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ABSTRACT: In this study, a comprehensive characterization of iron oxide nanoparticles
synthesized by using a simple one-pot thermal decomposition route is presented. In order
to obtain monodisperse magnetite nanoparticles with high saturation magnetization, close
to the bulk material, the molar ratios between the starting materials (solvents, reducing
agents, and surfactants) were varied. Two out of nine conditions investigated in this study
resulted in monodisperse iron oxide nanoparticles with high saturation magnetization (90
and 93% of bulk magnetite). The X-ray diffraction analyses along with the inspection of
the lattice structure through transmission electron micrographs revealed that the main
cause of the reduced magnetization in the other seven samples is likely due to the presence
of distortion and microstrain in the particles. Although the thermogravimetric analysis,
Raman and Fourier transform infrared spectroscopies confirmed the presence of
covalently bonded oleic acid on the surface of all the samples, the particles with higher
polydispersity and the lowest surface coating molecules showed the lowest saturation
magnetization. Based on the observed results, it could be speculated that the changes in the kinetics of the reactions, induced by
varying the molar ratio of the starting chemicals, can lead to the production of the particles with higher polydispersity and/or lattice
deformation in their crystal structures. Finally, it was concluded that the experimental conditions for obtaining high-quality iron
oxide nanoparticles, particularly the molar ratios and the heating profile, should not be chosen independently; for any specific molar
ratio, there may exist a specific heating profile or vice versa. Because this synthetic consideration has rarely been reported in the
literature, our results can give insights into the design of iron oxide nanoparticles with high saturation magnetization for different
applications.

1. INTRODUCTION

Among 16 types of iron oxides, magnetite and maghemite, due
to their unique magnetic properties, have always received
substantial attention. Particularly, with the emergence of
nanoscience and nanotechnology, they have gained funda-
mental interest and been used widely for technological
applications in several areas including data storage, spintronics,
biology, and medicine. Consequently, research on the synthesis
of these two types of iron oxides has also been intensively
developed in the past 2 decades. However, because of their
peculiar size/shape-dependent magnetic properties, reaching
the bulk saturation magnetization values in nanoscale particles
remains challenging.
Magnetite ( + +Fe Fe O2

2
3

4), in its bulk state, has a cubic
inverse spinel structure with a lattice parameter of 8.39 Å,
wherein all the divalent cations occupy octahedral sites and
trivalent irons are equally distributed into octahedral and
tetrahedral sites.1 On the other hand, in maghemite (γ −Fe O2 3
), with a lattice parameter of 8.34 Å, all the cations are trivalent
irons, and the compensation of Fe2+ oxidation happens

through the occurrence of the vacancies in its structure.2,3 In
both structures, the antiferromagnetic (superexchange inter-
action) coupling between the cations in octahedral and
tetrahedral sites occurs through oxygen anions, and the net
magnetic moment originates from the difference between the
number of spins in these two sublattices. However, because of
the vacancies in maghemite and the difference between the
arrangement of cations in octahedral and tetrahedral sites,
theoretical calculations for stoichiometric bulk samples
indicate that the magnetic moment per unit formula of
magnetite (4 Bohr magnetons, μΒ) is larger than that of
maghemite (2.5 μΒ).

1 Considering this and its higher
susceptibility, magnetite is preferred in many applications
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including biomedical uses. However, synthesizing highly stable
and monodisperse magnetite nanoparticles displaying bulk-like
saturation magnetization is still a great challenge, as particles
below 8 nm are readily oxidized to maghemite, and in larger
particles there is always a degree of surface oxidation and a
core/shell structure of magnetite/maghemite is formed.4,5 The
other advantage of magnetite over maghemite nanoparticles is
the possibility of better tuning the magnetic properties of the
specimen in the magnetite structure through substituting a
wide range of divalent metals (Co, Mn, Zn, etc.)6−10 for Fe2+.
Various synthesis methods have been developed for

obtaining iron oxide nanoparticles; however, thermal decom-
position is currently considered the most advanced one for
controlling the shape, size, and crystallinity of the particles.11

Despite the fact that even one-nanometer12 or sub-nanometer
scale size-controlled13 iron oxide nanoparticles have been
successfully achieved, the problem of low saturation magnet-
ization in the resultant particles in such robust size-controlled
reports is still debatable. For some other inorganic nano-
particles,14,15 the intrinsic properties for their use in different
applications may only be determined or satisfied by controlling
the size or shape. However, when considering magnetic
nanoparticles’ applications, not only addressing the morpho-
logical features, but also their magnetic properties must be
tuned differently based on each application. Although narrow
size distribution may be the necessary condition for several
applications such as magnetic recording16 or biomedical
imaging,17 it is not a sufficient condition either; for the
former, magnetically hard nanoparticles are desirable, while for
the latter, a very soft magnetic material (superparamagnetic)
will be favored. Accordingly, following some decisive previous
works,18−20 many other researchers of diverse disciplines have
extensively attempted to modify or improve the synthesis
protocols to achieve higher simplicity, yield efficiency, cost
effectiveness, or better tunability of magnetic properties.
Synthesis of iron oxide nanoparticles using thermal

decomposition is usually performed by the decomposition of
organometallic iron precursors in the presence of an organic
surfactant and a high boiling point solvent. This is mostly
performed either by first preparation of iron(III) oleate as the
precursor or by directly using an organometallic iron source
such as iron(0)-pentacarbonyl [Fe(CO)5] or iron(III)
acetylacetonate [Fe(acac)3]; because of its high toxicity and
volatility, Fe(CO)5 is not commonly used.21 Using iron(III)
oleate imposes an extra step to the synthesis and increases the
time and complexity; any change in the quality of the iron
oleate may significantly affect the characteristics of the
resultant particles.22 It has been shown that choosing different
iron sources to prepare the iron oleate precursor can
significantly influence its properties,23 which in turn can result
in less reproducibility of the synthesis procedure. Fe(acac)3, on
the other hand, has been widely used with several different
surfactants,24,25 reducing agents,26,27 and solvents.18−20

Although iron oxide nanoparticles can be obtained in a one-
pot synthesis when using Fe(acac)3, to produce larger particles
seed-mediated growth method is often needed.18,28 Benzyl
ether is one of the widely used solvent with Fe(acac)3, but it
has been shown that benzyl ether’s susceptibility to oxidation
in air can dramatically influence the resultant particles and
therefore the reproducibility of the synthesis.21 Dioctyl ether
(DE) and 1-octadecene, although less than benzyl ether, are
other common solvents that have been used in different studies
with both Fe(CO)5 and Fe(acac)3.

8,19,23,29

Saturation magnetization (Ms) is one of the most important
intrinsic properties of iron oxide nanoparticles that, for almost
all applications, is preferred to be enhanced close to the value
of the bulk material. There are several works in the literature
that have successfully addressed the morphology and Ms value
of the particles simultaneously, but most reports are not very
clear on their synthesis procedures. For instance, except for the
works that are concerned about specific parameters (e.g.,
studying the effect of the surfactant/iron precursor ratio or the
heating rate), in many cases the important parameters such as
the amount of solvents and reducing agents, the ratio between
these two and the surfactant, the stirring method (mechanically
or magnetically), steps in the heating profile, and so forth, are
not expressed in detail. This becomes more pronounced when
the particles have been obtained in two steps, either using iron
oleate as a precursor or the seed-mediated growth method. In
addition, the majority of these studies have been reported
under vacuum syntheses using the Schlenk line, which imposes
more difficulties for researchers. Given the fact that iron oxide
nanoparticles have found application in many different
disciplines, the inherent complexity of the thermal decom-
position method, and the quest for simpler and clearer
procedures to obtain monodisperse magnetite nanoparticles
with high Ms values; in this study, we have attempted to
provide in detail steps on the preparation of single domain
magnetite nanoparticles withMs values nearly equal to the bulk
material. Based on several successful one-pot synthesis reports
in the literature, we first synthesized several iron oxide
nanoparticles under different conditions (types of the solvent,
reducing agent, heating profile, and stirring conditions) to
obtain particles with an acceptable saturation magnetization
and size distribution (data not shown). Based on these
preliminary studies and confirmation of the reproducibility for
the final sample (sample A1 in this study), in three stages, we
studied the effect of three parameters on the intrinsic
properties of the resulting particles as follows: (A) the ratio
between the solvent and the sum of the surfactant and the
reducing agent, (B) the ratio between the surfactant and the
iron source for the optimized sample of group A, and (C) the
introduction of a secondary reducing agent and varying the
amount of the primary one again for the optimized sample of
group A. In fact, here the goal was to examine the possibility of
changing the particle sizes while preserving the high saturation
magnetization by modulating the chemical ratios in the
reaction. We found two different synthesis conditions for
reaching high saturation magnetization through a relatively
simple procedure, wherein the resultant particles were
monodispersed with considerably different sizes. Except for
the samples in group B, other samples also had relatively high
Ms values but different morphological properties. A compre-
hensive structural and magnetic characterization of all the
samples is provided for better understanding the diverse
magnetic properties of the particles. Moreover, using a well-
established protocol for ligand exchange in the particles
prepared by thermal decomposition, their phase transfer to an
aqueous medium is presented. The biocompatibility of a
chosen sample through the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay was also evaluated.

2. EXPERIMENTAL SECTION
2.1. Materials. All the chemicals were of analytical grade

and used as received. Iron(III) acetylacetonate [Fe(acac)3]
99.9%, oleylamine (Ol) 70%, DE 99%, oleic acid (OA) 90%,
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toluene 99%, ethanol 99%, 2,3-dimercaptosuccinic acid
(DMSA), dimethyl sulfoxide (DMSO), and MTT powder
were purchased from Sigma-Aldrich. 1,2-Hexadecanediol
(HD) 98% was purchased from TCI. The NIH/3T3 and
U87 cell lines were purchased from the Korean Cell Line Bank
(Seoul, Korea).
2.2. Synthesis Procedure. Three groups of iron oxide

magnetic nanoparticles were synthesized. In the first group A,
based on several previous studies,18,30,31 the molar ratio
between the surfactant (OA) and the iron complex was chosen
as 3 = OA/Fe(acac)3, and the molar ratio of the solvent (DE)
with respect to the sum of OA and Ol (DE/OA + Ol) was
varied. Hence, for this group, in a 100 mL three-neck round-
bottom flask, 4 mmol Fe(acac)3 was added to the mixture of 12
mmol OA and 36 mmol Ol. Then, 24, 36, and 48 mmol DE
(DE/OA + Ol = 0.5, 0.75, and 1) as the solvent were added to
the mixture for samples A1, A2, and A3, respectively. In group
B, all the parameters used for sample A2 were kept the same
except for increasing the ratio of OA to Fe(acac)3 from 3 to
OA/Fe(acac)3 = 4, 5, and 6 in samples B1, B2, and B3,
respectively. Finally, for group C, a fixed amount of HD (12
mmol) as a secondary reducing agent was added in reactions
while preserving the OA and DE amounts similar to that in
sample A2. However, the amount of Ol was varied in three
steps; these were included as using C1 = 6, C2 = 12, and C3 =
24 mmol Ol in the reactions. In sample C3, the sum of HD and
Ol moles was equal to that of Ol for sample A2 (36 mmol).
The heating profile in all the three groups was kept identical.

To control the heating process, a ramping/profile control
device Glas-Col 104A PL924K connected to a heating mantle
(DAIHAN DHM.12111 90W) was used. After mixing all the
reactants, under a flow of N2 in the flask, the temperature was
raised to 110 °C with a heating rate of 6 °C/min under
magnetic stirring (750 rpm). The mixture was kept at this
temperature for 60 min without the condenser to remove the
residual moisture in the flask. Then, the condenser was
connected, followed by raising the temperature to 185 °C at a
rate of 3 °C/min. The temperature was maintained at 185 °C
for 90 min to ensure the complete decomposition of the iron
precursor. Subsequently, the reaction mixture was heated to
295 °C at the same rate (3 °C/min) and refluxed for 80 min.
Next, the heating mantel was immediately removed, and the
mixture was allowed to cool down to room temperature. All
the steps were performed under the same stirring conditions.
Upon reaching room temperature, the product was precipi-
tated by adding ethanol and washed four times using a mixture
of toluene/ethanol, 20/80, and by centrifugation (12,000 rpm,
15 min). The final products were then stored in toluene. To
obtain the powder samples, in order to ensure the removal of
any extra unbounded surfactant in the medium, each was
additionally washed six more times using the same procedure.
In the last washing step, the particles were separated using a
permanent magnet and dried at 35 °C under N2.
2.3. Characterization. The magnetic nanoparticle sizes

and morphologies were characterized using a Transmission
Electron Microscope (TEM), Tecnai G2 F30 S-Twin. For
acquiring the images, samples were prepared by simply drop
casting 10 μL of a diluted dispersion of the nanoparticles in
toluene on a 200 mesh copper carbon support film CF200-CU.
This method usually leads to clumps of nanoparticles upon
drying, even if the particles are well-dispersed in the colloid
without aggregation.32 Several methods have been reported to
create a monolayer sell-assembly of fine particles.16,33 We

additionally used the Langmuir−Blodgett method34 for
samples C2 and C3 to confirm that the observed clumps
were in fact the result of the TEM sample preparation method
and not aggregation in the particles. The nanoparticles’
diameter and distribution were determined by measuring at
least 800 particles using ImageJ software.
The X-ray diffraction (XRD) of powder samples was

performed between 20 and 80 (2θ) degrees by using a Rigaku
SmartLab X-ray diffractometer equipped with a copper X-ray
tube and Cu Kα. Phase identification and whole pattern fitting
were performed on the results using FullProf Suite and PDXL
software of the XRD device. Using the line broadening
originated from the small size of the crystallite and considering
the instrumental broadening, crystallite sizes were estimated
using the Scherrer equation (eq 1)35,36 and compared with the
crystallite size obtained by the Williamson−Hall method (eq
2)37

λ
β θ

=D
K
cos

i
k
jjjj

y
{
zzzz

(1)

β θ λ ε θ= +K
D

cos 4 sin
(2)

In both equations, K is a numerical factor known as the
crystallite shape factor and can be considered 0.94 for spherical
nanoparticles with a cubic crystal structure,38 λ is the
wavelength of the radiation (1.5406 Å), and θ is the Bragg
angle. However, β in the Scherrer equation is considered as the
broadening only due to the size effect, but in Williamson−Hall
as a contribution of the size and the strain in the lattice
structure. In the Williamson−Hall plot (β θ θcos vs 4 sin ),
the y-intercept of the linear fit gives the crystallite size, and the
slop indicates the strain ε. The lattice parameter for each
sample was calculated using the Cohen’s method, which is
considered as one of the most accurate methods for calculating
the lattice parameter from XRD data.36,39

The Raman spectra of powder samples at room temperature
were collected using a HORIBA LabRAM HR Evolution unit
with a 532 nm laser source. A Lorentzian function was used to
fit/deconvolute all the spectra in the region between 100 and
900 cm−1, according to previous work.40 The Fourier
transform infrared (FTIR) spectrum of the powder samples
was also recorded using a Bruker Vertex 70v system between
4000 and 300 cm−1. Thermogravimetric analysis (TGA) was
conducted using the SHIMADZU TGA-50 system from room
temperature to 600 °C at a 20 °C/min rate and under an argon
atmosphere. The surfactant graft density (GD) of the particles
was estimated based on TGA data and their first derivative
(DTGA). The room temperature magnetization curve of the
samples was measured using a vibrating sample magnetometer,
7404-S, Lake Shore Cryotronics, Inc. The magnetization values
were calculated by subtracting the surfactant mass from the
whole particle mass using the TGA data. This enables us to
report the magnetization values of the magnetic cores. The
effective anisotropy constant (Keff) of the samples was
estimated by employing the law of approach to saturation as

= − − +M M
a
H

b
H

cH1s 2
i
k
jjj

y
{
zzz

(3)

where β μ=b MK /eff
2

0
2

s
2 and for magnetic nanoparticles with

uniaxial anisotropy, β is 4/15.41
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2.4. Phase Transfer from Toluene to Aqueous
Medium. To disperse the particles in water, we utilized a
facile and well-known protocol using DMSA.42 Prior to the
phase transfer procedure, the concentration of the particles in
toluene was determined using a colorimetric method. Indeed,
we determined the iron concentration in the dispersions and
then converted the results to the particle concentration by
supposing only magnetite particles in the sample. A
colorimetric standard was first plotted using FeCl3·6H2O and
FeCl2·4H2O (2:1, w/w). Briefly, various concentrations of Fe
were prepared in a HCl solution, and 50 μL of each solution
was transferred into a 96-well plate. Subsequently, 50 μL of 1%
ammonium phosphate and 100 μL of 0.1 M potassium
thiocyanate were added to the solution. After 5 min of the
reaction, the absorbance of the solution was measured at 490
nm using a microplate reader (Varioskan LUX, 3020, Thermo
Scientific). For each sample, toluene was first volatilized under
a vacuum, and subsequently, the dried sample was dissolved in
HCl and reacted with the reagents, employing the same
procedures as in the standard samples. Finally, the iron content
of each sample was calculated using the standard curve.
In brief, the typical procedure of the phase transfer protocol

was as follows: 10 mg of DMSA was dissolved in 1 mL of

DMSO and then the solution was added to a 1 mL dispersion
of the particles in toluene with a concentration of 10 mg/mL
(the concentration of the solid cores). The resulting mixture
was then rotated at room temperature overnight to allow the
ligand exchange. Then, particles were separated magnetically
and washed several times with deionized water. The final
product was stored in water and the pH was adjusted to ∼7.
The surface charge of the particles before and after surface
modification was determined using the Zetasizer Nano ZSP,
Malvern Instruments.

2.5. In Vitro Cellular Toxicity Evaluation (MTT Assay).
An MTT assay was conducted to evaluate the cell viability and
cytotoxicity induced by magnetic nanoparticles after surface
modification. NIH/3T3 and U87 cell lines were seeded (1 ×
104) into 96-well plates for 24 h and then magnetic
nanoparticles from the known concentration stock were
added to achieve the final concentrations of 5, 10, 15, 30,
60, 120, and 240 μM. The prepared serial concentrations were
added to 96-well plates (n = 3) and incubated individually for
24, 48, and 72 h under optimum growth conditions. Then, the
MTT solution (20 mL, 5 mg/mL) was added to each well and
incubated at 37 °C for an additional 4 h. Absorbance at 570

Figure 1. TEM images of samples of (a) group A, (b) group B, and (c) group C.
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nm was measured using a microplate reader (ELx800, BioTek,
USA).

3. RESULTS AND DISCUSSION

3.1. Structural Properties and Phase Identification. In
this study, the synthesis of iron oxide nanoparticles was
evolved in three steps by studying the effects of (A) the molar
ratio of the solvent with respect to the sum of the surfactant
and the reducing agent, (B) the molar ratio of the surfactant
with respect to the iron complex precursor, and (C) adding a
secondary reducing agent in the reaction at the expense of
decreasing the primary one, on the intrinsic properties of the
resulting particles. In the first step, a widely used ratio between
the surfactant and the iron complex [OA/Fe(acac)3 = 3]18,30,31

was chosen. Then, we tried to find an optimal amount of the
solvent to obtain monodisperse iron oxide magnetic nano-
particles with high saturation magnetization. Figure 1a shows
the TEM images of samples A1, A2, and A3, wherein the molar
ratio of the solvent was chosen as DE/OA + Ol = 0.5, 0.75,
and 1, respectively. To estimate the mean particles’ diameter,
the histogram of each sample, obtained by measuring at least
800 particles in its TEM images, was fitted to a lognormal
distribution function. With the ratios of 0.5 and 0.75, almost
similar particle sizes were obtained (A1 = 12.6 ± 1.6 and A2 =
13 ± 1), but the latter resulted in lower particle size
polydispersity (∼12.7 and 7.7%, respectively). By increasing
the ratio to 1, the particle size decreased to 9.3 ± 1.1 in sample
A3, but its polydispersity (11.8%) remained close to that of
sample A1. Considering the polydispersity of less than 10% as
monodisperse nanoparticles, sample A2 can be regarded as
monodisperse; however, the other two samples also have
relatively narrow size distributions. Here, the polydispersity
values were obtained by dividing the standard deviation by the
mean particle diameter of each sample and then multiplying by
100.
Based on these results for the group A, we chose sample A2

as the standard sample and increased the ratio of OA/
Fe(acac)3 from 3 to 4, 5, and 6 for sample B1, B2, and B3,
respectively. Figure 1b presents the TEM images and
histograms of this group. Surprisingly, the reaction for samples
B1 and B2 resulted in nanoparticles with the same diameter
∼10 nm, which are 3 nm smaller than the standard sample A2.
Although the mean diameter increased to 11.8 nm by a further
increase in the molar ratio of OA/Fe(acac)3 in sample B3, the
average size still remained smaller than in sample A2. In all the
samples from this group, the polydispersity increased

dramatically. For example, in sample B3 it reached 31%,
which is four times higher compared to sample A2. In the third
group, we added a fixed amount of HD as an extra reducing
agent to the reaction condition of sample A2 and varied the
amount of Ol in three steps. As shown in the TEM images in
Figure 1c, in sample C1, the mean particle size (12.4 ± 3.4
nm) remained almost the same as in sample A2, but it resulted
in a very high polydispersity of ∼28%. By further increasing the
amount of Ol in the reactions to 12 and 24 mmol, the particle
diameters were reduced considerably to 9.1 and 8.3 nm for
samples C2 and C3, respectively. However, the resultant
particles were monodispersed with C1 = 8% and C3 = 6%
polydispersity. The structural properties and synthesis
parameters of all the samples are listed in Table 1.
Usually, the LaMer mechanism43 is utilized to understand

the nucleation and growth of the particles in thermal
decomposition synthesis. According to this mechanism,
nucleation and growth in the course of the reaction happen
at three points: a fast increase in the number of the monomers
(or growth species) as the smallest subunit of the bulk crystal
in the solution, burst nucleation, which decreases the
concentration of the monomers dramatically, and finally the
growth of the formed nuclei by the diffusion of the
monomers.44 In group A, the molar ratio of the solvent with
respect to the other reagents was increased in three steps.
Although the size of the particles for the first two ratios did not
show a notable change, it decreased for the highest ratio
(sample A3). Based on the LaMer theory, because the diffusion
distance for the growth species is longer for a higher amount of
the solvent, it results in a lower mass transfer in the solution for
reaching the nuclei. Therefore, for the same duration of the
reaction, smaller particles may be formed. Such results have
also been observed in previous reports.30,45

In several studies, decreasing,31,46−48 increasing,19,49−51 or
even nonmonotonous behaviors47,52 in the particle sizes have
been reported by increasing the molar ratio of the surfactant to
the iron precursor. Such trends observed in our samples can be
explained and understood based on the changes that have
probably happened in the reaction kinetics due to the change
in amount of the surfactant. It has been shown that the
decomposition temperature of Fe(acac)3 can be considerably
changed in the presence of surfactants, depending on either the
surfactant type or the ratio between the surfactant and
Fe(acac)3.

24,53 Meanwhile, the critical parameter in thermal
decomposition for obtaining monodisperse nanoparticles with
accurate control over the size and crystallinity is the separation

Table 1. Summary of the Particles’ Mean Diameter Obtained by TEM and Crystal Properties Estimated by XRD Patternsa

samples mean diameter (TEM) crystallite size (W−H) crystallite size (Sch) microstrain × 10−3
lattice

parameter d-spacing (311)
synthesis
parameters

A1 12.6 ± 1.6 11.65 12.27 0.64 0.8372 0.2524 0.5b

A2 13 ± 1 12.60 12.64 0.24 0.8375 0.2529 0.75b

A3 9.4 ± 1.1 8.15 8.4 0.49 0.8370 0.2528 1b

B1 10 ± 2.5 7.53 8.83 3.1 0.8399 0.2535 4c

B2 10.1 ± 2.6 7.70 8.18 1.14 0.8403 0.2537 5c

B3 11.8 ± 3.6 9.24 9.3 1.87 0.8420 0.2536 6c

C1 12.4 ± 3.4 10.59 11.15 1.55 0.8370 0.2530 6d

C2 9.3 ± 0.8 9.11 9.14 0.43 0.8369 0.2528 12d

C3 8.3 ± 0.5 6.1 6.23 1.72 0.8373 0.2524 24d

aAll the sizes are presented in nanometer. bDE/OA + Ol ratio, in this group the ratio OA/Fe(acac)3 was kept constant at 3.
cOA/Fe(acac)3 ratio,

all other parameters were kept the same as in sample A2. dThe Ol amount (mmol) and a fixed amount of HD = 12 mmol were used. Other
parameters were kept the same as in A2.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c01136
ACS Omega 2022, 7, 15996−16012

16000

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c01136?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


between the nucleation and growth stages.12,54,55 This
separation can be achieved if either these two stages happen
at two distinct temperatures or when the rate of nucleation and
growth are sufficiently different. However, even if the
temperature of these two stages is different, at some points
there may be an overlap between them. Hence, the rate at
which these two reactions progress plays a more important
role.56 The amount of the surfactant in the reaction can affect
both the nucleation temperature (as a result of the change in
the decomposition temperature) and the growth rate (as a
result of the formation of more stable nuclei).31,47 In all our
reactions, the heating profile, including the heating rates and
the constant temperatures at which the reaction was held for a
certain time, was a constant parameter. It is speculated that
because of the possible changes in the decomposition
temperature and the nucleation and growth rates induced by
increasing the amount of the surfactant, not only the particle
sizes in group B decreased but also their polydispersity
increased significantly. However, in group C, when HD was
added to the reaction and the Ol was varied, at first (sample
C1), no notable change in size but a considerable change in
polydispersity compared to sample A2 was observed. In fact,
we added HD as a widely used reducing agent in the reactions
of group C to examine whether the coexistence of two
reducing agents (Ol and HD) can also lead to the formation of
particles with a narrow size distribution and high saturation
magnetization. However, because HD reactivity is less than Ol
(in other words, Ol is a stronger reducing agent than HD),27,57

it seems that the molar sum of these two in the reaction of
sample C1 did not sufficiently keep the kinetics of the reaction
as in sample A2 to obtain particles with a lower polydispersity.
However, the saturation magnetization in this sample was
relatively high (see the magnetic characterization results). It
has also been proven that Ol can have dual functionality, acting
as both a reducing agent and a surfactant for stabilization.27 In
samples C2 and C3, by increasing the amount of the Ol, not
only the sum of the molar ratio of reducing agents with respect
to the other chemicals was increased but also Ol may have
acted as a surfactant in the reaction (the hypothesis that was
confirmed by the FTIR results of sample C3). Both increasing
the reduction rate and the presence of ligands with amine
function groups preferentially lead to the production of smaller
particles.47,57 Although we inferred the observed trends in our
samples’ size and polydispersity based on the changes that can
happen in the kinetics of the reactions, for an in-depth insight
into the effect of different reagent amounts, in situ studies
during the reaction for understanding the nucleation and
growth stages are needed.
As a final remark, we would like to highlight the important

role of sample preparation for TEM analysis. As it was
mentioned in the experimental section, all the TEM samples
were prepared by simple drop casting a diluted sample on a
TEM grid. However, because clumps of nanoparticles appeared
in all the images, in order to verify whether the clumps were
the result of particle aggregation or the TEM sample
preparation method, the TEM analyses of samples C2 and
C3 were repeated. However, this time the TEM samples were
prepared using the Langmuir−Blodgett method as a standard
and well-known method which can result in a monolayer of
self-assembled nanoparticles.34 Figure 2 clearly shows the long-
range self-assembly of sample C3 prepared by using
Langmuir−Blodgett versus its image obtained from simple
drop casting. Therefore, it can be concluded that there is no or

little actual particle aggregation in samples, and the clumps in
TEM images are the result of the method chosen to disperse
the particles onto the TEM grids.
The XRD patterns of the powder samples were recorded to

identify their structural phases. A typical whole pattern fitting
(sample A1) to the pseudo-Voigt function and the XRD
patterns of all the samples are presented in Figure 3. The peak
positions and their relative intensities in all the samples of
group A are in very good agreement with the cubic inverse
spinel structure of pure magnetite (JCPDS no. 88-0315, space
group: ̅Fd m3 ). The lattice parameter for the samples (Table 1)
in this group were also in very good agreement with the
corresponding reference card (8.375 Å). The XRD patterns in
the samples of group B are best matched with the magnetite
reference card JCPDS no. 72-2303 with a lattice parameter of
8.400 Å. The relative intensities and positions of the peaks in
group C are also very well matched with the same JCPDC
reference card as for group A. The d-spacing calculated for the
crystal planes in all the samples was also in excellent agreement
with the values reported in the reference cards. For instance,
the values for the (311) plane are 2.52516 and 2.53270 Å in
the standard cards 88-0315 and 72-2303, respectively (see
Table 1 for comparison).
In all the XRD patterns, a clear line broadening can be

observed, which results from size effects. This peak broadening
can be utilized to estimate the mean crystallite size and the
lattice strain in particles due to crystal imperfection and
distortion. For the Scherrer equation, the mean crystallite sizes
were obtained using the most intense peak (311), while for the
Williamson−Hall plot, all the peaks were used. The detailed
results are presented in Table 1. The crystallite sizes are almost
the same or slightly smaller than the particle sizes, indicating
that each particle consists of a single crystal.
In order to further investigate the crystal structure of the

samples, Raman spectroscopy was conducted for all the
samples. It has been shown that magnetite nanoparticles
undergo a phase transition under laser radiation due to
induced temperature elevation.58,59 Magnetite transfers to
maghemite at 200 °C and then hematite at 450 °C in an air
atmosphere.7,60 Raman spectroscopy was conducted under
different laser powers and only by using 1% power of the laser
beam (0.35 mW) an acceptable signal with a minor phase
transition could be obtained. A typical phase transition of the
samples under different laser irradiation powers is presented in
Figure 4. By increasing the source power, the peak at around
668−675 cm−1, which is the characteristic Raman shift for
magnetite, first moved to a higher band around 720 cm−1

Figure 2. TEM images of sample C3 when the particles were
dispersed onto the TEM grid by the (a) Langmuir−Blodgett method
and (b) simple drop casting.
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(maghemite), then disappeared, and the peaks related to the
hematite structure started to grow. At 3.5 mW, the spectrum
suggests the complete transition of the sample to hematite.
The lines observed at 214, 274, 390, 489, and 585 cm−1 are
characteristic of the hematite ̅D R c( 3 )3d

6 space group.58 The
phase transition has especially been observed for the 532 nm
laser source, and the 632 nm line is mostly recommended to be
used for magnetite samples.40 Unfortunately, the 532 nm laser
was the only available source for us at the moment.
The Raman spectra of all the powder samples recorded at

0.35 mW power are shown in Figure 5. To analyze the spectra,
they were all fitted by the Lorentzian function, and a typical fit

is presented in Figure 5a. Based on the fitting results, there
were at least five lines that can be attributed to the magnetite
and/or maghemite structure. The corresponding Raman shifts
are listed in Table S1 of the Supporting Information. These
lines that were observed in the same regions for all the samples
are lines at around 180−190, 338−348, 504−509, 668−675,
and 719−721 cm−1. Among these, the peaks between 180−190
and 668−675 cm−1 are specifically the characteristic signature
of magnetite, and the peaks at around 720 cm−1 are attributed
to the presence of maghemite,61,62 which is most probably due
to the oxidation of Fe2+ to Fe3+ on the surface of samples under
the laser radiation.63 However, other lines have been observed
in the spectra of both maghemite and magnetite nanoparticles
in different studies.58,61,63,64 The region at 850−1750 cm−1 of
the spectra is known as the fingerprint region of the organic
molecules. The bands at around 1600 cm−1 and in the region
between 1300 and 1400 cm−1, which clearly appeared in all the
samples, are, respectively, attributed to the asymmetric and
symmetric vibrations of the carboxylate group bonded to the
surface of the particles.63 This result, along with the following
FTIR data, could confirm the covalently bonded OA molecules
on the surface of the particles.
The FTIR analysis on powder samples (Figure 6) also

confirmed the magnetite phase in all the samples. Bulk
magnetite has two characteristic absorbance bands at around
570 and 375 cm−1, originating from the Fe−O vibration modes
of the bonds at tetrahedral and octahedral sites in the spinel
structure.65,66 In many studies for magnetite nanoparticles, the
absorption band at around 570 cm−1 has been observed to split
into two bands or a band shifted to higher wavenumbers with a
shoulder.66−72 Similarly, in our samples, this band was shifted
to higher wavenumbers, as 570 to 585, 579, and 584 cm−1 with
a shoulder at around 626, 625, and 628 cm−1 for groups A, B,

Figure 3. (a) Typical XRD whole pattern fitting and the (b−d) XRD patterns of the samples with respective Bragg positions from the reference
cards.

Figure 4. Raman spectra of sample A2 under different laser radiation
powers.
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and C, respectively. The shift in band 370 cm−1 was observed
to happen at 394, 390, 388 for the groups A, B, and C,
respectively. This behavior can be related to size effects at the
nanoscale, where many symmetry degeneration, broken bonds,
and defects happen on the surface of the particles, leading to
the rearrangement of nonlocalized electrons.71,73,74 Although
these peaks are also close to those observed for the maghemite
structure, based on the values obtained for the lattice
parameters from the XRD data and the magnetic measure-
ments, presented in the following sections, it is hard to clearly
assign the observed spectra to maghemite. In addition to the
broken symmetries on the surface of the particles, surface
oxidation, either as a nearly unavoidable phenomenon in fine
magnetite nanoparticles5,6,20,75,76 or due to the partial
formation of maghemite because of the interaction between
the Fe atoms and the carboxylate groups on the surface at high
pressure conditions when preparing the KBr plates63 may also
happen. This can be another reason for the peak shifts and
splitting. Moreover, maghemite shows several absorbance
bands in the range of 500−700 cm−1,5,77,78 which are absent
in our samples.
The absorbance bands of the organic surfactant on the

surface of the particles were clearly observed at higher
wavenumbers. It has been shown in several studies27,79−82

that Ol can act as both a surfactant and a reducing agent.
Because in all our synthesis batches, both Ol and OA are
present and the absorbance bands of OA and Ol capped
nanoparticles are very similar,66,69,82 great caution should be

exercised in assigning the peaks to each vibration mode. The
FTIR spectrum of pure OA has two peaks at 2924 and 2854
cm−1, which correspond to asymmetric and symmetric
stretching of CH2. These peaks, after chemisorption of OA
molecules on the surface of the particles, are slightly shifted to
lower wavenumbers.69 The occurrence of these two shifted
peaks in all the samples can clearly show that OA molecules are
coordinated with Fe atoms on the surface of the particles. The
absorption of OA on the surface of the nanoparticles through
the interaction between the carboxylate group and the Fe
atoms and also its coordination type can be estimated from the
region 1700−1300 cm−1 of the FTIR spectra.22,83,84 Three
different coordination structures, namely unidentate, chelating
(bidentate), and bridging complexes, have been proposed for
binding the carboxylate group with the metal atom on the
surface of particles. In a unidentate structure, only one of the
oxygen atoms in the carboxylate binds with one metal atom on
the surface, while in the bidentate type, both oxygen atoms
bind with a single metal on the surface. For a bridging
complex, there are two bonds between the carboxylate and the
surface of the particles, that is, each oxygen atom is bound to a
metal atom.84

It has been reported that, in a metal carboxylate structure, a
peak appears between 1650 and 1510 cm−1 for the asymmetric
vibration and for the symmetric vibration in the range of
1400−1280 cm−1.22,85 However, the presence of two different
coordination modes can result in a band splitting and the
appearance of extra peaks, related to the interaction of the

Figure 5. (a) Typical deconvolution of the Raman spectrum for sample A2 and the (b−d) Raman spectra of powder samples recorded at 0.35 mW
laser power.
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carboxylate headgroup with the iron atoms, in the region of
1700−1300 cm−1.13,22,86−88 The coordination type can be
estimated by using the separation between the asymmetric and
symmetric vibrations in this region [Δ = νas(COO

−) −
νs(COO

−)]. A unidentate structure is expected when Δ > 200
cm−1, whereas Δ < 110 cm−1 the binding is anticipated to be a
bidentate ligand, and finally for values between 140 and 200
cm−1, a bridging complex is proposed. Although this method,
as an empirical method, may not be sometimes very precise,
especially for aqueous solutions,89 it can provide a good
estimation as it has widely been used in the literature.69,90

Particularly, it can be useful for relative comparison of the
changes that can happen among samples with the same
composition but prepared in different conditions.
Although in some of the samples, the bands in these regions

had very low intensities, by careful inspection of the region,
they could clearly be identified. Figure 6d shows a typical
magnification of the region for samples in group A, and Table
S2 in the Supporting Information presents the bands identified
in this region for each sample. As can be seen, except for
sample B3, at least four peaks in this region can be identified,
where they can be attributed to asymmetric and symmetric
vibrations of νas,s(COO

−).86 Based on these speculation, the
separation (Δ) between the asymmetric and symmetric
vibrations demonstrates either the bidentate (Δ < 90 cm−1)

or bridging binding (120 < Δ < 180 cm−1) structure between
the carboxylate group and the Fe atoms of the samples. The
band at around 1622 cm−1, which is relatively strong in all our
samples, has been assigned very differently in previous
studies.91 For example, it has been assigned to
νas(COO

−)69,92,93 or N−H bending,27,79,82,94 however, this
band in our samples cannot simply be assigned to either of
these bonds. Especially, because this and a very broad band at
around 3420 (which may also be a result of N−H
bending95−97) can be the result of O−H stretching of observed
water. Metal−organic structures can contain adsorbed water.91

This is more probable in the samples of the present study
because for preparing the powder samples, the particles
dispersed in toluene were washed several times with an excess
of ethanol.
Lastly, in all the samples, except for sample C3, due to the

absence of the characteristic peaks of pure OA (1710 cm−1)
and Ol (1593 and 3300 cm−1), it can be concluded that there
is no trace of free OA or Ol on the surface of the particles.79 In
sample C3, a weak peak appeared at 1600 cm−1, which is
probably due to physisorption (van der Waals interactions) of
the Ol molecules on the surface of the particles. The presence
of an extra reducing agent in group C and the excess of Ol for
synthesizing sample C3 could probably be the reason for this
observation. Physisorption moieties can form more than one

Figure 6. (a−c) FTIR spectra of powder samples and the (d) magnification of the region 1700−1300 cm−1 for samples in group A.
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layer or be absorbed on top of the chemisorbed molecules,
which usually form a monolayer on the surface.95 This result
was also supported by the TGA of the sample C3.
3.2. Thermogravimetric Analysis. Figure 7a shows a

typical TGA/DTGA (sample A2) obtained from room
temperature up to 600 °C with a heating rate of 20 °C/min
under an argon atmosphere. This relatively fast heating rate
was chosen because the aim here was only to estimate the
amount of the organic matter absorbed on the particles and
not an in-depth TGA study, which may provide information
about the surfactant type or mono-/bilayer coating too.98,99

However, even with this high rate, there was a clear difference
between the TGA graph of sample C3 (Figure 7b) and the
other samples. The FTIR of this sample was also different and
showed an extra peak related to Ol, where it may be either
because of the physisorption of the Ol on the surface of the
particles or due to the formation of a secondary layer on top of
the OA molecules. In general, the TGA of all the samples
(Figure S1 in Supporting Information) were very similar to the
typical curves of OA-coated iron oxide nanoparticles obtained
under an inert gas in several previous studies.31,100,101 Based on
the DTGA curves, for all the samples there was a sharp but
small weight loss up to temperatures of around 100 °C, which
is due to evaporation of the absorbed water or the residual of
the solvent in the powder samples. The weight losses in other
steps are related to the desorption and decomposition of the
organic matter from the surface of the particles.30 The total
weight loss percentage values of the samples are presented in
Table 2.
The weight loss obtained by the TGA can be used to

estimate the GD of the organic molecules on the surface of the
nanoparticles (the number of molecules per unit surface area).
By assuming a perfect sphere shape for the particles and a
monolayer of chemisorbed OA on their surface, the GD can be
estimated as follows100

ρ
=

−V w w
w S

NGD
( )

M
i f

f w
A

(4)

where ρ, V, and S are the density, average volume, and average
surface area of the particles, respectively. Mw is the molecular
weight of OA (282.46 g/mol) and NA is the Avogadro’s
number. The density of the particles was assumed to be 5.18
g/cm3 (magnetite). Finally, wi and wf are the weights of the

sample after the first and last peaks of the DTGA curves (the
weight loss before the first peak should not be considered
because it is related to the absorbed water), respectively. Based
on these assumptions, values of between 0.7 and 2.1
molecules/nm2 were estimated for the samples. Although
this method provides a rough estimation of the amount of
surfactant grafted onto the particles, it can be an easy but
effective way to compare samples prepared in different
conditions. These results are also in good agreement with
the FTIR results by comparing the intensities of the bands at
around 2920 and 2850 cm−1, which are the characteristic
bands for bonding the surfactant on the surface of the particles.
Clearly, these bands are more intense in samples with higher
GD. However, it should be noted that the intensities can also
be directly related to the particle size, where particles with the
largest surface/volume ratio may generate signals with a higher
intensity of the coordinated surface molecules.102 This effect
can be obviously seen for samples A2 and C3, which both have
almost the same GD but different sizes (13 and 8.3 nm,
respectively). Interestingly, among the three groups, the GD
was minimum in group B, where the OA/Fe(acac)3 ratios were
increased while keeping the other parameters constant, as in
sample A2. In both groups A and C the OA/Fe(acac)3 ratio
was kept equal to 3 and almost a similar value around 2
molecules/nm−2 was obtained.

3.3. Magnetic Characterization. The room temperature
magnetization curves of the powder samples at applied

Figure 7. TGA and DTGA of powder samples (a) A2 and (b) C3.

Table 2. Summary of the TGA, Estimated GD, Magnetic
Diameter, Saturation Magnetization, and Effective
Anisotropy Constant of All the Samples

total
TGA
weight
loss (%)

GD
(molecule/nm−2)

magnetic
diameter
(Dmag)

Ms
(emu/g)

Keff
(104erg/cm3)

A1 7.6 1.5 ± 0.4 10.69 67 20.4 ± 4
A2 9 1.9 ± 0.3 11.14 80 18.7 ± 2
A3 8.9 1.7 ± 0.4 9.34 63 31.7 ± 4.2
B1 6 0.7 ± 0.3 9.79 41 29.7 ± 4.1
B2 7.8 1.1 ± 0.8 9.45 50 30 ± 3
B3 5.3 0.9 ± 0.6 9.97 45 27.7 ± 4.5
C1 9.5 1.8 ± 0.9 10.74 72 29.7 ± 5
C2 10.2 1.7 ± 0.3 9.6 78 21.3 ± 2.2
C3 14.9 2.1 ± 0.3 8.13 65 31 ± 3.5
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magnetic fields of up to 2T are presented in Figure 8. All the
samples were almost saturated at this field and showed no
remanence and coercivity within our experimental setup,
confirming their superparamagnetic state. This was expected
based on their small sizes. The critical size for magnetite
nanoparticles to be in a single domain state has been estimated
at 49 nm.103 Samples in group B, wherein the ratio of OA/
Fe(acac)3 was increased compared to the rest of samples,
showed the lowest saturation magnetization. Their Ms values
are in the range of typical values (30−50 emu/g) reported for
nanosized iron oxide particles, even with very high-quality size
and shape properties in several previous studies obtained by
the thermal decomposition method.12,13,20,49,104,105 It is well-
known that the Ms values in iron oxide nanoparticles are much
lower than their bulk counterparts (86 and 76 emu/g for
magnetite and maghemite at room temperature, respec-
tively102,106) and usually decrease with size.49,107 However,
iron oxide nanoparticles with small sizes have also been
synthesized, which have shown Ms values equal or close to
those of bulk magnetite.8,18,28,106 Although the maximum
difference between the largest and the smallest average sizes
among the samples of the present study was about 5 nm, they
showed very diverse magnetic properties. For example, while
having different mean diameters, the Ms values of samples A2
(13 nm), 80 emu/g, and C2 (9.1 nm), 78 emu/g, were very
similar and are among the highest values reported in the
literature for iron oxide nanoparticles. On the other hand,
samples B3 (11.8 nm) and C1 (12.4 nm) had very close
average sizes, but a significantly different saturation magnet-

ization (44 and 72 emu/g, respectively). Another noticeable
result was related to the Ms value of the sample C3 (65 emu/
g), as the smallest sample (8.3 nm), which is comparable to the
saturation magnetization of sample A1 (12.6 nm).
It is widely accepted that the saturation magnetization of

fine particles with any certain composition is directly governed
by their size, but there are reports in the literature that even
particles with a 4 nm size have shown values almost equal to
their bulk counterparts.18 Therefore, simply relating the size to
saturation magnetization may not be appropriate, as it is
evident in our samples too. For example, C3, with the smallest
mean diameter, showed a significantly higher Ms value
compared to sample B3. Because the first and probably the
most important factor in determining the magnetic properties
of nanoparticles is the synthesis method/condition, first of all,
we would like to emphasize on the differences in synthesis
conditions of the three groups. Particularly, the role of the
surfactant as a determinant parameter, which can directly
influence a variety of intrinsic properties of the resultant
particles including size, their polydispersity, and magnetic
properties. In groups A and C, the surfactant to organometallic
precursor ratio was constant (OA/Fe(acac)3 = 3), while it was
increased to 4, 5, and 6 for samples B1−B3, respectively. In
addition to its effect on the size and polydispersity of the
particles, it resulted in a lower GD in the samples of group B.
There are several studies highlighting the direct effect of
surfactant interaction/bonding with the surface of particles on
their magnetic properties.108 The presence of covalently
bonded OA on the surface of the particles not only reduces

Figure 8. (a−c) Room temperature magnetization and (d) estimated effective anisotropy constant of all the samples.
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the surface spine disorder significantly but also can result in
highly crystalline particles with saturation magnetization close
to bulk magnetite.109 Moreover, such particles have proven to
perverse the high magnetization even after ligand exchange or
surface passivation.110 Therefore, although FTIR analyses
clearly showed the surfactant bonding in all our samples, the
lower GD of OA in group B is in line with the reduced
magnetization of these samples.
Another point that can also explain the diverse Ms values

observed among our samples is their crystalline quality.
Recalling the XRD results, more careful inspection of the
patterns obviously shows that samples such as A1, A2, or C2
with very well-defined peaks have a higher degree of
crystallinity. The agreement between the crystallite sizes
estimated based on the XRD patterns and the mean diameters
obtained from TEM images in samples with higher saturation
magnetization can also indicate that the crystal structure of
magnetite has been maintained up to the boundaries of the
particles. However, one should keep in mind that the crystallite
extended up to the boundaries or high surfactant GD may not
necessarily lead to very high saturation magnetizations (close
to bulk values) in nanosize particles. This is of particular
relevance in particles prepared using the thermal decom-
position method, where the antiphase boundaries (APBs) are
vastly prevalent even among monodisperse particles.105 APBs
are defects that have been observed and studied in different
nanostructures through microscopy105 or simulation111 work.
They are considered one of the main reasons for reducing spin
polarization.105,111−113 For example, these defects may impose
such a lattice vector shift in the atomic structure of the
magnetite that the 90° FeB−O−FeB bonds in octahedral sites
increase to higher angles, even higher than the angle between
iron atoms in tetrahedral and octahedral sites (FeA−O−FeB),
125°; this in turn can alert the ferromagnetic superexchange
interaction to the antiferromagnetic interaction on either side
of the defect boundaries.105,111 For each sample, we inspected
several particles in their TEM images, where acceptable
resolution and higher magnification images could be obtained.
Using Gatan Microscopy Suite Software of the TEM device,
we applied a fast Fourier transform (FFT) filter followed by an
inverse FFT after masking the respective plan reflection to
enhance the visualization of the crystal lattices. Although at
first sight the crystal periodicity is maintained across the entire
volume of the particles (at least for the visible crystal planes),
after applying the FFT filters, only in samples A2 and C2 no or
very little trace of lattice deformation or dislocation appeared
(Figures 9a and S2 in the Supporting Information). In all the

other samples, even in the highly monodisperse sample C3,
considerable misfit dislocations, most probably due to the
interfacial strain and defects in the crystal structure, were
observed (Figure 9b). Nearly all of these dislocations were
detected in the (111), (220), and (440) planes, especially for
particles with lower saturation magnetizations among samples.

Although the APBs were not quantitatively determined, their
prevalence was qualitatively matched with the microstrain
(estimated by XRD results) in the samples, where the sample
A2/B2 with the highest/lowest saturation magnetization had
the lowest/highest strain and ABPs. In addition, the d-spacing
values obtained using the analysis of TEM images by FFT
filters were in excellent agreement with those estimated by the
XRD patterns.
The possibility of the presence of a magnetically dead outer

layer in the particles was also examined by estimating the
effective magnetic size of the samples using the low magnetic
field region of the magnetization curves (Table 2). The
magnetic size in this method can be obtained as1
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where χiis the initial susceptibility and can be deduced from
the low field region of the magnetization curve, Ms is the
saturation magnetization of the particles, and Msb is the
saturation magnetization value of the bulk material (in this
case, magnetite). This method has been widely used in the
literature for estimating the mean magnetic volume (or
diameter). However, because it uses the low field part of the
magnetization curve (initial susceptibility) and in this region
for single domain particles, the main contribution is related to
the largest particles, it should be interpreted as an estimation of
the upper limit of the magnetic sizes and not the mean size.114

Having this in mind and considering the standard deviations
obtained from TEM images (Table 1), one can clearly
conclude that the possibility of the existence of a dead layer in
samples from group B is higher compared to the other samples.
However, based on the sizes obtained by the TEM images, the
magnetization curves, and crystallite sizes by XRD that are not
very different from TEM sizes, we believe, in general, that the
origin of the reduced magnetization in the samples is mainly
due to the presence of the ABPs in the particles. In fact, the
higher GD of OA has led to better crystallization and enhanced
the spin polarization in the surface of the particles.
In addition to the effect on Ms values, the presence of

microstrain and APBs in the particles can significantly
influence the way that their magnetization curve approaches
saturation. This effect has been empirically expressed in the law
of approach to saturation magnetization and is widely used to
estimate the effective anisotropy constant.41 It is well-known
that upon decreasing the size, the effective anisotropy can
increase significantly.115 However, the presence of microstrain
can result in higher anisotropy constants in larger particles
too.116 The direct and significant effects of strain and lattice
deformation on the effective anisotropy of the samples were
also observed (Table 2 and Figure 8d). For instance, samples
C2 and A3 have almost the same mean diameter, but the
effective anisotropy constant in C2 was smaller than in A3. On
the other hand, this value was almost the same as the value
estimated for A2, while A2 has a larger mean diameter than C2.
Interestingly, the effective anisotropy constant estimated for
sample A2 was exactly the same as the effective anisotropy for
bulk magnetite 18.7 × 104 erg/cm3 (calculated based on the
first- and second-order magnetocrystalline anisotropy con-
stants of bulk magnetite117). This can indicate that in sample
A2, which had the highest Ms value, the contribution of other
sources of anisotropy (surface or induced by strain) compared
to magnetocrystalline are minimum. The values estimated for

Figure 9. TEM image and the result of the FFT filters on a particle
from samples (a) A2 and (b) C3.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c01136
ACS Omega 2022, 7, 15996−16012

16007

https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c01136/suppl_file/ao2c01136_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01136?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01136?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01136?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01136?fig=fig9&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c01136?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


other samples are in good agreement with the values reported
in previous studies20,49,117,118 for particles of similar sizes.
3.4. Phase Transfer to Aqueous Medium and MTT

Assay. Because as-synthesized particles using the thermal
decomposition method cannot be directly used in biomedical
applications, they were transferred to the aqueous phase using
DMSA and their biocompatibility was assessed by the MTT
assay. DMSA can not only act as a stable coating molecule via
chelate bonding of its carboxylate groups onto the particles’
surfaces but also be further used for binding a targeting agent
in biomedical applications, for example, antibodies, through its
thiol group.42 Ligand exchange was successfully performed in
one sample of each group, but only the data related to sample
C3, which has the highest GD of OA among all the samples is
presented. After the ligand exchange, the particles in aqueous
medium were highly stable, with a zeta potential of −30 mV. In
addition to the calorimetric method, the concentration of the
particles was also confirmed using the TGA (Figure 10). The

TGA result not only provides information about the dispersion
concentration but also clearly demonstrates the removal of the
OA from the surface of the sample. Upon the evaporation of
water at around 100 °C, no change was observed in the mass of
the sample, while prior to the surface modification, this sample
C3 showed almost 13% weight loss.
The conversion of tetrazolium salt to formazan by a

mitochondrial enzyme is referred to as the MTT assay. The
outcome of this conversion can be used to verify the
pharmaceutical agents’ safety or toxicity on cell survival.119

Here, the viability of two types of cell lines (NIH/3T3 and
U87) was monitored at three different points (24, 48, and 72 h
after their exposure to the particles). Observation (Figures S3
and S4 Supporting Information) showed that in both cell lines
at low concentrations, there was no adverse effect on cell
viability and negligible cell death was observed only at high
concentrations. Cell death at higher concentrations (120 and
240 μM) was more pronounced for the cancerous cell line
(U87) compared to NIH/3T3 cells. This different behavior
can be understood based on the different metabolism and
mechanism of action of the two cell lines upon nanoparticle
uptake. In addition, nanoparticles’ unique physicochemical
properties can also show different effects on different cells.
However, for an in-depth discussion on this subject, the reader
is referred to refs 120−121122123124125126. Overall, we

believe, based on this primary assay, these nanoparticles have
great potential to be used in different biomedical applications
where high saturation magnetization is a deterministic
property.

4. CONCLUSIONS
In summary, for three groups of samples, we investigated the
effects of solvent amount, or in other words, the concentration
of reagents in the reaction (group A), the effect of the
surfactant molar ratio with respect to the iron precursor (group
B), and the effect of changes in the reducing agent(s) in the
reaction (group C) on the structural and magnetic properties
of the resulting iron oxide nanoparticles. All the other
parameters such as the heating profile, the reaction
atmosphere, and the stirring condition were kept constant
for all the samples. A simple one-pot synthesis procedure using
Fe(acac)3 as the iron precursor was followed, and no vacuum
condition was used during the syntheses. Two out of nine
conditions studied in this work resulted in monodisperse iron
oxide nanoparticles with high crystalline quality and saturation
magnetization, close to bulk magnetite but having different
sizes. Based on several characterization methods conducted on
all the samples and comparing the results with previous reports
on the thermal decomposition pathway for iron oxide
nanoparticles formation, we could draw the following
conclusions to understand the diverse intrinsic properties of
our samples and also some controversial results on the effect of
experimental conditions on the resultant particles in other
studies.
Changes in the surfactant amount/type can dramatically

alert the decomposition temperature of the iron precursor,
which means changing the burst nucleation stage and/or
nucleation and growth rates. In addition, variation in the
strength of the reducing agent(s) can also have a similar effect
(samples C2 and C3 in the present study, where Ol may have
acted as both a surfactant and a reducing agent). Because in
this study the heating profiles of all the reactions were the
same, the precise separation of nucleation and growth, as the
critical parameters for obtaining high-quality particles, was not
probably achieved in most of the reactions. This, in turn,
resulted in particles with diverse morphological and magnetic
properties. If high-quality nanoparticles are considered as not
only monodisperse ones but also ones that are highly
crystalline and show saturation magnetization nearly equal to
their bulk counterpart. Then, it may be concluded that for
obtaining high-quality particles, it is hard to specify any heating
rate (profile) or molar ratios between the starting materials as
standard values independently. It means, for any specific
heating profile, there may exist specific molar ratio(s) or vice
versa that can result in high-quality iron oxide nanoparticles.
This could be one of the main reasons that high-quality iron
oxide nanoparticles have been reported using very different
reaction parameters, particularly the heating profiles and
surfactant amount. Although in the beginning some widely
used parameters in the literature were chosen for this study, at
the end, after a comprehensive characterization, we reached
the conclusion that these parameters should not be chosen
independently of each other.
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Figure 10. TGA of the sample C3 dispersed in water.
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More details regarding structural characterization and
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