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Abstract 
 
Different iron oxides (i.e., magnetite, maghemite, goethite, wüstite) show distinct effects on 

biological objects, and thus the investigations of the morphology and phase-structural state 

have prime priority for their biomedical applications. 

The aim of this work was to develop one-pot synthesis of magnetic nanoparticles by 

thermolysis of Fe(III)-oleate or Fe(III)-undecylate in a high-boiling point solvent in situ, using 

Fe(III)-acetylacetonate. Magnetic nanoparticles were characterized by transmission electron 

microscopy, dynamic light scattering, thermogravimetric analysis, АТR-FTIR and 57Fe 

Mössbauer spectroscopy, X-ray diffraction in terms of morphology, hydrodynamic diameter and 

composition, respectively. The effect of the solvent and unsaturated higher carboxylic acid, used 

as a reagent and nanoparticles stabilizer, on the particles’ properties was investigated. 

Synthesis using undecylenic acid led to the formation of iron oxide particles with larger diameter 
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(11-16 nm according to TEM) which were in 75% formed of magnetite. According to the 

Mössbauer and XRD results, the organic shell thickness around the nanoparticles depended on 

the nature of the stabilizer, but it did not prevent the partial oxidation of the particles magnetite 

core to maghemite. In contrast, monodisperse single-domain maghemite nanoparticles with size 

less than 8 nm were synthesized using oleic acid in 1-octadecene. 

 

Keywords 
 
Iron oxide nanoparticles, Fe(III)-acetylacetonate, thermal decomposition synthesis, maghemite, 

magnetite 

 

Introduction 
 
Magnetic nanoparticles are increasingly used in various fields thanks to the recent progress in 

their controlled synthesis and knowledge of their chemical and physical properties. One of such 

areas is biomedicine1. Especially, iron oxide-based nanoparticles, due to their biodegradation, 

low toxicity, and enhanced oxidative resistance compared to metallic nanoparticles show high 

potential in biomedical applications2,3,4. Up to now, iron oxide nanoparticles were proposed as 

contrast agents for magnetic resonance imaging, high-precision biosensors, as well as carriers 

in magnetic-assisted drug delivery systems. Furthermore, they have been applied for tumour 

treatment using hyperthermia method5 and in bone tissue regenerative medicine6. 

However, the use of iron oxide nanoparticles in biomedicine firstly requires in-depth 

studies of their structure and properties. It was well-established that different iron oxides, e.g., 

magnetite (Fe3O4), maghemite (γ-Fe2O3), goethite (α-FeOOH), and wüstite (FeO), have 

divergent impact on biological objects7. In this regard, the study of the morphology and phase 

composition of iron oxide-based nanoparticles is critical issue. Nevertheless, magnetite and 

maghemite particles remain the most commonly used nanoparticles in biomedical applications. 

However, it has to be noted that magnetite nanoparticles undergo rapid oxidation in air, which 

leads to the formation of the maghemite layer on their surface. The oxidation is significantly 
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enhanced in case of nanoparticles characterized by large specific surface area, and thus it can 

be concluded that the smaller the nanoparticles are, the higher the maghemite content is. In 

addition, micro- and nanosized particles differ significantly in their magnetic properties8. 

Microsized nanoparticles are typically multi-domain and ferrimagnetic, while nanoparticles below 

20-30 nm are usually single-domain. Further reduction of the nanoparticles diameter below the 

critical size leads to the obtaining of nanoparticles with superparamagnetic properties9,10. 

Thanks to the absence of coercive forces in superparamagnetic nanoparticles not exposed 

upon external magnetic field, they are characterized by good colloidal stability, which make 

them ideal candidates, e.g., for magnetic-assisted targeted drug delivery11. 

Nanoscale magnetite can be obtained by various well-known synthesis routes, such as 

hydrothermal synthesis, thermal decomposition or coprecipitation method9,10. Each of these 

synthetic approaches has certain advantages and disadvantages. One of the essential issues in 

many biomedical applications is synthesis of magnetic nanoparticles with uniform size and 

chemical composition, and superparamagnetic properties. These requirements can be meet by 

applying the thermal decomposition method, which is based on the decay of low-stable organic 

iron salts (i.e, acetate, pentacarbonyl, acetylacetonate) in a high boiling point solvents, in the 

presence of stabilizing agents, e.g., fatty acids, higher amines, alcohols, or their mixtures12,13,20. 

Although thermal decomposition method is relatively simple, there is no single way for its 

implementation; changing the reaction time and conditions considerably influences the 

properties of the final nanoparticles. Apart from the narrow size distribution of the particles, the 

possibility of preparing particles of various morphology (e.g., spherical, cubic, octahedral) is a 

next great advantage of this method over the coprecipitation one14,15. 

Previously, the decomposition of thermally unstable Fe(III)-acetylacetonate at 

temperature above 150 °C, directly leading to the formation of iron oxide nanoparticles when an 

oleylamine was used as a stabilizer, have been reported16. In these conditions, FeO/Fe3O4 

nanoparticles were obtained17. To synthesise magnetite nanoparticles, an additional 

component, e.g., 1,2-hexadecandiol, was introduced into the system18. Optionally, if Fe(III)- 
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oleate was pre-synthesized the magnetite nanoparticles were the product of thermolysis in high-

boiling point solvent (at 250-320 °C)19. Up to date, there is no publications about the two- step 

single-reactor synthesis of iron oxide magnetic nanoparticles by thermal decomposition method, 

in which Fe(III)-acetylacetonate is used as starting compound for the synthesis of alkanoates 

followed by thermolysis of their solution. 

The aim of this work was first to develop the synthesis of nanomagnetite dispersions by 

thermolysis of Fe(III)-oleate or Fe(III)-undecylate in a high-boiling point solvent in situ using 

Fe(III)-acetylacetonate as the precursor, and then to study the structure and morphology of the 

obtained nanoparticles using various complementary characterization techniques. 

 

Results and Discussion 
 

The physicochemical properties of magnetite nanoparticles synthesized via the thermal 

decomposition method depend on many factors, such as selection of precursor and organic 

stabilizer, ligand/precursor ratio, solvent, and temperature of the decomposition reaction. In this 

study, a series of dispersions of magnetic nanoparticles were obtained using various solvents 

and stabilizing agents (Table 1). All prepared nanoparticles were initially black20 but slowly 

became reddish upon exposure to air. When the synthesis was carried out at a slight excess of 

fatty acids, the unstable dispersions of particles were obtained, which coagulated and formed a 

black magnetic precipitate on the reactor walls (TM-III; precursor/fatty acid molar ratio of 

1:3.05). Applying molar ratio of Fe(III)-acetylacetonate to carboxylic acid of 1:3.29 resulted in 

partially stable dispersions of the nanoparticles (TM-I, TM-VI). In contrast, a brown liquid, 

containing neither particles nor magnetic sediment, was obtained when a large excess of 

stabilizing agent (above molar ratio of 1:5.5) was used. 

Although there are number of publications, which explain the processes of the formation 

of magnetic nanoparticles during the thermal decomposition, it is noteworthy to examine applied 

in this study system in more detail. In the presence of higher carboxylic acid, such as oleic acid 

(OA) or undecylenic acid (UA, Fe(III)-alkanoate is a predominant product of Fe(III)- 
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acetylacetonate decomposition at relatively low-temperature range of 110-120 °C (Figure 1). To 

avoid the influence of acetylacetone residues, which are formed during the decomposition of 

acetylacetonate, they were removed from the reaction mixture under vacuum. Consequently, 

the reaction mixture contained only Fe(III)-alkanoate in an appropriate solvent and a set amount 

of higher fatty acid. 

Thermal decomposition of Fe(III)-alkanoate at temperatures below 200 °C occurs at a 

negligible rate, and thus its impact is insignificant21. Above 200 °C, i.e. 310-312 °C in case of 1- 

octadecene and at 255 °C for diphenyl and paraffin, Fe(III)-alkanoate undergoes 

decarboxylation thermolysis accompanied by breaking of FeO-C bonds. The release of carbon 

mono- and dioxide, hydrogen, higher ketones, and hydrocarbons, as well as partial reduction of 

Fe(III) to Fe(II), result in a formation of magnetic iron oxide nanoparticles22. Excess of higher 

carboxylic acid that has not been bound to the iron salt did not undergo to thermolysis and is 

likely to being adsorbed on the surface of the particles ensuring the stability of the 

nanodispersion (Figure 2)23. 

TEM microphotographs of the prepared nanoparticles confirmed their size between 8 and 

16 nm (Figure 3, 4). The diameter and shape of the nanoparticles depended on the preparation 

conditions, especially selection of the higher fatty acid – the OA-stabilized nanoparticles were 

significantly smaller (8-13 nm) compare to UA-stabilized ones (11-16 nm). Furthermore, the 

highly monodispersed spherical nanoparticles, creating the stable dispersions toluene, were 

obtained only when 1-octadecene was used as a solvent (Figure 3, Table 1). The majority of the 

nanoparticles synthesised in paraffin and diphenyl were poorly reproducible and non-uniform in 

size and shape. Only the MT-IV nanoparticles, which were synthesised at twice as low 

concentration of the reagents in paraffin compared to the rest of the synthetic approaches, were 

spherical (Figure 4). However, the yield of this synthesis was significantly lower compared to 

ones conducted in 1-octadecene. The Miller indexes on the electron diffraction patterns (Figure 

5) of the radiating crystallographic planes were presented as SAED patterns and corresponded 

clearly to a spinel phase, typical for both magnetite and maghemite. Moreover, the fact that the 
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halos observed were uniform and the single spots were not visible proved that the crystallites 

were very small. These results corresponded well with data achieved from XRD diffraction, 

according to which the average size of the crystallites for all prepared nanoparticles was in the 

range of 4.5-9 nm. The average crystallite size did not correlate with the amount of stabilizer 

used. The Rietveld refinement allowed to determine a coherent diffracting domain size 

nanoparticle of 6 nm by using LaB6 as a reference compound (Table 1). The particularly good 

agreement of indices (Rexp=0.44, Rp=1.17, Rwp=1.75, RBragg=24.23 and GoF=15.55) confirmed a 

proper refinement. The size determined from the TEM microphotographs of the particles 

synthesized using OA (8-13 nm) was generally closer to the average size of the crystallites 

obtained by estimating the expansion of the X-ray diffraction line (DXRD calculated with Scherer, 

optionally Rietveld, refinement), which indicated a single magnetic domain character of the 

TMO-I nanoparticles. Using a stabilizer with shorter carbon chain, i.e., UA, under the same 

synthetic conditions resulted in particles of larger size (11-16 nm). These particles were 

characterized by a significantly higher polycrystalline index (IPCR = 2.5- 3.5) and were likely 

aggregates of the crystallites of smaller size, which also corelated with higher polydispersity 

index observed for these nanoparticles (Table 1). 

The X-ray diffraction patterns of the synthesised nanoparticles were compared to 

standard ones both of magnetite and maghemite (Figure 6). The diffraction patterns of the 

synthesised nanoparticles showed the great similarity to the patterns of the standards. However, 

it has to be noted that both these iron oxides are characterized by spinal-structures and very 

close lattice parameters, which makes their distinction using XRD very troublesome24. 

In contrast to XRD, 57Fe Mössbauer spectrometry allows to discriminate magnetite and 

maghemite as the isomer shift, resulting from the monopolar electric interactions, is very 

sensitive to the Fe valency states. Considering the characteristic measurement time of 57Fe 

Mössbauer spectrometry estimated at 10-8 s from the Larmor frequency, the hyperfine structure 

of magnetite at 300 K (and above the Verwey transition estimated at 119 K) is composed of 

one-third of Fe3+ species and two-thirds of Fe2.5+ species in accordance with its expected 
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electronic and stoichiometric structure. The Mössbauer spectra of the TMO-І nanoparticles at 

300 K and 77 K were shown in Figure 7. At 300 K, a broadened single line typical for the 

presence of superparamagnetic relaxation phenomena suggesting a very small size (about 10 

nm compared to results from literature) of the synthesised nanoparticles, which was consistent 

with the electron and XRD diffraction results, as well as TEM results. Different fitting models can 

be considered using either a distribution of hyperfine fields or a superimposition of two single 

lines giving rise to an invariant mean value of isomer shift consistent with the presence of only 

Fe3+ species. In contrast, the Mössbauer spectrum recorded at 77 K consisted of a pure 

symmetrical magnetic sextet composed of broadened and asymmetrical lines that can be well 

described by using a discrete distribution of hyperfine fields, also giving rise to a mean value of 

isomer shift consistent with the presence of only Fe3+ species. Thus, it can be concluded that 

these nanoparticles are monodispersed and exclusively made up of maghemite. According to 

previous studies reported in the literature, magnetite-maghemite core-shell nanoparticles can by 

prepared by partial oxidation of magnetite core during and/or after synthesis and the thickness 

of its shell can be controlled. Furthermore, the prolonger oxidation may result to production of 

maghemite nanoparticles. These observations are in agreement with the result of the present 

study, confirming the monodisperse nature of the maghemite nanoparticles obtained. 

The TMY-5 nanoparticles were also measured at 300 K and 77 K (Figure 7). The profiles 

differed from those observed on TMO-I; the shape of the single line at 300 K and the better- 

defined hyperfine structure at 77 K indicated a decrease in superparamagnetic relaxation 

phenomena, likely caused by bigger size of the nanoparticles. In addition, the spectrum 

collected at 77 K can be decomposed into four different components: (i) three magnetic ones 

are attributed to blocked Fe3+ species, blocked Fe2+ species, and Fe ions having intermediate 

valency states between Fe3+ and Fe2+, as usually observed in typical magnetite below the 

Verwey transition and (ii) a quadrupolar component assigned to Fe2+ species, probably some 

traces (4%) of FeO (wüstite). However, the values of hyperfine parameters, particularly the 

mean values of isomer shift (independent of the fitting model), indicated the mixed phase 
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composition of the nanoparticles, i.e., maghemite: magnetite in ratio of 25:75 in terms of Fe 

atomic proportions, thus proving their partial oxidation25,26. 

The ATR-FTIR and TGA were used to for surface characterization in terms of the 

presence of higher fatty acid, which play important role for the particle’s stability and future 

functionality. ATR FTIR studies confirmed the presence of characteristic bands that could be 

assigned to the organic (stabilizing) layer on the surface of nanoparticles synthesized with both 

OA (TMO-I) and UA (TMY-II) (Figure 5). The peaks at 2850 and 2920 cm-1 were attributed to 

symmetric and asymmetric stretching vibrations of CH2 groups of carboxylic acid. The band at 

1710 cm-1 corresponded to vibrations of the C=O group, not involved in hydrogen bonds27. The 

peaks at 1640, 1456, and 1377 cm-1 were ascribed to the deformation fluctuations in isolated 

double C=C bonds in OA and UA, whereas the bands at 1560 and 1430 cm-1 corresponded to 

symmetric and asymmetric vibrations of COO- groups of the stabilizing layer, attached to the 

core of the nanoparticles. The intense peak at 582 cm-1 was attributed to oscillation of the Fe-O. 

The thickness of organic shell was estimated by comparing the hydrodynamic diameter of 

the particle with its size determined from TEM microphotographs (Table 1). For the UA- 

stabilized nanoparticles, the thickness of organic layer was of 8-13 nm, while for the OA-coated 

nanoparticles it was 3-6 nm (TMO-I), respectively. These outcomes were in agreement with 

TGA results, according to which the nanoparticles synthesized under the same conditions, but 

with divergent carboxylic acids, contained significantly different amount of the organic phase. 

Determined from the TGA curves content of the stabilizer for the TMO-I (coated with OA) and 

TMY-V (coated with UA nanoparticles was of 20.6 % and 64.4%, respectively (Figure 9). 

Furthermore, considering the average particle diameter, densities of the particle core and 

organic shell, and content of the organic phase, the average thickness of the stabilizer layer was 

calculated, reaching the value of 1.4 nm for the TMO-I particles and 8.7 nm for the TMY-V ones. 

Base on the fact that length of OA molecule is of 1.9-2.1 nm, it can be assumed that the core of 

the TMO-I particle was coated with a monolayer of OA. In contrast, the shell thickness of 
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the TMY-V particles significantly exceeded the length of UA molecule (̴1.7 nm), indicating the 

formation of a multilayer shell. 
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Figure 2: Formation of nanoparticles via decarboxylation of Fe(III)-alkanoate. 

 
 

 

Figure 3: TEM micrographs of the nanoparticles synthesized in 1-octadecene using different 

stabilizers (TMO-I – OA, TMY-IV, TMY-V – UA). 
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Figure 4: TEM micrographs of the nanoparticles synthesized using OA in paraffin (МТ-ІІ, MT-IV, 

MT-VI) and diphenyl (ТМ-І) in different conditions. 

 
 

 

Figure. 5 Electron diffraction patterns of (a) TMO-І, (b)TMY-IV, (c) TMY-V. 
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Figure 6: X-ray diffraction patterns of (1) Fe3O4 standard (JCPDS No. 88-315; mean crystallites 

size of 11 nm)1, (2) TMY-V, (3) TM-VI , (4) TMO-І, and (5) γ-Fe2O3 standard (JCPDS No.00- 

039-1346)28,29 . 
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Figure 7: Mössbauer spectra of the TMO-I and TMY-V at 300 K and 77 K (blue, red, green and 

olive green correspond to Fe3+, intermediate Fe3+-Fe2+, Fe2+ magnetic components and 

quadrupolar Fe2+ component, respectively). 
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Figure 8: ATR FTIR spectra of the magnetic nanoparticles stabilized with 1) OA (TMO-I), 2) UA 

(TMY-ІІ), 3) iron oxide powder without stabilizer (TM-III). 
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Figure 9: Thermogravimetric analysis of (1) TMO-I, (2) TMY-V and (3) TMY-IV . 
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Table 1: Synthesis conditions and characteristics of the obtained magnetic nanoparticles. 
 

Sample 
name 

 
Stabilizer 

Fe(III)- acetylacetonate 
to carboxylic acid ratio 

(mol/mol) 

 
Solvent 

 
T (°C) 

Stable 
dispersion 

Size, D (nm) 
 

IPCR ˟˟˟ 
Polydispersity 

index, PDI 
ТЕМ DLS XRD˟˟ 

МТ-І  
 

 
OA 

1:3.29 diphenyl  

 
255 

± 7.5-12.5 * 8.8 1.7  

МТ-ІІ 1:3.37  

paraffin 

+ 12** * *   

ТМ-III 1:3.05 - - - -  - 

MT-IV 1:3.30*** + 13 26 5.5 2,5 0.149 

TM-VІ 1:3.29 ± 17* * 8.8  - 

ТМО-І 1:3.30   + 8 14 4.6 (6.0˟) 1.7 (1.3 ˟) 0.089 

ТМО-ІІІ 1:5.60   - - - -  - 

ТМY-ІІ  

UA 

1:3.50  

1-octadecene 

 

310 

+ 13 34 6.9  0.242 

ТМY-ІІI 1:5.80 - - - - - - 

ТМY-ІV 1:5.11 + 11 27 4.5 3.8 0.138 

ТМY-V 1:3.32 + 16 42 5.6 2.3 0.121 

* – a significant number of units does not allow the analysis; 
** – irregular nonspherical particles; 
*** – two-fold lower concentration of the reagents; 
˟ – with Rietveld refinement; 
˟˟ – according to Scherrer's formula 30; 
˟˟˟ – the polycrystallinity index calculated by the formula IPCR= DTEM /DXRD 

31.
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Conclusion 
 
High-temperature decomposition of Fe(III)-acetylacetonate in the presence of exclusively higher 

unsaturated carboxylic acid (OA or UA), without additional co-stabilizers or reducing agents, on 

the principle of single-reactor synthesis, which involved the stage of formation of Fe(III)- 

alkanoates could be used to obtain monodisperse nanoparticles of iron oxide (Fe3O4, Fe2O3 or 

their mixtures) with controlled dimensions. 

Different techniques, including X-ray diffraction and Mössbauer spectrometry, were used 

to investigate nanoparticles nature, and the presence of magnetite was found in bigger 

nanoparticles, showing that an oxidation phenomenon induced the formation of maghemite on 

the surface. 

 

Experimental 

 
Materials and methods 

 
Fe(III)-acetylacetonate (Fe(III)-2,4-pentadienoate, 97%), undecylenic acid (UA; 96%), paraffin 

(used after recrystallization), diphenyl (99%), 1-octadecene (91%), propanone were purchased 

from Merck KGaA (Darmstadt, Germany). Oleic acid (OA; 98%) was bought from Lachema 

(Brno, Czech Republic). For magnetic separation, a permanent cylindrical neodymium magnet 

(NdFeB; 45x15 mm), with an induction on the surface of 1.2 T, was used. To characterize the 

size, morphology, hydrodynamic diameter, X-ray diffraction (XRD) and transmission electron 

microscopy (TEM), and dynamic light scattering (DLS, Malvern Zetasizer Nano S, Palaiseau, 

France) were used. TEM microscopic observations were conducted using a JEOL  JEM 2100 

HR microscopw (Croissy sur Seine, Francce) equipped with a LaB6 source. An accelerating 

voltage of 200 kV was applied. The electronic diffraction patterns were obtained using selected 

area electron diffraction (SAED) technique. XRD diffraction patterns were collected using 

Panalytical MPD-PRO diffractometer equipped with a linear X’celerator detector 
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and Co Kα lamp as a source of radiation (1.789Å). The experimental data was analysed using 

HighScorePlus software, with implemented Rietveld method32. This method gives different types 

of crystallographic information such as size of the unit cell, the coordinates of the atoms, and 

the agreement indices that reflect a good refinement. The collected XRD patterns were 

compared with the standard of maghemite and magnetite available within International Centre 

for Diffraction Database (ICDD). 

Certain structural and magnetic properties of the synthesized magnetic nanoparticles 

were studied by means of 57Fe Mössbauer spectrometry at 77 K. The samples were 

investigated using a transmission conventional device with a Co source diffused into a Rh 

matrix. The hyperfine parameters were refined by using quadrupolar doublets and magnetic 

sextets with lorentzian lines. The values of isomer shift are quoted to that of α-Fe at room 

temperature (RT). Indeed, this technique is highly sensitive to the valency state of Fe species, 

and thus makes it possible to discriminate the presence of magnetite from that of maghemite 

and to estimate their respective proportions. Measurements were performed in transmission 

geometry with a 925 MBq -source of 57Co/Rh mounted using a conventional constant 

acceleration drive. The velocity of the source was calibrated using -Fe as the standard at RT. 

Measurement was performed on solid pellets made of dried nanoparticles containing about 5 

mg Fe/cm2. The Mössbauer spectra were fitted using the MOSFIT program (the Modular Open 

Source Fitter for Transients, a Python 2.7/3.x package for fitting, sharing, and estimating the 

parameters of transients via user-contributed transient models) involving quadrupolar and 

magnetic components with Lorentzian lines. The isomer shift values are referred to as that of α- 

Fe at RT. 

ATR-FTIR measurement were performed on a ThermoScientifis iD5 ATR Nicolet iS5 IR 

spectrometer (Waltham, MA USA) on a diamond crystal. Thermogravimetric measurements 

were carried out using TA Instrument, Hi-Res-Dynamic TGA Q 500 (New Castle, USA) in a 

nitrogen atmosphere and the temperature range from 25 °C to 900 ºС (heating rate of 10 
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°C/min, N2 flux 80 mL/min). Prior to the TGA measurements, nanoparticles were dried under 

vacuum at 50 °C prior to the TGA experiment. 

Synthesis of iron oxide nanoparticles 
 
The synthesis of nanoparticles was carried out in a 100 mL three-necked glass reactor 

equipped with a reflux condenser and mechanical stirrer. A Wood’s metal alloy bath with 

temperature control within 100-400 °C was used for heating. Fe(ІII)-acetylacetonate (3 g, 8.49 

mmol) was dissolved in a solvent (30 mL; diphenyl, 1-octadecene, or paraffin). Different molar 

ratios of carboxylic acid (OA or UA) to Fe(III)-acetylacetonate (in the ratio from 1:3.05 to 1:5.8) 

were used. The solution was heated up to 120 °C, and the acetylacetone (AcAc) was removed 

under a vacuum of 150 mm Hg with constant stirring. Then, the reflux condenser was replaced 

by an air condenser and the reaction mixture was heated up to the 255 °C in case of diphenyl 

and paraffin and 312°C under argon in case of 1-octadecene. The stirring was continued for 30 

min. The resulting reaction mass was transferred into the 250 mL reactor equipped with a 

mechanical stirrer and washed five times with propanone (150 mL each time) nanoparticle 

deposition by magnetic separation on a NdFeB magnet. The supernatant was eliminated by 

decantation and the precipitate was suspended in 5 mL of hexane using ultrasonic bath UM-    

2, 140 W (Olsztyn, Poland). Hexane fractions were evaporated in a vacuum, and the remaining 

nanoparticles were resuspended in toluene to obtain a stable colloidal solution, which was 

stored under argon. 
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