatan Microscopy Suite® software and compared with X’Pert High Score Plus patterns for 

bulk Fe3O4 (code: 01-086-1337) and bulk FeO (01-077-2355). The interplanar distances (d-space) 

were calculated measuring the radius between the central spot and the diffracted rings using Image 

J software35. Then the reflections were indexed to (h k l) planes by using as a reference the patterns 

of bulk Fe3O4 (code: 01-086-1337) and bulk FeO (01-077-2355) (see Figure S2 and Table S1 in 

Supporting Information). 

X-ray powder diffraction (XRD). A PANalytical X’Pert PRO MPD diffractometer with Cu 

Kα radiation (λ = 1.5418 Å) was used to collect XRD spectra within 10 and 120º of 2θ with a step 

size of 0.001 or 0.033º of 2θ. The crystal size 𝐷𝑋𝑅𝐷 was calculated by Rietveld analysis using the 

FullProf Suite software.36 SOH10, S7, SOH6 and SOC6 samples were fitted to Fe3O4 phase (from the 

Inorganic Crystal Structure Database, ICSD: 158507) and SOC29 and SOC48 to a mixture of 

Fe3O4/FeO (FeO, ICSD: 82233 phases (see Table 2 and Figure S4 of Supporting Information). 

Sample SOH16 was fitted using the Pattern Matching method for the Fe3O4 phase and the Rietveld 

analysis for the FeO phase. 

Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES). Aliquots of sample 

solutions were dried and then digested in 250 µL of HNO3 (65 %) under 2 h of sonication. Then, 

the organic residues were separated by filtration, and the remnant was diluted in 25 mL volumetric 
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flasks with distilled water. Afterwards, the Fe content was determined with a Perkin Elmer 

OPTIMA 3200RL. The reaction yield (η) was calculated for each sample as: 

𝜂 =  
𝑚(𝐹𝑒)𝑠𝑎𝑚𝑝𝑙𝑒 

𝑚(𝐹𝑒)𝑜
× 100                                       (4) 

Where 𝑚(𝐹𝑒)𝑠𝑎𝑚𝑝𝑙𝑒 corresponds to the total mass of iron within the particle composition and was 

determined with the following expression:  

𝑚(𝐹𝑒)𝑠𝑎𝑚𝑝𝑙𝑒 =  
100 𝐶𝐼𝐶𝑃 

𝑉𝑎𝑙𝑖𝑞𝑢𝑜𝑡
      (5) 

Here,  𝐶𝐼𝐶𝑃 and 𝑉𝑎𝑙𝑖𝑞𝑢𝑜𝑡  correspond to the concentration determined by ICP and the volume for 

each aliquot, respectively. Finally,  𝑚(𝐹𝑒)𝑜 stands for the initial mass of Fe utilized in each 

reaction. 

 Superconducting Quantum Interference Device (SQUID) magnetometry. The precipitated 

samples were dried with a nitrogen flow, removing the major part of solvents. Secondly, the 

resulting powders were kept in vacuum conditions for at least 48 h at room temperature to obtain 

compressed pellets. Then, the magnetic measurements were performed encapsulating the pellets 

in a gelatin capsule. Magnetic features of the samples in powder were evaluated first by measuring 

hysteresis loops 𝑀(𝐻) recorded within ± 5 T at 5 and 300 K. Saturation magnetization (𝑀𝑆) was 

obtained by extrapolation of the high-field region of 𝑀(𝐻) to zero field, assuming the high-field 

behavior: 𝑀(𝐻) = 𝑀𝑆 + 𝜒𝑝𝐻, where 𝜒𝑝 is a residual susceptibility due to paramagnetic species 

and/or non collinear spin alignments. 𝑀𝑆 values were normalized to the Fe content estimated from 

the ICP measurements. The coercive field 𝐻𝑐 was obtained as 𝐻𝑐  = (|𝐻𝑐
+|  + |𝐻𝑐

−|)/2, where 𝐻𝑐
+ 

and 𝐻𝑐
− were the intercepts of the hysteresis loop branches with the 𝐻-axis.37  The average 

magnetic diameter, 𝐷𝑚𝑎𝑔, for each series of samples was computed at 300 K from the 𝑀(𝐻) curves 

because at this temperature the particles are superparamagnetic and interparticle interactions can 

be neglected. In this regime, 𝑀(𝐻) curves can be fitted to a log-normal distribution 𝑃(𝑚) of 
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Langevin functions 𝐿(𝑥) associated with the superparamagnetic behavior of the particles plus a 

linear-field term caused by the lack of perfect collinearity in the internal ferrimagnetic ordering 

within the particles and/or at the particle surface, and/or the existence of some residual 

paramagnetic species.22 

𝑀(𝐻, 𝑇) = 𝑀𝑠  
∫ 𝑚𝑃(𝑚)𝐿(

𝑚𝐻

𝐾𝑘𝐵𝑇
)𝑑𝑚

∫ 𝑚𝑃(𝑚)𝑑𝑚
+ 𝜒𝑝𝐻        (6) 

Here, 𝑚 is the magnetization of the crystallites that form the particles, 𝑀𝑠= 468 emu·cm-3 (90 

emu·g-1)  is the saturation magnetization of bulk Fe3O4 at 300 K, 𝑘𝐵 is the Boltzmann constant, 

and 𝜒𝑝 is an effective paramagnetic susceptibility.22,38 Since  𝑚 =  𝑀𝑠𝑉𝑚, where 𝑉𝑚 is the 

activation magnetic volume associated with the crystallites, the distribution of 𝑉𝑚 for each sample 

was computed from the fitted 𝑃(𝑚).22,38 Finally, 𝐷𝑚𝑎𝑔 was estimated from the average value of 

𝑉𝑚 assuming spherical shapes for the activation magnetic volumes (Figure S8 in Supporting 

Information). 

The temperature dependence of the magnetizations 𝑀𝑍𝐹𝐶 − 𝑀𝐹𝐶  was recorded after zero-field 

cooling/field cooling the samples under a magnetic field of 50 Oe. The presence of different 

magnetic phases causing intra-particle exchange bias phenomena39–41 was investigated by studying 

the shift along the field axis of hysteresis loops recorded at 5 K after field cooling the samples 

under 10 kOe from room temperature down to 5 K. The exchange bias field was defined as 𝐻𝑒𝑏  =

(𝐻𝑐
+  + 𝐻𝑐

−)/2.  

Fourier-transform infrared spectroscopy (FTIR). Aliquots of the reaction mixtures of S7 and 

SOH16 at several reaction stages were studied by a Thermo SCIENTIFIC NICOLET iZ10 infrared 

spectrometer ranging from 400 to 4000 cm-1 with a spectral resolution of 4 cm-1. 

Results and discussion 
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Structural properties of the samples. We have investigated the role played by the amount of 

both 1-octadecene and 1,2-hexadecanediol on the structural features of iron oxide NPs synthesized 

by the high-temperature decomposition method of iron (III) acetylacetonate in the presence of 

oleic acid.34,42–44  

TEM images for SOH and SOC samples are depicted in Figure 1a-d and Figure 1e-h, respectively. 

The corresponding particle size distributions are displayed in Figure S1 in Supporting Information. 

As common trends, both series of samples show particles with narrow size distributions (𝑅𝑆𝐷 ≤

0.2) and rounded shapes. In addition, NPs tend to assemble onto the carbon-coated Cu grid 

avoiding the formation of big aggregates due to the steric forces associated with the oleic acid 

coating.45 Moreover, interplanar distances measured on HR-TEM images for all the samples can 

be attributed to the Fe3O4 phase, except for the samples SOC29 and SOC48, which can be attributed 

either to Fe3O4 or FeO phase (Figure 1 and Figure S2 of Supporting Information) . However, both 

the size and the crystalline quality of the samples are greatly impacted by the variation of the 

amount of either 1-octadecene or 1,2-hexadecanediol in the reaction mixture.  

Firstly, two types of samples could be distinguished depending on whether they were 

synthesized with enough amount of 1,2-hexadecanediol in the reaction mixture. For instance, 

sample SOH16 (synthesized without 1,2-hexadecanediol), showed the biggest particles with 

𝐷𝑇𝐸𝑀  = 15.8 ±  1.7 nm. However, SOH16 NPs, as displayed in TEM images, contained a lot of 

crystalline defects (Figure S2 in Supporting Information), due to either the coexistence of two iron 

oxide phases or the occurrence of different growth planes. In contrast, NPs obtained with an 

increasing amount of 1,2-hexadecanediol showed single crystal Fe3O4 NPs and a progressive 

reduction in the size down to 𝐷𝑇𝐸𝑀  = 6.2 ±  0.6 nm for SOH6.    
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Figure 1. TEM characterization for the series of SOH and SOC samples. Upper panels show 

TEM images for samples prepared with increasing amounts of 1,2-hexadecanediol in 5 mL of 1-

octadecene. (a) SOH16 (0mmol), (b) SOH10 (2.5 mmol), (c) S7 (6 mmol) and (d) SOH6 (12 mmol). 

Bottom panels display TEM images for increasing volumes of 1-octadecene and 6 mmol of 1,2-

hexadecanediol. (e) SOC48, (f) SOC29, (g) S7 and (h) SOC6. Interplanar distances for individual NPs 

were indexed to atomic planes of the Fe3O4 or FeO phase.   
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Table 1. Experimental conditions to prepare each series of samples together with the TEM 

characterization and the reaction yield. 

Series Sample Amount of reagent 
Molarity 

(M) 

𝐷𝑇𝐸𝑀 ± 𝜎 

(nm) 
𝑅𝑆𝐷 

𝜂 

(%) 

SOH 

SOH16 
0 mmol 

1,2-hexadecanediol 
__ 15.8 ± 1.1 0.07 62 ± 2 

SOH10 
2.5 mmol 

1,2-hexadecanediol 
0.5 10.1 ± 0.9 0.09 82 ± 3 

S7 
6 mmol 

1,2-hexadecanediol 
1.2 7.4 ± 1.1 0.15 58 ± 1 

SOH6 
12 mmol 

1,2-hexadecanediol 
2.4 6.2 ± 0.6 0.10 37 ± 3 

SOC 

SOC48 
0 mL 

1-octadecene 
__ 48 ± 9 0.19 65 ± 4 

SOC29 
2.5 mL 

1-octadecene 
2.4 

25 ± 5 

29 ± 2 
0.19 58 ± 2 

S7 
5 mL 

1-octadecene 
1.2 7.4 ± 1.1 0.15 58 ± 1 

SOC6 20 mL 

1-octadecene 
0.3 6.7 ± 1.4 0.20 33 ± 1 

 

Secondly, we investigated the effect of the amount of 1-octadecene solvent on the structural 

features of the samples. A lower amount of the solvent yielded larger NPs exhibiting some edges 

for SOC48 and SOC29. These NPs were in fact aggregates of smaller crystallites randomly oriented 

(see Figure 1e,f). In contrast, NPs obtained with a higher amount of 1-octadecene became single-

domain crystals and more spherical in shape (see Figure 1g,h).  

As for 𝜂, it is observed as a general trend that increasing the amount of both reagents reduces 𝜂 

for both series of SOH and SOC samples. For example, in the series of SOC samples, 𝜂 decreases 

from 65% for SOC48 to 33 % for SOC6 because of the increasing amount of 1-octadecene in the 

reaction mixture up to 20 mL. 
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Figure 2. X-ray diffraction spectra. XRD data for the two series of samples: SOH (a) and SOC (b). 

Vertical black and gray lines at the bottom correspond to X’Pert High Score Plus patterns for bulk 

Fe3O4 and FeO phases with reference codes of 01-086-1337 and 01-077-2355, respectively. Peaks 

corresponding to atomic planes of the FeO phase are tagged by grey asterisks. 

The reaction conditions, together with the main structural parameters for each sample, namely  

𝐷𝑇𝐸𝑀, 𝜎, and 𝑅𝑆𝐷 from the TEM analysis, and the 𝜂 are summarized in Table 1.  

Next, the SAED measurements showed the possibility of coexistence of two phases of iron 

oxide, Fe3O4 and FeO in the samples SOH16, SOC48 and SOC29 (see Figure S3 and Table S1 in 

Supporting Information). To obtain more information of the structural features we performed the 

XRD spectra shown in Figure 2 for SOH and SOC samples. At first glance, XRD diffractograms for 

both series of samples exhibit two triplets of peaks between 25 and 65º corresponding to the planes 

(220), (311), (400), (422), (511), and (450), which are associated with γ-Fe2O3/Fe3O4 phases. 

Despite this common signature, there are important differences between the XRD spectra for SOH 

and SOC samples due to the different amounts of either 1,2-hexadecanediol or 1-octadecene used 
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in their respective reaction mixtures. On the one hand, XRD diffractograms for NPs prepared 

without or very few of either one of these two reagents show three additional peaks that can be 

indexed to (111), (200) and (220) planes of FeO (see XRD spectra for samples SOH16, SOC48 and 

SOC29). On the other hand, two main effects have been found when increasing the amount of either 

of these two reagents: i) the disappearance of the overreduced FeO phase; and ii) a progressive 

broadening of the peaks in the XRD pattern indicating a reduction of 𝐷𝑋𝑅𝐷 (see Table 2).  

Table 2. Crystallographic characterization of the samples  

Series Sample % (Fe3O4)  𝐷𝑋𝑅𝐷(Fe3O4) ±𝜎 (nm) % (FeO) 𝐷𝑋𝑅𝐷(FeO) ± 𝜎  (nm) 

SOH 

SOH16 
Not 

calculated 5 ± 4 
Not 

calculated 
Not calculated 

SOH10 100% 9.1 ± 0.2 0% - 

S7 100% 5.97 ± 0.12 0% - 

SOH6 100% 5.75 ± 0.12 0% - 

SOC 

SOC48 50% 
27.5 ± 0.2 

7.07 ± 0.17 
50% 55.9 ± 1.6 

SOC29 65% 
21.1 ± 1.4 

8.1 ± 1.7 
35% 22.6 ± 1.0 

S7 100% 5.97 ± 0.12 0% - 

SOC6 100% 7.1 ± 0.3 0% - 

a The quantitative percentage of each phase as well as the crystal diameter of the FeO phase could 

not be calculated because the fitting was done by a combination of the Pattern Matching and 

Structural Rietveld methods. 

 

To recapitulate this section, either the absence or the use of a small amount of 1,2-

hexadecanediol or 1-octadecene leads to the formation of larger NPs with a poor control over their 

structural features but with a higher 𝜂. In contrast, a larger amount of either reagent leads to the 

formation of single-crystalline NPs, with a progressive reduction of both particle size and 𝜂 when 
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the amount of any of these two reagents is above a certain threshold. It is worth noting that the 

minimum amount of these two reagents to prepare single-crystalline NPs are 2.5 mmol of 1,2-

hexadecanediol and 5 mL of 1-octadecene for 1 mmol of Fe(acac)3, which corresponds to sample 

SOH10 (see Table 1).  

Elucidating the reaction mechanisms for the series of SOH and SOC samples.  

To gain further insight into the reaction mechanisms behind the strong dependence of the 

structural properties of the samples on the amount of 1,2-hexadecanediol, the reaction mixtures 

for samples SOH16 and S7 were monitored following a methodology described elsewere27,34 (see 

Figure S5, S6 and Table S2  in Supporting Information).  Briefly, 0.5 mL aliquots were collected 

for samples SOH16 and S7 and analyzed by FTIR spectroscopy at 105 ºC (30 minutes), 200 ºC (0 

minutes), 200 ºC (60 minutes), 200 ºC (120 minutes), 310 ºC (0 minutes), 310 ºC (30 minutes), 

and 310 ºC (60 minutes). As a general trend, characteristics bands of 1-octadecene at 3076 cm-1 

and 1640 cm-1, corresponding to stretching (=CH-) and (C=C), respectively46,47 remain constant 

throughout the reaction process, pointing that most of the 1-octadecene does not react.  Moreover, 

we have found a great impact over the spectral signatures of both the acetylacetonate and oleic 

acid bands depending on the amount of 1,2-hexadecanediol. At 105 ºC, S7 and SOH16 show two 

bands at 1530 and 1575 cm-1 corresponding to the stretching bands of the Fe(acac)3 (C=C and 

C=O).48–50 In S7, these two bands vanish at 200 ºC, while for SOH16 they remain up to 310ºC. 

Spectra also show a decrease of the intensity of the band at 1352 cm-1 (νs(COO) of Fe(acac)3) over 

the reaction course. Next, the band (C=O) of the oleic acid at 1710 cm-1 splits and shifts at higher 

energies in early stages for sample S7, which may be related to the change in the coordination 

mode of oleic acid and the acetylacetonate after reacting.48,51–54 This change in the band happens 

in early stages for the sample S7, but it is delayed for sample SOH16. Finally, we focused on the 
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evolution of bands corresponding to 1,2-hexadecanediol to elucidate the role of this reagent on the 

reaction mechanism. First, the band at 3347 cm-1 (stretching O-H) disappears at 200 ºC.55,56 

Second, bands assigned to C-O stretching,55,56 ranging from 1217 to 1067 cm-1, become broader 

and less intense likely because of the diminution of the concentration of this reagent in the reaction 

content. To summarize the effect of 1,2-hexadecanediol, the formation of NPs is affected by the 

presence of this reagent in two ways. First, it accelerates the decomposition of Fe(acac)3 at earlier 

reaction stages leading to an enhancement of the number of iron oxide nuclei. Second, the amount 

of the iron complex after the nucleation decreases, and consequently, the growth stage of the NPs 

is driven by a low diffusion mechanism yielding smaller NPs with high crystal quality. In contrast, 

the absence of 1,2-hexadecanediol in the reaction mixture leads to a reduction in the number of 

available nuclei and to a higher concentration of the iron complex. Under these conditions, the 

reaction mechanism proceeds by the coalescence of various nuclei following a faster aggregation 

process and generating larger NPs but with poorer control over their crystalline structure (Figure 

1a, Table 2 and Figure S2 in the Supporting Information).9,57  

Since variations on the precursor concentration tends to alter the balance of the activation energy, 

we have monitored the structural properties of SOH and SOC samples as a function of their 

concentrations. These results are summarized in Table 1 and 2. 58,59 At first glance, it is found that 

[1,2-hexadecanediol] ≥ 0.5 M and [oleic acid] ≤ 1.2 M lead to spherical, monophasic, single 

crystalline NPs. Here, the thermodynamic contribution becomes more important and thus particle 

growth slows down. In addition, a spherical shape is favored to minimize the NP surface energy.58 

On the contrary, the formation of edges on samples SOC48 and SOC29 (Figure 1e,f) is caused by a 

faster growth, where the kinetic contribution is dominant. Here, a larger amount of oleic acid favors 

a selective and stronger bonding at the low-energy facets (100).60 As a consequence, the growth is 
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hampered along the [100] direction and favored along the [111] direction.28,60–62  Besides, the low 

solvent volume has a dramatic effect on the size distribution. Testa-Anta et al.60 recently suggested 

that the high amount of CO2 generated due to the high concentration of oleic acid limits both the 

decomposition of the iron precursor and the subsequent nucleation while favors the growth of the 

NPs.60 Samples SOC29 and SOC16 (Figure S1 in Supporting Information) with only 2.5 mL and 1 

mL, respectively, show bimodal distributions probably because of an incomplete Ostwald 

ripening.58,63–65 The high concentration of particles may hamper the diffusion of materials through 

the solution and thus the small particles remain longer in the solution leading to bimodal size 

populations. 

Furthermore, the presence of FeO in samples SOH16, SOC29, and SOC48 (see XRD spectra in Figure 

2 and Figure S4 of Supporting Information) may be due to an excess of carbon monoxide (CO) in 

the reaction mixture as it is explained by Hai et al.31 CO is a strong reductant gas that can lead to 

an overreduction from iron (III) to iron (II).31 Figure 3 summarizes the insights into the 

morphology and the oxidation state of iron oxide NPs by monitoring the amount of either 1,2-

hexadecanediol or 1-octadecene in the reaction mixture. A low amount of either compound yields 

to larger Fe3-xO4 NPs containing FeO as a secondary phase, because of a faster particle growth 

driven by kinetics58,59 and associated with the overreduction from iron (III) to iron (II). It is worth 

noting that the FeO fraction can be comparable to that of the Fe3-xO4, being the average crystallite 

size even larger than the Fe3-xO4 one in very inhomogeneous samples, such as SOC48. In contrast, 

a larger amount of either 1,2-hexadecanediol or 1-octadecene leads to small, spherical and single 

phase NPs due to a slow particle growth driven by thermodynamics.58,59  
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 Figure 3. The effect of the amount of either 1,2-hexadecanediol or 1-octadecene on the 

morphology, oxidation state, and reaction yield of iron oxide NPs prepared by the thermal 

decomposition of Fe(acac)3 in oleic acid. (a) Schematic representation of the formation of iron 

oxide NPs as a function of the amount of 1,2-hexadecanediol (green) or 1-octadecene (blue). (b), 

(c) Dependence of the particle size and reaction yield with the amount of 1,2-hexadecanediol and 

1-octadecene, respectively. 
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The impact of the morphology, crystal quality, and oxidation states on the magnetic 

properties of the series of SOH and SOC samples. The effect of the crystalline microstructure on 

the properties of SOH and SOC samples was also evaluated by studying the magnetism of the NPs. 

The results obtained from the magnetic characterization which are included in Table 3 are as 

follows: 𝐻𝑐 and 𝑀𝑠  from 𝑀(𝐻)  curves at 5 and 300 K, 𝐻𝑒𝑏 at 5K, 𝐷𝑚𝑎𝑔  computed by fitting 

𝑀(𝐻) curves at 300 K to eq 6, and the peak temperature 𝑇𝑝 in the 𝑀𝑍𝐹𝐶  curves.  

𝑀(𝐻) curves at 5 and 300 K for SOH and SOC samples show different magnetic behavior (Figure 

S7 of Supporting Information). On the one hand, NPs with 𝐷𝑇𝐸𝑀 ≤ 10 nm exhibit a slightly lower 

𝑀𝑠 than the Fe3O4 bulk value, which indicates a bulk-like, ferrimagnetic (FiM) spin alignment 

throughout the whole NP.24,25,38,43 Besides, 𝐻𝑐  increases with the particle volume up to the expected 

values for single domain NPs in this range of sizes23,25. On the other hand, bigger NPs show a large 

enhancement of 𝐻𝑐 together with a very significant reduction of 𝑀𝑠 due to the coexistence of FeO 

(AFM) and Fe3O4 (FiM) phases within the particle structure.32,40,41,66A further insight into the FiM 

order was gained by the determination of 𝐷𝑚𝑎𝑔  obtained from the fits of the 𝑀(𝐻) curves at 300 

K to a distribution of Langevin functions (see eq 7 and Figure S8 in the Supporting Information).22 

Details on these fits are provided in the experimental section. At 300 K, most of the samples are 

in the superparamagnetic state; except SOC48 and SOC29, since they contain a significant amount 

of thermally blocked NPs because their size distributions are centered at much greater volumes. 

Here, we can distinguish two types of samples depending on the particle size and composition. 

While 𝐷𝑚𝑎𝑔 for samples with 𝐷𝑇𝐸𝑀 ≤ 10 nm are similar to 𝐷𝑋𝑅𝐷  because they are composed 

entirely of single-phase, single crystalline Fe3O4 NPs, SOH16 exhibits a 𝐷𝑚𝑎𝑔 ≈ 𝐷𝑇𝐸𝑀 4⁄   due to 

the inclusion of FeO crystallites within the NPs.40,42–44,66 
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Table 3. Magnetic properties for samples SOH and SOC measured in powder. 

 

Figure 4 shows  𝑀𝑍𝐹𝐶/𝑀𝐹𝐶 curves measured under 𝐻 =  50 Oe. Some general trends can be 

identified as a function of the particle size. Small NPs with 𝐷𝑇𝐸𝑀 ≤ 16 nm show typical features 

of superparamagnetism.22,38 In particular, 𝑀𝑍𝐹𝐶  curves exhibit a single peak located at 𝑇𝑝 <  200 K 

that shifts towards higher temperatures with the particle volume because the Néel relaxation is the 

dominant activation mechanism for single domain NPs within this size range.22,38 In contrast, 

samples SOC29 and SOC48 exhibit broader 𝑀𝑍𝐹𝐶/𝑀𝐹𝐶   curves with some plateaus and shoulders but 

without any clear sign of the characteristic peak related to the particle blocking, since 𝑇𝑝 must be 

above room temperature for such large particles. Figure S9 in Supporting Information displays the 

first derivative of 𝑀𝑍𝐹𝐶  curves for SOC29 and SOC48 samples. Both derivatives show two sharp 

peaks associated with the signatures of the Fe3O4 and FeO phases within the NPs. Firstly, there is 

Series Sample 
𝐻𝑐 at 5 K 

(kOe) 

𝑀𝑠 at 5 K 

(emu/g Fe) 

𝐻𝑐 at 300 K 

(kOe) 

𝑀𝑠 at 300 K 

(emu/g Fe) 

𝐷𝑚𝑎𝑔 ± 𝜎  

(nm) 

𝑇𝑃 

(K) 

SOH 

SOH16 0.80 ± 0.01 66 ± 2 SPM 62 ± 2 4.2 ± 2.4 190 

SOH10 0.40 ± 0.01 115 ± 4 SPM 102 ± 3 7.0 ± 0.7 131 

S7 0.23 ± 0.02 110 ± 3 SPM 90 ± 3 5.9 ± 0.9 45 

SOH6 0.087 ± 0.01 100 ± 3 SPM 77 ± 2 4.7 ± 0.7 20 

SOC 

SOC48 0.78 ± 0.02 69 ± 2 0.168 ± 0.002 66 ± 2 --- --- 

SOC29 0.61 ± 0.01 63 ± 2 0.038 ± 0.002 61 ± 2 --- --- 

S7 0.23 ± 0.02 110 ± 3 SPM 90 ± 3 5.9 ± 0.9 45 

SOC6 0.18 ± 0.01 100 ± 3 SPM 83 ± 3 5.8 ± 0.6 45 
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a sharp peak at  86  and 105 K  for SOC29 and SOC48, respectively, likely associated with the 

Verwey transition (TV) in Fe3O4.
32,40,42–44,66,67Note that TV is only present in NPs with 𝐷 ≥ 10  nm 

and with a stoichiometry very close to that of perfect Fe3O4. Furthermore, both derivatives show a 

second peak at 237 and 221 K for SOC29 and SOC48, respectively, likely related to the Néel 

transition (TN) associated with the AFM phase in FeO.32,40,42–44,66 Finally, hysteresis loops were 

recorded at 5 K after field cooling SOH16 and SOC48 samples from room temperature under 10 kOe 

(see Figure 5). Both SOH16 and SOC48 samples show shifted loops along the 𝐻-axis with 𝐻𝑒𝑏 ≈ 1 

and 1.07 kOe, respectively, likely due to the exchange coupling between the FiM and AFM phases 

coexisting within the NPs.32,40,42–44,66 

Figure 4. MZFC/MFC curves at 𝑯 = 𝟓𝟎 Oe for the series of SOH and SOC samples. Samples from 

top to bottom for (a) SOH: SOH16, SOH10, S7 and SOH6. (b) SOC: SOC48, SOC29, S7 and SOC6. The 
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corresponding curves for SOH and SOH samples are depicted with green and blue solid spheres, 

respectively. 

To summarize this section, magnetic features for samples SOH and SOC correlate well to their 

structural properties. Briefly, NPs with 𝐷𝑇𝐸𝑀  ≤ 10 nm show typical features of 

superparamagnetism: 𝐻𝑐 =  0 at 300 K, and 𝑇𝑝 are well below room temperature. Besides, these 

samples exhibit a 𝑀𝑠 slightly lower than that of bulk Fe3O4 and 𝐻𝑒𝑏 = 0. These results suggest 

that samples with 𝐷𝑇𝐸𝑀  ≤ 10 nm are made up of monophasic, single-crystalline Fe3-xO4 NPs. In 

contrast, larger NPs show a reduced 𝑀𝑠 by around 40%, the signature of a Néel transition in the 

𝑀𝑍𝐹𝐶/𝑀𝐹𝐶 curves, and 𝐻𝑒𝑏  ≈  1 kOe, all these features likely caused by the presence of FeO 

crystallites within the NPs.  

 

Figure 5. Magnetization as a function of the magnetic field recorded after field cooling 

samples SOH16 and SOC48 under 10 kOe from 300 K down to 5 K. Samples SOH16 and SOC48 

are depicted as orange and blue lines, respectively. Inset shows the low field region within 𝐻 =

±7 kOe. 

Conclusions 
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We have shown the effect of the amount of 1,2-hexadecanediol and 1-octadecene on the 

synthesis of iron oxide NPs with sizes ranging from 6 to 48 nm by the high temperature 

decomposition of Fe(acac)3 using oleic acid as surfactant. We have demonstrated an accurate 

control over the particle structure by a rational monitoring of the amount of 1,2-hexadecanediol 

and 1-octadecene in the reaction mixture. On the one hand, we have shown that a low amount of 

either of the two reagents results in large NPs containing both Fe3O4 and FeO phases but with high 

values of the reaction yield. On the other hand, a higher amount of one of the reagents gives rise 

to NPs with  𝐷 ≤ 10 nm, composed of single-phase, single-crystalline Fe3O4, but with moderate 

yield values. Moreover, we have found that, for 1 mmol of iron (III) acetylacetonate, the minimum 

amount of 1,2-hexadecanediol and 1-octadecene for the preparation of monophasic, single-

crystalline Fe3O4 NPs are 2.5 mmol and 5 mL, respectively. By monitoring the reaction conditions, 

we have shown that the presence of 1,2-hexadecanediol accelerates the decomposition of Fe(acac)3 

at earlier reaction stages; thus, decreasing the amount of the iron complex after the nucleation. 

Consequently, the growth of the NPs is driven by a low diffusion mechanism yielding smaller NPs 

of high crystalline quality. Although 1-octadecene does not actively participate in the reaction 

mechanism, variations on the concentrations of this solvent yield dramatic changes on the final 

particle structure.  

Structural and magnetic properties have also been correlated for both series of samples. First, 

we have found that small NPs show typical features of superparamagnetism: 𝑀𝑠 values are very 

close to that of bulk Fe3O4 and 𝐷𝑚𝑎𝑔 is very similar to 𝐷𝑇𝐸𝑀. In addition, 𝐻𝑐 =  0 at 300 K and 

 𝑇𝑝 < 300 K in 𝑀𝑍𝐹𝐶  curves. Second, larger NPs composed of Fe3O4 and FeO phases exhibit a 

very significant reduction of 𝑀𝑠, and  𝐻𝑒𝑏 values around 1 kOe. In addition, 𝑀𝑍𝐹𝐶/𝑀𝐹𝐶 curves 

show two anomalies associated with 𝑇𝑣 and 𝑇𝑁  because of the biphasic nature of the NPs. 
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Overall, we show that an optimal reagent control in the thermal decomposition process enables 

the synthesis of iron oxide nanoparticles of selective morphology, crystal microstructure, oxidation 

state and magnetic response, with narrow size distributions and good reaction yields.  

Our work adds an extra level of optimization, both from a fundamental and an applied 

perspective, in the quest for outstanding candidates for multifunctional nanoparticle agents for 

their use in magnetic recoverable catalysts or biomedical applications. 
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