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Abstract
The thermal decomposition (TD) methods are among the most successful in obtaining magnetic
nanoparticles with a high degree of control of size and narrow particle size distribution. Here we
investigated the TD of iron(III) acetylacetonate in the presence of oleic acid, oleylamine, and a
series of alcohols in order to disclose their role and also investigate economically attractive
alternatives for the synthesis of iron oxide nanoparticles without compromising their size and
shape control. We have found that some affordable and reasonably less priced alcohols, such as
1,2-octanediol and cyclohexanol, may replace the commonly used and expensive 1,2-
hexadecanediol, providing an economically attractive route for the synthesis of high quality
magnetic nanoparticles. The relative cost for the preparation of Fe3O4 NPs is reduced to only
21% and 9% of the original cost when using 1,2-octanediol and cyclohexanol, respectively.

Supplementary material for this article is available online

Keywords: Brazilian MRS, magnetite, thermal decomposition, iron(III) acetylacetonate, oleic
acid, oleylamine, 1,2-alkanediol

(Some figures may appear in colour only in the online journal)

1. Introduction

Magnetic nanoparticles (MNPs) have been attracting interest
because of their unique magnetic properties and interesting
technological and biomedical applications [1]. The magnetic
properties are size-dependent and also strongly dependent on
their degree of structural order, surface disorder, and inter-
actions between the nanoparticles. Among various techniques

developed for the synthesis of MNPs [2–6], the thermal
decomposition (TD) methods have been the most successful
in obtaining MNPs with high degree of crystallinity, size-
control, and narrow particle size distribution [1, 2, 6–10].
However, mostly of the TD protocols made use of a complex
mixture of reagents, which makes the synthesis expensive.
TD methods allow the synthesis of various types of MNPs,
such as magnetite [11], cobalt and nickel ferrites
[2, 8, 10, 12], bimetallic [13, 14] as well as core–shell
structures [15]. They are commonly performed with transition
metal acetylacetonates and metal carbonyls [16]. However,
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other precursors such as acetates [17], heterometallic com-
plexes [18], and metal oleates [19] produced in a previous
step from metal nitrates or chlorides [20–22] have also been
reported [22, 23]. The TD methods are carried out in solvents
with high boiling points, particularly dioctyl ether [2], which
have boiling points close to 300 °C, respectively; allowing the
reaction to occur at high reflux temperature, a feature
responsible for the improvement of the degree of crystal order
of the NPs. The TD of iron(III) acetylacetonate was also
reported to occur at temperature as low as 170 °C in dibenzyl
ether and oleylamine [24]. Non-conventional solvents, such
as ionic liquids, for instance, allow the synthesis in different
temperature ranges [25–27].

The synthesis of MNPs by TD of iron(III) acet-
ylacetonate, first reported by Sun and co-authors [11, 28],
suffered modifications over the years, but still preserves the
reduction and/or decomposition of the metal complexes with
the use of high boiling point ethers in the presence of oleic
acid (OA), oleylamine (OAm), and an 1,2-alkanediol. Despite
the large number of studies involving MNPs obtained by TD
methods, the role of each reagent used in the synthesis is not
fully understood, possibly due to multiple roles and various
possible interactions between the metal precursor and each of
the reagents, and also the interaction between reagents
[24, 27, 29, 30]. Possible interactions discussed in the lit-
erature include the formation of an acid–base-complex
between OA and OAm [31] and the coordination of OA with
iron(III) to give iron(III) oleates [32], which was identified as
an important synthesis intermediate. It has also been reported
that MNPs may be obtained using OA as the only surfactant
[33] or using barely OAm as surfactant [24], further indicat-
ing that MNPs can be obtained from different precursors and
stabilized by different molecules. However, the preparation of
magnetite NPs (Fe3O4) requires the reduction of 1/3 of the
iron(III) ions present in solution into iron(II) ions. Such a
reduction process has been attributed to either the 1,2-alka-
nediol [34] or OAm [24], which makes a controversial issue
for establishing which one is the reducing agent.

Due to the high quality of the materials obtained by the
TD methods, they are regarded as one of the most promising
route for obtaining MNPs. In the TD synthesis, originally
reported by Sun and co-authors [28], the long-chain dialcohol
1,2-hexadecanediol was used for the decomposition of
Fe(acac)3 in the presence of OA and OAm, resulting in high
quality Fe3O4 NPs with mean diameter close to 4 nm, sphe-
rical shape, and narrow particle size distribution. This dia-
lcohol corresponds to about 90% of the cost of the chemicals
used in the reaction, being a problem for product develop-
ment, scale-up, and commercialization, hence it would be of
interest to substitute it without compromising the high quality
of the material. Within this context, we have suggested pre-
viously that 1,2-hexadecanediol may be substituted, for
example, by 1,2-octanediol without compromising the high
quality of Fe3O4 NPs [35]. Continuing our efforts on this
subject, we describe here our investigations on the TD of
Fe(acac)3 using much less expensive reagents to produce
MNPs with controlled size and morphology, and economic-
ally more attractive. The relative cost of each chemical and of

each preparation discussed in this work is given in table S1.
As an example, the preparation of Fe3O4 NPs using 1,2-
octanediol corresponds to 21% of the cost for the preparation
of Fe3O4 NPs using 1,2-hexadecanediol.

2. Results and discussion

The TD method for the synthesis of MNPs, introduced by Sun
and co-authors [11, 28], is typically based on the decom-
position of iron(III) acetylacetonate in a high boiling point
ether and in the presence of OA, OAm, and an 1,2-alkanediol.
We first evaluate the TD synthesis of Fe3O4 NPs using similar
amounts of metal precursor and solvent, but varying the
nature of the other components of the synthesis. Iron (III)
acetylacetonate (2 mmol) was then used as the metal pre-
cursor and diphenylether (DPE) as a solvent (20 ml). The TD
reaction was performed in the presence of the following
reagents: OA alone (6 mmol), OAm alone (4 mmol), and a
mixture of OA (6 mmol) and OAm (4 mmol). The results
were compared with those from our previously reported
synthesis [35], which was performed in the presence of OA
(6 mmol), OAm (4 mmol), and 1,2-octanediol (10 mmol). The
mixture remained under stirring in nitrogen atmosphere and
refluxed for 2 h. After purification, all MNPs could be dis-
persed in toluene or obtained as a powder after vacuum
drying.

The morphology, average size and size distribution of the
Fe3O4 NPs were analyzed by transmission electron micro-
scopy (TEM). The micrographs are displayed in figures 1(a)–
(d) and the size distribution histograms, which were fitted
with a lognormal distribution, are presented in the supple-
mentary material (figure S1). The TD reaction performed in
the presence of OAm, as the only one stabilizing agent,
resulted in a material with a poor morphology and size control
as shown in figure 1(a). This behavior suggests a poor
interaction of the amine groups with the iron oxide surfaces
and, consequently, a highly agglomerated material. The TD
reaction performed in the presence of OA, as the only one
stabilizing agent, resulted in a material, as displayed in
figure 1(b), with better dispersion than the one synthesized in
OAm. However, the latter still exhibits a very poor size
control of the NPs. The micrograph of figure 1(b) confirms
such a statement and displays nearly spherical nanoparticles
but with a bimodal size distribution with mean diameters of
3.3 nm (σ=0.39) and 9.0 nm (σ=0.13). Ostwald ripening,
caused by a large excess of free OA, seems to be a reasonable
explanation for the occurrence of the bimodal size distribution
of the Fe3O4 NPs. Moreover, the strong interaction between
OA and the iron oxide surface is able to maintain the MNPs
separated from each other and very stable in toluene solution.
As far as this point is concerned, in situ IR spectroscopy
experiments have provided evidence for the adsorption of OA
to the magnetite surface as a carboxylate [31], lending cre-
dence to our analysis.

The TD synthesis performed with a mixture of OA and
OAm (without 1,2-alkanediol) resulted in a material with
quite a uniform size distribution of MNPs, as shown in the
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micrograph of figure 1(c), which displays faceted nano-
particles with a mean diameter of 9.0 nm (σ=0.17). The
amount of additives has not been changed in the synthesis, a
parameter that could be used for tuning the size and morph-
ology of the MNPs [36]. In fact, we have observed that by
increasing the amount of stabilizer results in an increase of the
stability of the organic phase, further reducing centrifugation
efficiency and yield of isolated nanoparticles.

For comparison, we have also performed the TD synth-
esis in the presence of OA, OAm, and 1,2-octanediol, as
reported elsewhere [35], which resulted in reproducible
samples with well-dispersed spherical shaped nanoparticles of
5.5 nm with narrow size distribution (σ=0.12) (figure 1(d)).
It is interesting to notice that the absence of the 1,2-alkanediol
in the TD synthesis, performed under similar conditions,
resulted in the growth of faceted NPs with mean diameter of
∼9 nm. This behavior suggests a strong influence of the 1,2-
alkanediol on the TD process, contributing to the improve-
ment of the NPs dispersion, size control, and size distribution.
It is somewhat difficult to determine precisely how this
molecule is affecting the nucleation or crystal growth process,
but studies are underway in order to clarify this point.

Thermogravimetry coupled to mass spectrometry (TG-
MS) was then used to evaluate the temperature of decom-
position of iron(III) acetylacetonate using similar conditions
as in the TD synthesis. The ion current of each m/z value

measured in the gas evolved during the thermal analysis is
proportional to the evolution rate of the corresponding frag-
ment. Figure 2 shows the ion intensity of m/z=43
(CH3CO

+) as a function of temperature, which can be used to
accompany the decomposition of acetylacetonate ions that are
either free or weakly bound to Fe3+ ions. These curves
indicate the temperature range for the decomposition of the
acetylacetonate-iron complex, but may not correspond to the
temperature of formation of the MNPs. Kwon et al [23]
reported kinetic studies of the formation of iron oxide nano-
crystals obtained from the TD of iron-oleate complex by TG-
MS and in situ magnetic measurements. Their results suggest
that the iron-oleate complex is decomposed into intermediate
species that act as the minimum building units of iron oxide
nanocrystals. The iron oxide nanocrystals are then formed at
temperatures above 310 °C during the heating procedure.

The TG-MS results show that the temperature of
decomposition of Fe(acac)3 is affected by the different com-
pounds used in the TD synthesis. The iron(III) acetylacetonate
complex in solid state decomposes at T>200 °C (Tmax

232 °C) (figure 2(a)). In the presence of solvent (DPE), the
decomposition temperature was found to decrease about
30 °C (Tmax 200 °C) (figure 2(b)). It is worth noting that the
solvent and all components used in the synthesis were tested
separately and they did not show any signal at m/z=43 in

Figure 1. TEM micrographs of magnetite Fe3O4 NPs obtained by
thermal decomposition of Fe(acac)3 in DPE and with the following
additives: (a) OAm; (b) OA; (c) a mixture of OAm and OA; and (d) a
mixture of OAm, OA, and 1,2-octanediol.

Figure 2. Mass analysis data of the gas evolved during the thermal
analysis (measured by TG-MS) of solutions containing Fe(acac)3: (a)
solid; (b) in DPE; (c) in DPE and OA; (d) in DPE and OAm; (e) in
DPE, OA and OAm; and (f) in DPE, OA, OAm and 1,2-octanediol.
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the temperature range studied (figure S4). In the presence of
OA and DPE, the decomposition temperature decreased fur-
ther, almost 200 °C, reaching the lower decomposition
temperature observed (broad range from 70 °C to Tmax

137 °C) (figure 2(c)). In the presence of OAm and DPE, the
decomposition profile of the iron (III) acetylacetonate com-
plex is rather similar to the reaction in solvent alone
(figure 2(d)). In the presence of OA, OAm, and DPE, the
decomposition temperature increased to T>200 °C (Tmax

220 °C) with signs of decomposition in a broad temperature
range from 70 °C to 300 °C (figure 2(e)). The addition of 1,2-
octanediol to the mixture of OA, OAm, and DPE caused no
appreciable changes in the decomposition profile obtained
with mixtures of OA and OAm (figure 2(f)). These results
suggest that OAm, which has little effect on the temperature
of decomposition of Fe(acac)3 (figure 2(d)), does not coor-
dinate to the Fe3+ ions and, therefore, does not participate in a
ligand exchange reaction with the acetylacetonate. The lack of
size control of the NPs prepared in OAm only also suggests
that OAm does not adsorb to the MNPs surfaces. On the other
hand, the OA causes the largest decrease in the temperature of
decomposition of Fe(acac)3 (figure 2(c)). Such a difference
may be attributed to a ligand exchange reaction occurring at
lower temperature leading to the formation of iron(III)-oleate,
which is the true precursor for the MNPs. Oleic acid also
adsorbs strongly to the MNPs surfaces and the occurrence of
bimodal size distributions, as discussed above, strongly sug-
gests an ongoing Ostwald ripening process. The combination
of OA and OAm resulted in an increase in the decomposition
temperature to T>200 °C, and it seems to prevent the for-
mation of iron(III)-oleate, which decomposes at lower
temperature.

The effect of including OAm in the TD synthesis can be
attributed to the formation of an acid–base complex of OA
and OAm RCOO−: +RNH ,3 as suggested by Klokkenburg
et al [31] and supported by molecular mechanics modeling
studies by Harris et al [37]. Moreover, an AO molecule
cannot interact at the same time with OAm and with the
magnetite surface, which allowed the nanoparticles to grow
bigger than with either surfactant alone. The addition of 1,2-
octanediol to the mixture of OA and OAm does not affect the
temperature of decomposition of Fe(acac)3, which suggests
that it does not interfere in the acid–base complex of OA and
OAm and, as expected, it does not participate in a ligand
exchange reaction with the acetylacetonate. However, the
presence of 1,2-octanodiol is responsible for a decrease in the
size of the MNPs and narrowing of the particle size dis-
tribution. The decrease on the particle size suggests at least a
secondary interaction of 1,2-octanodiol with the iron oxide
surface through the surfactant layers (OA is still the one
expected to coordinate to the iron oxide surfaces). A practical
implication of our findings is that the presence of 1,2-octa-
nediol provided the best condition for the synthesis of MNPs,
even though our understanding of the formation mechanism
of these uniform-sized nanocrystals is still very limited.

We thus studied the substitution of the 1,2-alkanediol by
a series of other alcohols. The reactions were carried out
while maintaining the standard mixture of metal precursor

(2 mmol), OA (6 mmol), OAm (4 mmol), and DPE (20 ml).
The replacement of the dialcohol (10 mmol) was made by
adding 10 mmol of each of the following reagents: 1,2-hex-
anediol, 1,6-hexanediol, 1-hexanol, cyclohexanol,
2-ethylhexanol and 1-octadecanol. The mixture remained
under stirring in nitrogen atmosphere and refluxed for 2 h.
After purification, all MNPs could be dispersed in toluene or
obtained as a powder after vacuum drying. The morphology,
average size and size distribution of the nanoparticles pro-
duced in different conditions were analyzed by TEM. The
micrographs are displayed in figures 3 and 4. The size dis-
tribution histograms, which were fitted by using a lognormal
function, are found in the supplementary material (figures S2
and S3).

The results shown in figure 3 indicate that, when the
chain length of the 1,2-alkanediol is decreased to six carbons,
nearly spherical MNPs of 5.7 nm with a narrow particle size
distribution (σ=0.19) are still obtained, as displayed in
figure 3(b). Comparing the series of 1,2-alkanediol with C16
[28], C8 (figure 1(d)), and C6 (figure 3(b)), only small
changes in the MNPs morphology and size are noticed.
Terminal OH-groups of 1,6-hexanediol were found to be less
efficient in controlling the growth of the NPs when compared
to the 1,2-hexanediol. The size of the MNPs increased to
6.3 nm and the size distribution was broadened (σ=0.27), as
shown in figure 3(a). These results suggest that the ligand
with –OH groups in 1,2-position in the alkyl chain may be
responsible for a better size control than –OH groups in 1,6-
position. In order to further investigate the influence of the
alcohol in the particle growth mechanism, we compared the
TD synthesis in the presence of linear (1-hexanol) and steri-
cally hindered monoalcohols such as cycloexanol and
2-ethylhexanol. 1-Hexanol provided a poorer size-control,
resulting in a polydisperse sample whose morphology is
shown in figure 4(a). On the other hand, cyclohexanol (bulk
chain) provided a better control on particle size of 5.2 nm
(σ=0.23), as seen in the micrograph of figure 4(b). The
bulkier molecule of 2-ethylhexanol provided an excellent size
control and reduction of the average size to a value compar-
able to that reported with 1,2-hexadecanediol. The sample

Figure 3. TEM micrographs of magnetite nanoparticles obtained by
thermal decomposition of Fe(acac)3 in DPE, OA, OAm and with the
following alcohols: (a) 1,6-hexanediol, and (b) 1,2-hexanediol.
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prepared by decomposition of Fe(acac)3 in the presence of
AO, OAm and 2-ethylhexanol resulted in Fe3O4 nanoparticles
with mean diameter of 4.1 nm (σ=0.21), as displayed in
figure 4(c). When the Fe3O4 nanoparticles prepared in the
presence of a long chain alkane alcohol (1-octadecanol) is
compared to a 1,2-alkanediol, it seems that the steric effect
prevails. The sample prepared by decomposition of Fe(acac)3
in the presence of AO, OAm and 1-octadecanol resulted in
Fe3O4 nanoparticles with mean diameter of 5.6 nm
(σ=0.19), as shown in figure 4(d), which is similar to the
average value obtained with 1,2-octanediol. The total cost for
the preparation of Fe3O4 NPs using cyclohexanol corresponds
to 9% of the cost for the preparation of Fe3O4 NPs using 1,2-
hexadecanediol (attributed as 100% in table S1), which
represents an economically attractive route.

In order to shed some light on the role of the alcohols
during the TD of Fe(acac)3 in the presence of OA and OAm,
the TD reaction in the presence of the series of monoalcohols
was studied by TG-MS (figure 5). All reactions were per-
formed in a mixture of Fe(acac)3, OA, OAm, and DPE,
respecting the same proportion used in the synthesis of the
Fe3O4 nanoparticles. In the presence of sterically hindered
alcohols (cyclohexanol and 2-ethylhexanol), the decomposi-
tion profile of the iron(III) acetylacetonate complex is quite
similar to the reaction in solvent alone (see figure 2(b)) and

OAm alone (see figure 2(d)). The decomposition occurs in the
temperature range from 100 °C to 250 °C (Tmax 190 °C)
(figures 5(a) and (c)). These results suggest that sterically
hindered alcohols block the effect of OA in the decomposition
of Fe(acac)3, and the whole system behaves like it is running
in OAm only. However, they provide better size control than
in OAm alone, suggesting that they are acting as co-surfactant
with some interaction with OA containing surfactant layers.
In the presence of 1-hexanol, the decomposition temperature
decreased to T<100 °C (Tmax 125 °C) with signs of
decomposition in a broad temperature window ranging from
50 °C–300 °C (figure 5(b)). It is surprising that 1-hexanol
causes a large decrease in the temperature of decomposition
of Fe(acac)3, displaying a behavior similar to OA alone
(figure 2(c)). This result indicates that 1-hexanol provides a
condition for the ligand exchange reaction between acet-
ylacetonate and OA to occur, probably due to the breaking of
the acid–base complex of OA and OAm. This alcohol does
not provide good size control (figure 4(a)), which is also the
case for OA alone (figure 1(b)). In the presence of
1-octadecanol, the decomposition temperature increased to
T>200 °C (Tmax 230 °C) with decomposition occurring in
the temperature range from 150 °C–300 °C (figure 5(d)). The
long chain monoalcohol increases the decomposition temp-
erature to T>200 °C and display a decomposition profile
similar to the reaction in OA and OAm (with or without 1,2-
octanediol) (see figures 2(e), (f)). The size control and TG-
MS results suggest that 1-octadecanol behaves similarly to
1,2-octanediol: it does not interfere in the acid–base complex
of OA and OAm, nor does it participate in a ligand exchange
reaction with the acetylacetonate.

Figure 4. TEM micrographs of magnetite nanoparticles obtained by
thermal decomposition of Fe(acac)3 in DPE, OA, OAm and with the
following alcohols: (a) hexanol, (b) cyclohexanol, (c)
2-ethylhexanol, and (d)1-octadecanol.

Figure 5. Mass analysis data of the gas evolved during the thermal
analysis (measured by TG-MS) of solutions containing Fe(acac)3,
OA, OAm, DPE, and (a) cyclohexanol; (b) hexanol; (c)
2-ethylhexanol; and (d) 1-octadecanol.
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Magnetic measurements were performed to further
investigate the interaction between the MNPs synthesized in
the presence of 1,2-octanediol (d=5.5 nm), cyclohexanol
(d=5.2 nm), and 1-octadecanol (d=5.6 nm). The magne-
tization M, or the magnetic susceptibility χ(T)=M(T)/H, as
a function of the applied magnetic field at 300 K, M(H), and
cycles of zero field cooled (ZFC) and field cooled (FC),
measured under H=50 Oe and in a large range of temper-
ature, were performed to evaluate the magnetic properties of
the NPs. Selected M(H) and χ(T)=M(T)/H curves are
shown in figure 6.

TheM(H) curves taken at 300 K showed no hysteresis for
all samples, with negligible coercive field, and remnant
magnetization. These results indicate that the MNPs are in the
superparamagnetic state at room temperature. Furthermore,
the values of saturation magnetization MS at 300 K were 80,
64 and 44 emu g−1 for samples prepared in the presence of
1,2-octanediol, cyclohexanol and 1-octadecanol, respectively.
These values correspond to over 50% of the bulk MS of
magnetite and are in agreement with the experimental ones
obtained for other Fe3O4 NP systems found in the literature
[6]. We have also obtained a rough estimate of the magnetic
moment distribution of the assemblies of NPs from the fittings
of the M(H) data, by using the Langevin function [38]:

ò
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m m m

m m m
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¥
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where MS is the saturation magnetization, μ the magnetic
moment, f (μ) the lognormal distribution of μ, and L(μH/
kBT)=coth(μH/kBT)− 1/(μH/kBT) the Langevin function.
The width of magnetic distribution resulted in similar values
of 0.71 and 0.73 for samples prepared in the presence of

cyclohexanol and 1-octadecanol, respectively, corresponding
to a width of size distributions of σ=0.24 in both samples.
This result is in agreement with the values extracted from
TEM analysis, i.e., σ=0.23 and 0.19 for samples prepared in
the presence of cyclohexanol and 1-octadecanol, respectively.
We also obtained similar values of the median magnetic
moment, which correspond to a magnetic diameter of 4.0 and
4.6 nm for the samples prepared in the presence of cyclo-
hexanol and 1-octadecanol, respectively. However, the
χZFC(T) curves for the sample prepared in 1-octadecanol
exhibit a maximum at Tmax~33 K, which value is 1.5 times
higher than 22 K obtained for the sample prepared in the
presence of cyclohexanol. The dipolar interaction between
MNPs was not taken into account in the analysis made above
because this effect may be similar for both samples, which
contain the same average 73 wt% of magnetic material. This
procedure may lead to a slightly smaller apparent size if
compared to TEM results [38]. Despite the fact that χZFC(T)
curves are more sensitive to dipolar interactions between
particles [39], the difference observed in Tmax, which is
related to the blocking temperature (TB) of the NPs, is cer-
tainly due to the small difference in the mean particle size. We
obtained the ratio TB(1-octadecanol)/
TB(cyclohexanol)=〈V〉1-octadecanol/〈V〉cyclohexanol=1.5 by
taking the magnetic diameter and assuming the same value K
and ln(τ/τ0) for both samples in the equation TB=K〈V〉/
kBln (τ/τ0). Here, K is the anisotropy constant, kB the
Boltzmann’s constant, τ the measuring time, and τ0 the
attempt time. Therefore, the higher Tmax value for the Fe3O4

MNPs prepared in the presence of 1-octadecanol is primarily
due to size effect. In fact, the effect of dipolar interaction in
the magnetic properties for both samples is similar, as shown
in the normalized χFC(T) curves in figure 6(b). The χZFC(T)

Figure 6. (a) Magnetic susceptibility as function of temperature, χ(T), measured under ZFC (open symbols) and FC (solid symbols)
conditions of MNPs prepared by TD of Fe(acac)3 in the presence of 1,2-octanediol (prism), cyclohexanol (circle), and 1-octadecanol (square)
applying a magnetic field of H=50 Oe. (b) Representation of the χFC(T)/χFC(Tmax) versus T/Tmax for the MNPs. The dotted lines are guides
to the eyes. (c) Magnetization as a function of applied magnetic field, M(H), measured at 300 K. The solid lines are fits using equation (1).
The inset shows an expanded view of the data at low magnetic field.
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curve for the sample prepared in the presence of 1,2-octane-
diol exhibits a maximum at Tmax∼23 K, which value is
similar to the one obtained for the sample prepared in the
presence of cyclohexanol and 2/3 of the ∼33 K obtained for
the sample prepared in the presence of 1-octadecanol. How-
ever, a significant narrower in the width of the magnetic
distribution for the sample prepared in 1,2-octanediol of 0.54,
corresponding to a width of size distribution of σ=0.18,
does not allow extracting information on the dipolar interac-
tions by a comparison of those Tmax values only. Nonetheless,
the normalized χFC(T) curve of the sample prepared in 1,2-
octanediol (figure 6(b)) exhibits a tendency to saturation in
the whole range of temperature studied, a feature which is not
observed in the other two samples. Such a tendency to
saturation of χFC(T) indicates an increase of the dipolar
interactions between nanoparticles in the sample prepared in
1,2-octanediol [39, 40]. As a matter of fact, the magnetic
properties of all samples displayed here clearly indicate that
they are suitable for many different biological and medical
applications such as in diagnostic tests assays for early
detection of diseases, noninvasive imaging, and drug devel-
opment to be used as targeted drug delivery systems.

3. Experimental

3.1. Synthetic procedures

Magnetite nanoparticles were obtained according to the fol-
lowing procedure: 2 mmol of Fe(Acac)3, 6 mmol of OA,
4 mmol of OAm, 10 mmol of alcohol (1,2-octanediol, 1,2-
hexanediol, 1,6-hexanediol, 1-hexanol, cyclohexanol,
2-ethylhexanol and 1- octadecanol) and 20 ml of DPE were
added to a three neck round bottom flask under inert atmos-
phere. A condenser was adapted and the mixture was refluxed
(265 °C) under stirring for 2 h. A black precipitate was
formed after the addition of ethanol (80 ml), which was
removed from the reaction mixture by centrifugation
(7000 rpm, 10 min). The MNPs were washed with ethanol
(3×50 ml) and redispersed in toluene, leading to the for-
mation of a stable colloidal solution.

For comparison, three samples were prepared similarly,
in the absence of alcohol, using 2 mmol of Fe(Acac)3, 20 ml
of DPE and the corresponding amount of AO only, OAm only
or the mixture of OA and OAm.

3.2. Materials and methods

TEM micrographs were obtained on a Philips CM 200
microscope operating at an accelerating voltage of 200 kV
(IF-USP). Samples for TEM observations were prepared by
placing a drop of a toluene solution containing the dispersed
NPs in a carbon coated copper grid. The metal particle size
distribution was estimated from the measurement of about
800–1000 particles, assuming spherical shape, found in an
arbitrarily chosen area in enlarged micrographs. TD studies
were performed by means of thermogravimetric/mass spec-
trometry (TG/MS) using a NETZSCH STA 409 PC LUXX

connected to a NETZSCH Q MS 403 C—quadrupole mass
spectrometer. Nitrogen purge gas was used with a flow rate of
50 ml min−1. The samples were heated from 30 °C to 300 °C
at a heating rate of 10 °Cmin−1. Magnetization measurements
M(T, H) in applied magnetic fields between ±7 T and for
temperatures ranging from 2 to 300 K, were performed in
powders conditioned in gelatin capsules with a Quantum
Design SQUID magnetometer. The magnetic susceptibility
data, χ(T)=M(T)/H, were obtained under both ZFC,
χZFC(T), and field-cooled (FC), χFC(T), conditions in a
temperature range of 2–300 K under low (<500 Oe) applied
magnetic fields.

4. Conclusions

The preparation of Fe3O4 NPs by the TD of Fe(acac)3 in the
presence of oleic acid, oleylamine, and an 1,2-alkylalcohol
become very popular, but very little is known about the role
of the most expensive reagent 1,2-alkanediol, which con-
tribute to about 90% of the reagents cost. We conclude here
that the presence of both OA and OAm is very important to
achieve better size control on the TD synthesis, which has a
close relation with the formation of a complex between OA
and OAm that increases the temperature of decomposition of
the metal precursor. The presence of mono- or di-alcohols,
which did not affect the OA–OAm interaction or the
decomposition temperature, improved the size control. They
affected the crystal growth process, suggesting that they act as
co-surfactants through secondary interaction with the iron
oxide through the OA containing surfactant layers. The sim-
ple replacement of 1,2-hexadecanediol by 1,2-octanediol
represents a reduction of the total cost to only 21% of the
original cost for the preparation of high quality Fe3O4 NPs.
Moreover, other long alkyl-chain or sterically hindered
monoalcohols can be used in the TD reaction for the synthesis
of Fe3O4 NPs without compromising their desirable morph-
ology as well as size and shape. The expensive di-alcohol
may be replaced by some affordable monoalcohols, such as
cyclohexanol, further reducing the relative cost to only 9% of
the original, resulting in an economically attractive route for
the synthesis of high quality MNPs. From a practical view-
point, the Fe3O4 NPs samples studied exhibited suitable
magnetic properties for most applications of MNPs as the
ones prepared with costly reagents.
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