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A novel route for the controlable synthesis of 
magnetite nanoparticles 

P. Tserotas 
 

Abstract— Nanoparticles of magnetite (Fe3O4) were obtained via a novel synthetic route. First, iron enneacarbonyl, Fe2(CO)9, was 
prepared by the decomposition reaction of liquid iron pentacarbonyl, Fe(CO)5, injected in a hexane solvent in the presence of sunlight and 
mild heating. In the second step, the resulting dry Fe2(CO)9 crystals were complexed with β-Cyclodextrin (β-CD) molecules, leading to 
steric hindrance of the organometallic crystals among the interstices of the CD molecular network; the latter mediates both particle size 
control and protection of the nanoparticles from further oxidation and agglomeration. The β-CD organometallic complex system, obtained in 
the previous step, was thermally treated, initiating a polyol process, in the presence of high boiling-point 1, 12 dodecanediol which acted 
both as a reductant and a solvent. Following a final addition of oleic acid, the solution was then refluxed, forming magnetite nanoparticles. 
The obtained particles were characterized by X-ray diffraction which showed a face-centered cubic spinel structure with diffraction peaks of 
magnetite. Fourier Transform Infrared spectroscopy revealed the existence of magnetite coated with hydrophobic oleic acid, as well as the 
existence of hydrophilic unitsand. Highresolution transmission electron microscopy indicated that the nanoparticles were isolated, nearly 
monodispersed and almost spherical.  

Index Terms— Magnetic nanoparticles, magnetite, maghemite, cyclodextrin, organometallics. 

——————————      —————————— 

1 INTRODUCTION                                                                     
Several processing routes that follow the off-equilibrium 

state [1], [2], [3], [4], [5], [6], [7], [8] often lead to functional 
materials such as light alloys with extended solid solubility 
[9], [10], [11], [12], [13], [14], [15], [16] and amorphous alloys 
with superb corrosion properties [17], [18], [19], [20], [21], [22]. 
Regarding the hydrometallurgy routes, these, in recent years, 
have yielded magnetic nanoparticle materials, with 
unprecedented properties, comparing with their bulk 
counterparts. For example, magnetite nanoparticles are of 
great interest within the realms of magnetic fluids [23], 
catalysis [24], [25], biotechnology [26], magnetic resonance 
imaging [27], data storage [28] and environmental remediation 
[29]. Successful applications demand the particles, to be 
chemically stable under a range of various conditions. The 
nanoparticles that are normally used are below a critical size, 
which is dependent on the application, and is typically 10 to 
20 nm. Within this range, each nanoparticle acts as a single 
magnetic domain and shows superparamagnetic behaviour 
when the temperature is above the so-called blocking 
temperature [30].  

   A variety of techniques have been developed for the 
efficient production of nanoparticles, including metal 
evaporation [31], thermal decomposition, coprecipitation and 
chemical reduction methods [32], as well as laser pyrolysis 
[33]. Thermal decomposition, in particular, is one of the 
widely used chemical approaches for the production of 
nanoparticles. In this method, the nuclei are formed after 
precursors are added to a solution in the presence of 

surfactants at sufficiently high temperatures, such that the 
precursors may be decomposed. In this method, particle 
properties depend on the reaction parameters, including 
reaction time, temperature and the type of surfactants used. 
Among the various precursors utilised, iron pentacarbonyl, 
Fe(CO)5, is of increased merit. Also referred to as iron 
carbonyl, iron pentacarbonyl is the main precursor in the 
synthesis of magnetite (Fe3O4) or maghemite (γ-Fe2O3) via 
thermal decomposition. Indicatively, Park et al synthesized 
monodisperse γ-Fe2O3 nanoparticles with average diameters 
in the range of 4 to 16 nm using a Fe(CO)5 precursor and oleic 
acid surfactant [34].  

   Iron pentacarbonyl is also metastable, with a formation 
enthalpy of  -185 kcal/mol and a formation enthalpy of each of 
the five carbon monoxide subunits equal to -110.5 kcal/mol, 
which account for the compound’s tendency to decompose via 
a complicated reaction pathway; the latter may also involve a 
range of intermediate iron carbonyls. Numerous surfactants 
and other species can also catalyse this decomposition reaction 
and, as a result, the reaction frequently changes rate and even 
order, which is always a crucial factor when attempting to 
grow nanoparticles of controlled size and shape [35]. There 
exist numerous reports in the literature for inclusion 
complexation of organometallic compounds with cyclodextrin 
molecules, with the latter acting both as host molecules and as 
mediators for various organic oxidation and catalytic reactions 
[36], [37], [38], [39], [40], [41].  

   The current work presents a synthesis route which is 
aimed at the synthesis of monodispersed magnetite 
nanoparticles. The route has been designed to take advantage 
of the facile decomposition of unstable Fe(CO)5, which is 
converted in a hexane solution to stable iron enneacarbonyl, 
Fe2(CO)9, in the form of crystals, under specific conditions [42]. 
Next, this organometallic compound is complexed with β-
Cyclodextrin molecules, according to a combination of two 
modified complexation procedures described elsewhere [43]. 
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It is noteworthy that iron enneacarbonyl was utilised both as a 
guest compound for complexation with cyclodextrin 
molecules and as an iron precursor for the synthesis of 
magnetic nanoparticles.    

2 MATERIALS AND METHODS 
The cyclodextrin molecular network seems to constitute an 
ideal platform for the synthesis of nanoparticles of narrow size 
distribution and monodispersity.  
Cyclodextrins [44], [45], [46], [47], [48], [49], [50] are cyclic oli-
gosaccharides composed of α-(1, 4) linked glucopyranose sub-
units, with an extreme inclusion complex capability, due to 
their cage-like supramolecular structure. The cyclodextrin cav-
ity is hydrophobic, while the external surface is hydrophilic 
due to the existence of hydroxyl groups. Two different faces 
may be distinguished on CDs. The narrow cavity side has 
primary hydroxyl groups and is called the primary face. The 
large cavity side bears secondary hydroxyl groups and is 
called the secondary phase. By taking advantage of the cy-
clodextrin capability to form inclusion complexes with a varie-
ty of compounds, including organometallics, it was managed 
to obtain such a complex system with β-CD. The cyclodextrin 
molecular network acts both as a size controller, an adsorbent 
platform and a stabilizing factor, by sterically hindering the 
organometallic molecules among the interstices/cavities of the 
CD molecules. The prepared system was subjected to a polyol 
process, inclusive of a mild thermal treatment, in the presence 
of a high boiling point alcohol, 1, 12 dodecanediol, both as a 
reductant and a solvent. Finally, after the addition of oleic ac-
id, the system was refluxed and the monodispersed magnetite 
nanoparticles were thus obtained.   

2.1 Chemicals 
The chemicals used were β-Cyclodextrin (β-CD), iron penta-
carbonyl, Fe(CO)5, 1,12 dodecanediol, oleic acid (OA),acetone 
(Ac), ethanol (EtOH); they were all purchased from Alfa Aesar 
and they were not submitted to further purification. The 
chemical synthesis was carried out in a glove box.  

2.2 The iron enneacarbonyl organometallic complex 
formation 

Iron enneacarbonyl, a stable organometallic compound, 
Fe2(CO)9, was obtained by an iron pentacarbonyl metastable 
organometallic complex, Fe(CO)5. A quantity of 5 ml of 
Fe(CO)5 were injected to a 100 ml flask, containing 40 ml of a 
hexane solution. The flask was then sealed and was heated to 
50-60 ◦C for 2 h. This mild thermal treatment initiated the 
decomposition of iron pentacarbonyl and the formation of the 
first Fe2(CO)9 crystals, that were visible at the bottom of the 
flask. After that step of initial thermal treatment, the flask was 
left exposed to sunlight for 3 days, until the decomposition 
reaction of Fe(CO)5 was complete. In total, totally 0.52 g (1.4 
mmol) of air stable crystals of iron enneacarbonyl was 
obtained via gradual hexane evaporation. 

2.3 The complexed precursor preparation 
The preparation of the complex system between 
βCyclodextrin and Fe2(CO)9 crystals was carried out according 

to a combination of two modified complexation procedures. 
The molar ratio of the organometallic complex compound, 
Fe2(CO)9 to the β-CD was set to 4:1. The as-prepared dry 
crystals of the organometallic compound were then dispersed 
in a 10 ml acetone solution (solution A). In a parallel step, 0.40 
g of β-CD (0.35 mmol) was dissolved under vigorous stirring, 
in a 100 ml flask containing 32 ml of distilled water, until the 
solution became almost saturated (solution B). Then, again 
under vigorous stirring and mild heating (55-60 ◦C), solutions 
A and B were mixed. After 30 minutes, the colour of the 
solution turned to dark brown. The temperature was then 
gradually increased to 80-100 ◦C and the stirring procedure 
was continued until the solution finally dried. The obtained 
product precipitated at the bottom of the flask in the form of 
an organometallic system complexed with β-CD (powder), 
with a dark-brown colour and a weight of 0.80 g. This was 
utilized as a precursor for the next synthetic step which was 
the formation of magnetite nanoparticles. 

2.4 The magnetite nanoparticles synthetic route 
This particular multi-step synthetic route was carried out as 
follows: In the first step, 0.4 g of the complexed precursor with 
β-CD were dispersed under stirring for 20 minutes, in a flask 
containing a mixture of distilled H2O/EtOH, at a molar ratio 
4:1; this step aimed at removing impurities as well as any re-
maining noncomplexed β-CD from the previous complexation 
procedure. In the second step, the remaining pure complexed 
system was obtained by filtration and was then dried. Then, it 
was added to a three-neck round-bottom flask, along with 2 g 
of 1, 12 dodecanediol, and was then heated to 100 ◦C in ambi-
ent conditions under stirring for 30 minutes. Finally, 1.5 ml of 
oleic acid was added to the previous solution which was sub-
mitted to refluxing for 1 hour. Gradually, the colour of the 
solution turned to black. After the refluxing procedure, the 
system was cooled to room temperature and the synthesized 
nanoparticles were flocculated and precipitated via the addi-
tion of ethanol. Then, the magnetic nanoparticles were collect-
ed from the flask, with the aid of a powerful permanent mag-
net and washed several times with ethanol solution. Finally, 
the obtained magnetic material was redispersed in a hexane 
solution. 

2.5  Particles characterization 
The produced nanopowders were analyzed by X-ray diffrac-
tion (XRD), using a Bruker D8-Focus diffractometer with nick-
el-filtered Cu-Kα radiation (=1.5405 Å), operating at 40 kV and 
40 mA. Transmission Electron Microscopy (TEM) studies were 
performed on a Jeol 2100 HR microscope; TEM samples were 
prepared by forming a suspension of the particles with a con-
centration of between 0.1 and 0.01 wt% solid fraction. Finally, 
powders were characterized by a Perkin Elmer Spectrum GX 
Fourier Transform IR spectrophotometer, in the range of 4000–
400 cm−1 with 200 successive scans. The spectrometer was 
equipped with a deuterated triglycine sulphate (DTGS) detec-
tor and with an attenuated total reflectance (ATR) unit. 

3 RESULTS AND DISCUSSION  
In the current study, monodispersed magnetite nanoparticles 
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were synthesized via a combination of polyol and thermal 
decomposition process. The utilized iron source, the 
organometallic precursor compound, Fe2(CO)9, was obtained 
and complexed with β-CD. Under a three step synthetic route, 
including rinsing/purification, mild thermal treatment-polyol 
process, in the presence of 1, 12 dodecanediol and refluxing in 
the presence of oleic acid, this complexation product formed 
the magnetic material. 

3.1 Stractural Characterization 
The XRD profile of the synthesized magnetic nanoparticles is 
illustrated in fig1. As it can be seen, characteristic peaks are 
visible (220, 311, 400, 422, 511, 440 at 2θ~300, 350, 430, 530, 570, 
630 respectively), which are indicative of a face-centered cubic 
spinel structure with diffraction peaks of magnetite, according 
to the JCPDS card no. 019-0629. This indicates that the synthe-
sized nanoparticles are Fe3O4. Large particles diameters (> 
8nm), as is the current case, favor the Fe3O4 structure. This is 
attributed to the balance between the Fe oxidation states; the 
higher the oxidation state is, the higher the specific surface 
area becomes.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 
The FT-IR spectrum of synthesized nanoparticles is illustrated 
in fig2. Characteristic peaks at 3440 cm-1 (β-CD group), 2923-
2853 cm-1(hydroxyl groups due to β-CD complexation), 1711-
1631 cm-1(carbonyl groups)and 555 cm-1(ferrite peak) confirm 
the existence of magnetite coated with hydrophobic oleic acid, 
as well as the existence of hydrophilic units.  
 
The OA magnetic nanoparticles of the present study in a low 
and high TEM resolution are depicted in fig3a and fig3b, re-
spectively. The nanoparticles were isolated, nearly monodis-
persed, and were almost spherical. The oleic acid molecules 
appeared to keep the particles isolated from each other reduc-
ing interactions. The average core particle size and standard 
deviation obtained from 200 particles using the Image-Pro 
Plus analytic suite was 9.6 ± 0.8 nm. (a) The magnetic nanopar-
ticles that were synthesized in smaller resolution, (b) The 
magnetic nanoparticles that were synthesized in larger resolu-

tion, (c) a large resolution of a TEM micrograph where the 
(311) lattice fringes are noticeable. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 
 

 

 

 

 

 

 

Fig. 1. Magnetization as a function of applied field. Note that  

fig1. XRD pattern of the synthesized magnetite nanoparticles. 

 

 

 

 

 

 

fig2. FT-IR pattern of the synthesized nanoparticles.  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

fig3. (a) The magnetic nanoparticles that were synthesized in 
smaller resolution, (b) The magnetic nanoparticles that were 
synthesized in larger resolution, (c) a large resolution of a TEM 
micrograph where the (311) lattice fringes are noticeable. 

 

 
 

IJSER

http://www.ijser.org/


International Journal of Scientific & Engineering Research, Volume 7, Issue 6, June-2016                                                                                                     992 
ISSN 2229-5518 

IJSER © 2016 
http://www.ijser.org  

3.2 The role of 1, 12 dodecanediol in conjunction with 
β-Cyclodextrin during the polyol process 

During the polyol process, 1, 12 dodecanediol was utilized 
both as a reductant and a solvent for the complex system 
βCD/Fe2(CO)9. Both the latter and β-Cyclodextrin posess the 
same functional group (–OH), with 1, 12 dodecanediol bearing 
two primary hydroxyl groups in its molecule and β-CD hav-
ing two network structures of primary and secondary (–OH) 
group. The presence of this common functional group sug-
gests that these compounds behave similarly and have a simi-
lar functionality. 

In the step of mild thermal treatment at 100 ◦C, the hydrox-
yl groups of both compounds appear to play a central role in 
the homogenization of the mixture and the redox phenomena 
which are associated to the polyol process. At 100 ◦C in ambi-
ent conditions, during the melting of dodecanediol, water 
molecules are released in the reaction vessel, due to the initia-
tion of its oxidation to aldehydes and ketones. The existing 
βcyclodextrin also participates in the oxidation procedure. It is 
believed that, from the complexation procedure, β-CD mole-
cules have, mainly, physically adsorbed via Van der Waals 
forces, on the hydrophobic crystals of Fe2(CO)9, rendering 
them somewhat hydrated or hydrophilic with their hydroxyl 
groups network. This facilitated their mixing with dodecane-
diol. Of course, the (– OH) groups of CD molecules are also 
oxidized with further heating. Both 1, 12 dodecanediol and 
βcyclodextrin are considered to belong to a category of polyol 
compounds and, depending on the experimental conditions 
(in the current work: first heating at 100 ◦C in open air and 
then refluxing at 300 ◦C), their hydroxyl functional groups are 
oxidized to aldehydes, carboxylic acids, or intermediate com-
pounds with joint functions.  

At the same time, according to the literature, iron ennea-
carbonyl crystals start decomposing at 80 ◦C:    

 
2Fe2(CO)9 → 2Fe(CO)5 + 2Fe(CO)4                           (1)   
 
By further heating a parallel reaction takes place:    
 
2Fe(CO)4 → Fe(CO)5 + Fe + 3CO                              (2) 
 
Undoubtedly, the decomposition does not always follow a 

simple pathway and a range of intermediate iron carbonyls 
and iron clusters can form and may catalyze the decomposi-
tion of (1). It is, therefore, anticipated that at 100 ◦C, various 
intermediate iron carbonyls/clusters have formed within the 
β-CD network. These have most likely interacted with β-CD 
and dodecanediol oxidation products (aldeydes/carboxylic 
acids), mainly at higher temperatures within the refluxing 
step. 

3.3 The role of oleic acid during the thermal 
decomposition process -The local controlled 
oxidation mechanism provided by β-CD network 

Herein, the aforementioned obtained complex system is re-
fluxed at 300 ◦C in the presence of oleic acid. The role of the 
organic acid is of paramount importance as it strongly inter-
acts with the intermediate iron carbonyls formed in the β-CD 
network. From this interaction, iron oleate complexes are 

formed, according to a general scheme reaction:  
 
  Fe(CO)x + OA → Fe(oleate)x + XCO                        (3)   
 
 These complexes are the final iron precursors which eventual-
ly decompose to yield the magnetite nanoparticles at the spe-
cific refluxing temperature range. There is a general consensus 
that various surfactants, such as oleic acid, play a catalytic role 
in the decomposition of metal carbonyls. The same has been 
concluded for some polymeric compounds. In the case of iron 
enneacarbonyl, Fe2(CO)9, in the current study, oleic acid ap-
pears to accelerate the decomposition of the organometallic 
compound according to the general scheme of (3), providing a 
fast nucleation process to the reaction system, prior to the 
slower process of particle growth. Furthermore, oleic acid acts 
as a stabilizing and oxidation-protective agent-surfactant for 
the synthesized nanoparticles. At this point, it is noted that the 
initial complex precursor compound, i.e. the adsorbed β-CD 
molecules, provides effective steric hindrance to the newly 
formed nanoparticles. 

This leads to size-selective precipitation of the generated 
nanoparticles by the end of the refluxing procedure, together 
with the addition of ethanol. Another, important issue is that 
of the effectively controlled oxidation mechanism on the sur-
face of the formed nuclei-iron nanoclusters, which seems to 
take place prior to or in conjunction with the growth stage. 
This decisively determines the magnetite structure of the final 
nanoparticles. There are strong indications that, under the in-
creased temperature of the refluxing procedure, the dense hy-
droxyl network of CD molecules, being adsorbed onto the 
precursor organometallic complex molecules either partially 
or totally, is transformed to a local oxidative molecular net-
work of carboxylic and aldehydic groups. This combination of 
hydroxyl and carboxylic/aldehydic groups provides a well-
controlled, local surface oxidation mechanism through the 
binding of those groups on the generated iron nanoclusters, by 
mainly forming magnetite (Fe3O4) instead of maghemite (γ-
Fe2O3) or hematite (α-Fe2O3) nanoparticles, during the nuclea-
tion-growth step. This indication is reinforced by the coexist-
ence of oleic acid and the strong reductive environment pro-
vided from dodecanediol and CO released in the reaction sys-
tem during the decomposition, the latter protecting the newly 
formed nanoparticle material from full oxidation. 
 

4 CONCLUSIONS 
The particular multi-step synthetic route accomplished to 
yield magnetite nanoparticles of a highly controllable size 
(approximately 10 nm). In the process, at first, a novel organ-
ometallic precursor, Fe2(CO)9, was obtained, in order to be 
utilized as the iron source for further nanoparticle synthesis. 
Secondly, β-Cyclodextrin molecules were chosen as the best 
candidates of molecular host compounds, in order to form a 
complex system with Fe2(CO)9 (guest compound). In turn, β-
CD molecules, due to their bulky structure within their hy-
drophobic cavities/interstices, provided effective steric hin-
drance to the organometallic molecules. Then, the obtained β-
CD organometallic complex system underwent thermal treat-
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ment (a polyol process) in the presence of a high boiling point 
alcohol, 1, 12 dodecanediol, which acted both as a reductant 
and a solvent. Further, after the addition of oleic acid, the 
above solution was refluxed, forming the magnetite nanopar-
ticles. The as-synthesized nanoparticles were largely mono-
dispersed and of uniform shape. 
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