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ABSTRACT: Magnetic iron oxide nanoparticles in the 10—40 nm size range and with a reduced X-ray
diffraction

distribution in size have been synthesized under argon by using ammonium bases Ry;NOH (R = CHj,
C,Hs, C3H;) and a hydrothermal treatment. The size is tuned owing to the base to iron ratio and to
the length of the alkyl chain R. We precipitate first ferric hydroxides at pH 1.5—2, then ferrous
hydroxide at pH 5.5—6. The rapid increase of pH up to basic pH leads to the formation of magnetic
iron oxide particles of 12 nm. For [base] to [Fe] ratio above 3.5, a homogeneous growth occurs
during further hydrothermal treatment at 250 °C. The higher the quantity of base added and the
longer the alkyl chain used, the smaller the particle size produced. For sizes above 20 nm, the

Mdssbauer agnetic
Spectrometry properties

Verwey transition at 120 K, characteristic of magnetite, is observed on the field cooling—zero field cooling magnetization curve. The
nanoparticles can be described by a core—shell model, that is, a magnetite core surrounded by an oxidized layer close to maghemite.
The fractional volume of maghemite increases as the particle size decreases so that below 20 nm, nanoparticles cannot be properly

labeled as “magnetite”.
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1. INTRODUCTION

Magnetic oxides, especially magnetite and maghemite, have been
studied for a long time, because of their scientific and technological
importance. Nowadays, applications in nanotechnologies are arising,
as using the nanoparticles as an elemental block for building
electronic devices or as contrast agents for magnetic resonance
imaging in medicine.' * Magnetic oxides are also employed as
targets for drug delivery and cancer therapy hyperthermia.*> The
production of monodisperse nanopowders and the control of their
composition and size are therefore key points to address for these
applications. As an example, hyperthermia applications require
particles in the 20—50 nm range, while sizes below 10 nm are
appropriate for magnetic resonance imaging (MRI).7’8 Obtaining
narrow particle size distributions in the 10—S0 nm range and
describing their structure have yet to be achieved. The effects of
particle size and surface contribution on the magnetization are not
fully understood.” "' Furthermore, magnetite (Fe;O,) which con-
tains iron in two oxidation states (Fe’" and Fe’*) can be easily
oxidized into maghemite (y-Fe,03), leading to a weaker magneti-
zation. The knowledge of the oxygen content thus appears to be an
additional key point.

Two main methods have been developed to obtain magnetite
nanoparticles: the decomposition of organometallic precursors
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such as iron pentacarbonyl,'* iron(III) cupferronate (FeCup),"?
or iron(IIl) acetylacetonate (Fe(acac);)'* in the presence of
surfactants and the precipitation of Fe>" and Fe®" ions into a
basic aqueous media."” In the first route, the rate of nucleation
and growth and therefore both the size and the size distribution
of the particles can be controlled by accurately controlling the
reaction temperature and using excess surfactants. Sizes between
2 and 30 nm are currently obtained.'®”'® However, the use of
expensive precursors and solvents and the hydrophobic surface
generated by the surfactants limit their application particularly in
biomedicine; in contrast, the precipitation method allows one to
prepare nanoparticles in large quantities, but the size distribution
is difficult to control, particularly for sizes higher than 20 nm.
Many phases, in particular hydroxides, oxyhydroxides, or oxides,
can be stabilized according to the reaction conditions."” The
elaboration of magnetic fluids by adding ferric and ferrous
chlorides to ammonia solution was first reported three decades

0.2%*' As numerous factors are involved in the precipitation
phenomena, great attention has been focused on the under-
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standing of the processes involved and the control of the reaction
parameters. It was shown that coprecipitation from a chloride
solution heated at 25 °C leads to nanoparticles, the diameter of
which decreases from 12 to 4 nm when pH is increased from 8 to
12, while the ionic strength is kept constant.””** The increase of
pH and the introduction of ethanol into the reaction leads to a
reduction in the particle size. Magnetite nanoparticles of 300 nm
in diameter were obtained by adding iron(1II) sulfate solution to a
base (NaOH) aqueous solution under heating at 90 °C and in the
presence of a mild oxidant (KNO3),** or by oxidizing ferrous
hydroxide (Fe(OH),) with a weak oxidant NaNOj in a N,-
deaerated aqueous NaOH solution (pH = 12—13) at various
temperatures below 37 °C.*° As the synthesis temperature
increases from 4 to 37 °C, the magnetic nanoparticles are
decreased in size from 102 &£ 5.6 to 31.7 & 4.9 nm and the size
distribution increases from 5.5% to 15%.

In the past, the preferred synthesis method involved adding
the iron salts to the basic solution, in order to keep the pH
constant throughout the reaction. In recent works, the reverse
order, that is, the dropwise addition of tetramethyl ammonium
hydroxide into the iron (Fe*" and Fe®") salt solution, causing a
rapid increase in pH to a known value, has been used.”**” This
route produces magnetic nanoparticles of 12 nm in diameter, the
composition of which is intermediate between those of maghe-
mite and magnetite. A size increase is observed when subgecting
the nanoparticles to a further hydrothermal treatment.”® Mag-
netite of 39 &= 5 nm with an overall formula of Fe, 95O, has been
obtained.”” An accurate characterization of the composition and
the structure by using X-ray diffraction, *’Fe Mdssbauer spectro-
metry, and magnetic measurements allows one to conclude that
the particles can be ideally described as a magnetite core
surrounded by a thin maghemite layer. These nanoparticles
can be stabilized in water suspensions when grafted with
dendrons and thus are well suited for a further use in biomedical
applications.*

To increase the range of particle sizes produced, we expanded
upon the previous synthesis method by using two other ammo-
nium bases, tetraethyl and tetrapropyl ammonium hydroxide.
The increase of the alkyl chain length when compared to
tetramethyl ammonium hydroxide in addition to the variation
of the quantity of base added permits one to tune the sizes of
magnetic iron oxide nanoparticles between 10 and 40 nm. Both
the morphology of the resultant nanoparticles and the composi-
tion are accurately analyzed by X-ray diffraction, Mossbauer
spectrometry, BET, and electron microscopy techniques. One
of the most important points deduced from the combination of
these techniques and the thermal evolution of the magnetization
is that iron oxide nanoparticles with sizes below 20 nm cannot be
labeled as “magnetite”.

2. EXPERIMENTAL SECTION

2.1. Materials. Iron chloride hexahydrate (FeCls - 6H,0), 99% extra
pure, was purchased from Acros Organics, iron chloride tetrahydrate
(FeCl,+4H,0) reagent plus 99% from Sigma-Aldrich, hydrochloric acid
(HCI) min 37% from Riedel de Haen Sigma Aldrich, and tetramethylam-
monium hydroxide (N(CH3),—OH), 25% w/w, aqua solution from Alfa
Aesar; tetraethylammonium hydroxide (N(C,H;),—OH), 20% w/w, aqua
solution and tetrapropylammonium hydroxide (N(C;H;),—OH), 20%,
w/w, aqua solution were purchased from Fluka.

2.2. Synthesis. All of the solutions were deoxygenated with argon
for 30 min. FeCl;+ 6H,0, 1 M, and FeCl, - 4H,0, 2 M, were prepared by
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Figure 1. pH versus tetramethyl ammonium to iron ratio (Fe**: 0.8 M,
Fe*":0.4 M, V = 6.25 mL, N(CH,),OH: 1 M). The inset exhibits the
pH variation during the addition of tetramethyl ammonium into a
solution containing Fe>" (bottom right) or Fe*" (top left).
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Figure 2. XRD patterns recorded on samples before (a) and after the
hydrothermal treatment for the three bases and a base to iron ratio of 3.8
(b—d) and for [N(CHj3),OH] to Fe molar ratios of 3.8, 4.0, and 6.5 (d—
f). The diffraction lines are labeled by hkl Miller indices in the spinel

structure.

dissolving iron salts in HCI, 2 M.* A total of 10 mL of the former and 2.5
mL of the latter were mixed and heated up to 70 °C under argon
atmosphere, while stirring was maintained. A 1 M solution of base was
then injected at 0.7 mL/min, and vigorous stirring was continued for 20
min. The Teflon-lined stainless autoclave was put under an argon
atmosphere, and the black suspension was then added under argon.
The autoclave was then submitted to a hydrothermal treatment at
250 °C for 24 h and left to cool down to room temperature.

The powders were centrifuged to isolate them from the filtrate. They
were washed with distilled water. This procedure was repeated at least
four times for each sample until the filtrate had a neutral pH. Finally the
powders were lyophilized, stored in an argon atmosphere at 4 °C, and
characterized within the following week.
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Table 1. Samples Obtained after Hydrothermal Treatment at 250 °C for 24 h with the Three Bases (tetramethyl-, tetraethyl- and

tetrapropyl-ammonium)"

X-ray diffraction specific area SEM TEM M

base sample [base]/[Fe] pH £ 0.5 a (nm) @ (nm) (m*/g) Qgpgr (nm) @ (nm) @ (nm) (emu/g)
(N(CH;)40H) S1 3.8 10 0.8395(4) 40(3) 31(1) 38(5) 40(S) 40(S) 84(1)
S2 4 11 0.8396(1) 35(4) 35(1) 35(5) 35(5) 35(5) 82(1)

S3 4.8 12 0.8390(7) 22(3) 45(1) 22(5) 23(4) 22(4) 76(1)

S4 6.5 13 0.8396(3) 23(2) 43(1) 25(5) 23(3) 24(5) 76(1)

(N(C,H;),OH) Ss 3.8 10 0.8392(4) 35(3) 35(1) 35(5) 35(5) 35(5) 82(1)
S6 4 11 0.8393(3) 25(4) 45(1) 25(1) 25(3) 25(4) 76(1)

S7 7 13 0.8388(9) 10(4) 10(1) 10(2) 11(4) 10(4) 52(1)

(N(C3H;),0H) S8 3.8 9.5 0.8389(9) 25(3) 45(1) 25(3) 25(2) 25(5) 76(1)
S9 4 11 0.8396(6) 20(2) 52(1) 22(3) 20(2) 21(4) 70(1)

S10 43 12 0.8390(7) 15(3) 80(1) 15(1) 15(2) 15(2) 61(1)

S11 6.5 14 0.8391(6) 12(3) 10(1) 11(2) 12(3) 12(3) 59(1)

“ Base to iron molar concentration, pH, and particle diameters calculated from X-ray diffraction analysis and specific areas determined by BET method,
scanning electron microscopy (SEM), and transmission electron microscopy (TEM). Magnetization (M) measured under 18 kOe at room temperature

by using VSM.

Table 2. Effect of Temperature and Duration of the Hydro-
thermal Treatment on the Particle Size for (N(CH;),OH)
and [Base]/[Fe] = 3.8"

T (°C) duration (h) a(nm) Oggr (nm) magnetization (emu/g)
150 24 0.8389(4) 30(5) 77(2)
200 24 0.8392(4) 35(5) 80(2)
250 24 0.8395(4) 40(S) 82(2)
250 6 0.8385(5) 40(5) 82(2)
250 12 0.8390(4) 40(5) 82(2)
250 24 0.8395(4) 40(8) 82(2)

“ a is the lattice parameter and @ the particle size determined by specific
area measurements.

2.3. Characterization. The crystallographic structure of iron
oxide nanoparticles was investigated by X-ray diffraction (XRD) using
a Bruker D8 Advance diffractometer equipped with a quartz mono-
chromator and Cu Ko radiation (4 = 0.154059 nm). The average
diffracting volumes were estimated using the Debye—Scherrer equation,
AQ20) = 0.94/f cos(0,) [1] for the (220) and (311) reflections. The
lattice parameters a, were also calculated from XRD patterns using
UFIT*! and Powder Cell software.*

To investigate the morphology, overall views of the powders were
recorded by scanning electron microscopy (SEM) using aJEOL electron
microscope 6700F coupled with EDX spectroscopy. TEM and HRTEM
images were recorded with a TOPCON model 002B transmission
electron microscope, operating at 200 kV, with a point to point
resolution of 0.18 nm. The size of each particle has been measured on
SEM and TEM images by pointing the particle diameter and the
distribution of the size has been determined by using Image]J software.
The counting was performed on 150 to 200 particles for each sample.

The specific areas were measured by using the BET method based on
the adsorption of a gas monolayer.>> Assuming a spherical particle shape,
the diameter is deduced from the relation ¢)(nm) = 6000/uS [2] where ¢
is the particle diameter, 4 is the density, and S the specific area.

Infrared spectra were recorded from 4000 to 400 cm ™' using an IR-
spectrometer, DIGILAB FTS 3000 Excalibur series. Samples were gently
ground and diluted in nonabsorbent KBr matrixes.

3"Fe Méssbauer spectra were performed at 300 K using a conven-
tional constant acceleration transmission spectrometer with a 57Co(Rh)

source. The spectra were fitted by means of the MOSFIT program>* and
an O.-Fe foil was used as the calibration sample. The values of isomer shift
are quoted to that of a-Fe at 300 K.

Hysteresis loops were measured at room temperature using a KLA-
Tencor EV7 vibrating sample magnetometer (VSM) under a maximum
applied field of 1.8 kOe. The thermal evolution of magnetization was
recorded in the temperature range from 5 to 300 K in a Quantum Design
superconducting quantum interference device (SQUID) magnetometer
under field cooling (FC) and zero-field-cooling (ZFC) conditions. The
sample was first cooled from room temperature down to 5 K under an
applied field of 8 kOe and then was heated up while magnetization was
recorded under a magnetic field of S0 Oe (FC). Subsequently, the
sample was demagnetized at room temperature and then cooled down to
S Kunder no applied field. Finally, the magnetization was then recorded
in a magnetic field of 50 Oe during final heating up (ZFC).

3. RESULTS AND DISCUSSION

3.1. Structure and Morphology. As explained above, the
bases are added to the chloride solutions, contrary to the great
majority of previously published results on iron oxides synthe-
sized by precipitation, in which the two cations precipitate
simultaneously by adding the chlorides to the base, and the pH
is basic throughout the reaction. In this study, the powders have
been prepared in two steps. Step 1 corresponds to the addition of
the ammonium bases to the acidic iron chloride solutions. The
pH was measured versus the base to iron ratio ([N(CHj),-
OH]/[Fe]) during the injection of the base (Figure 1). Each
point was obtained after a stabilization time of 30 s. For
comparison, the insets present the pH variation for solutions
containing only Fe®* or Fe’*. After a quasi-linear increase up to
pH = 1.5, a plateau occurs corresponding to the precipitation of
Fe*" as observed in the bottom right inset. The length of the
plateau corresponds to the reaction given by W. Feitknecht et
al,®® that is, 8Fe[H,0]2" 4+ 220H™ + 2Cl~ < [FegOq(-
OH),oCL,]. This is followed by dehydration, leading to the
precipitation of FeOOH.?® The rate of pH increase slows down
at approximately pH 5—6, corresponding to the Fe* " precipita-
tion. The pH increases again rapidly when the base to iron ratio
reaches 3.8 and a black powder precipitates. Each of the three
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Figure 3. SEM and TEM images of samples S1, S2, S8, and S9 from top to bottom. The size distributions were calculated from TEM image.

ammonium bases used gave the same type of behavior. However,
the pH values are slightly higher when tetraethyl- and tetra-
propyl-ammonium bases are involved due to the increasing
inductive effects of the alkyl chain or when the base solution is
more concentrated (Supporting Information S1 and S2). An
X-ray diffraction analysis has been carried out on the black
powder obtained for base to iron ratios equal or higher than
3.8. All the peaks were indexed in the spinel structure (spatial
group Fd3m (No. 277), JCPDS No. 19-0629) (Figure 2).
Neither hematite nor partially ordered maghemite phases were
observed in the pattern. According to previous studies, Fe’"
adsorbs at the ferric hydroxide surface. Increasing the pH gives
rise to dehydration of hydroxides and leads to the formation of
magnetite facilitated by electron hopping between Fe’™ and
Fe’ >3 The diffraction lines are broad in agreement with
previous works.”” The grain size calculated from the Scherrer
formula (relation [1]) is equal to 12(1) nm, and the lattice

parameter a = 0.8379 (4) nm is lower than that of micro-
crystalline magnetite probably due to a slight oxidation when
placing it under air.

In a second step, the solutions obtained from base to iron
ratios equal to or higher than 3.8 have been submitted to a
hydrothermal treatment under argon. After washing and drying, a
structural and morphological characterization was undertaken.
All the peaks were indexed in the magnetite spinel structure. The
lattice parameters are close to the magnetite one (a = 0. 8396
nm) and far from the maghemite one (0.8346 nm, JCPDS file 39-
1346) (Table 2). However, the peak width, related to the grain
size, varies owing to the nature and the amount of base (Figure 2).
It increases when the length of the alkyl chain of the ammonium
bases or the base to iron molar ratio increases, suggesting that these
parameters have an influence on the grain size.

To investigate the morphology and determine the mean size of
the particles, several methods have been used. SEM observations
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Figure 5. Coercivity and reduced remanence as a function of particle
size.

give an overall view on a wide area allowing one to check that no
large particles have been produced (Figure 3). TEM observa-
tions, the BET method, and X-ray diffraction are three different
ways to calculate sizes: the width of diffraction peaks is related to
the diffracting volume according to relation [1] and the specific
area determined by BET to the size of particles according to
relation [2]. The diameters range from 40 and 22 nm for
N(CH;),OH and 35 and 10 nm for N(C,H;)4OH to 25 and
12 nm for N(C3H;),OH (Table 1). The agreement between all
techniques shows that the diffracting volume is extended on the
whole particle and consequently that the particles are not
polycrystalline. Let us note that (1) for identical quantities of
base, the particle sizes decrease as the length of the alkyl group of
the ammonium base increases; (2) for each base, when the
quantity of added base (ie, pH) increases, the size also
decreases. Vayssieres et al. and Horner et al. have also observed
amean size decrease when the pH was increased.”>”® In addition,
we observed an effect of the base addition rate on the final sizes
(observed after the hydrothermal treatment). The addition of
base was stopped during 30 min at the first plateau (pH = 3) and
at pH = 6. No effect was observed in the first case, while broad
size dispersions occurred when the addition was stopped for a
period at pH = 6. It can be concluded that a rapid pH variation

each one in order that all of the samples were equally aggregated.
The hysteresis loops of the nanoparticles with different sizes were
recorded by VSM at room temperature. The saturation magne-
tization decreases as the size decreases (Table 1). Normalized
hysteresis loops have been drawn for selected particle sizes: S9,
S7, S4, and S2 (Figure 4, left). The loops of the smallest particles
exhibit very low coercive field and remanence values. This fact
indicates that 10 nm diameter particles are very close to behaving
as superparamagnets at room temperature, which is consistent
with the temperature dependence of its magnetization as will be
discussed later.

The evolution of coercivity and remanence is illustrated in
Figure 5, where it is observed that both magnitudes exhibit the
same increasing trend with the particle size. Their size depen-
dence can be dissected into three regimes: (i) a nearly linear
dependence on size for the smaller particles (between 10 and 20
nm), (ii) a steep rise for intermediate sizes (between 20 and 25
nm), and (iii) a much slower variation for particles larger than 25
nm. This difference between the magnetic behavior of small and
medium sized particles can also be observed in their hysteresis
loops. The approach to magnetic saturation of small particles is
much slower (lower susceptibility) and requires much higher
applied fields to get them saturated than in the case of larger
particles. A change is also observed in the differential magnetic
susceptibility (Figure 4, right), whose peaks are shifted toward
lower applied fields when the size is reduced. The peak is broader
for bigger particles. This change in the size dependence of
saturation field and magnetic susceptibility becomes evident

1383 dx.doi.org/10.1021/cm103188a |Chem. Mater. 2011, 23, 1379-1386
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Figure 7. Infrared spectra recorded on samples S1, S2, S3, and S9 and
on maghemite obtained by annealing of magnetite under air at 300 °C
for 12 h*°.

for values of particle size around 20 nm, in the same way
coercivity and remanence do.

3.2.2. Zero Field Cooling/Field Cooling. The ZFC/EC curves
are illustrated in Figure 6a—f. They depict the relative magne-
tization variation M/Msk) for both FC and ZFC where Msk)
corresponds to the magnetization under FC condition at 5 K. As
observed, the ferro- to superparamagnetic transition can be
inferred to be above room temperature for all the nanoparticles,
and only for nanoparticles of 10 nm in size does such a transition
appear to approach room temperature.

A detailed analysis of both FC and ZFC curves gives evidence
for a transition, most likely related to the Verwey transition, Tv,
which was well established at 120 K for stoichiometric
magnetite.** The present transition is broad, and the estimation
of the temperature remains difficult as indicated by arrows in the

1384

V [mm/s]
0 6 12

relative transmission

A2 6

0 V [mm/s] 6 12

Figure 8. Mossbauer spectra recorded at 300 K on nanoparticle
samples.

FC curves (Figure 6b—f) and in the ZFC curves (Figure 6g).
This transition is clearly defined in particles with diameter higher
than 20 nm. On the other hand, magnetization in FC curves of
particles smaller than 20 nm have a much faster low-temperature
decay.

Figure 6h collects the transition temperature values deduced
from FC and ZFC curves. A parallel evolution of the transition
temperature in FC and ZFC curves is observed, mainly for
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Table 3. Mossbauer Data for Samples with Various Sizes”

sample size (nm) (B T+ 0.5 (IS) (mm/s) =+ 0.005
S1 39% 472 0.507
S2 35 46.8 0.495
S6 25 46.4 0.483
S9 20 359 0.424
S10 15 38.0 0.408
S7 10 329 0.370

% Fe;04 = 3

% Fe, O3 + 3 7(ge,0,) DM £ 0.2 €maghemite N0 = 0.2

75 25 17.7 18
77 23 16.0 1.5
70 30 11.1 14
43 57 7.6 2.4
34 66 5.2 2.3
IN 85 2.7 2.3

“ Percentages of magnetite (Fe;0,) and maghemite (-Fe,O3) deduced from the amounts of Fe* and Fe®*. Corresponding radius of magnetite and

thickness of maghemite shell layer assuming a core—shell model.

particles of sizes between 20 and 35 nm. Such a feature can be
correlated to the dramatic change of behavior for particles around
20 nm in size as observed by studying the hysteresis loops. That
could be related not only to the reduction in size, as other authors
have suggested,41 but also to the composition. Indeed, it has also
been reported that small degrees of nonstoichiometry or impu-
rities in magnetite can reduce the Verwey transition temperature
dramatically.** Another observed effect of the deviation from
stoichoimetry is the broadening and reduction of the Verwey
transition, observed in FC curves.*

3.3. Composition of the Nanoparticles in Terms of the
Magnetite/Maghemite Ratio. It is established that fine mag-
netite particles placed in air at room temperature oxidize to
maghemite.** Oxidation of Fe*" to Fe®" in magnetite leads to a
cation-deficient spinel, and the ferrite ranges from magnetite (x =
0) to maghemite (x = 1/3) according to the formula
[Fe3+]A[Fe2+1_3xFe3+1+2xl:|x]BO4 in which O represents va-
cancies. The comparison of IR spectra recorded for all of the
samples with the spectrum of a partially ordered maghemite
confirms the increased oxidation when the size decreases
(Figure 7). The spectra exhibit absorption bands around the
570 cm™ ! characteristic of magnetite. However, the bandwidth
increases, and small shoulders in the 600—750 cm™ ' range as
well as aband at 450 cm™ ' appear when the size decreases. Thus,
the appearance of the characteristic maghemite peaks shows that
the relative quantity of maghemite increases as the nanoparticles
become smaller.

Mossbauer spectrometry is very useful for determining the
oxidation state of Fe species. The Mossbauer spectra recorded on
larger particles (>20 nm) at 300 K are similar to those usually
observed for magnetite (Figure 8). One can unambiguously
identify two resolved sextets, one clearly attributed to Fe>" in
the A site of spinel magnetite (the outer sextet) while the other
one is attributed to Fe ions located in the B site. It is important to
emphasize that the values of isomer shift and the respective
absorption areas of the two components allow one to establish
the mean stoichiometry of the Fe oxide nanoparticle, assuming
the isomer shifts of Fe*" ..., Fe> ", .., and Fe* ', equal 0.25,
0.40, and 1.00 at 300 K, respectively, and assuming the same
recoilless Lamb factor for the different Fe species (Table 3).*
When the size is lower than 20 nm, the magnetic hyperfine
structure is not resolved, consisting of broadened, overlapped,
and asymmetrical lines originating from the occurrence of super-
paramagnetic relaxation phenomena. These were described by
means of distribution of a static magnetic hyperfine field slightly
correlated to that of isomer shift. The mean stoichiometry can
therefore be estimated from the mean isomer shift. Thus, the
nanoparticles can be described as magnetite with a slight devia-
tion from stoichiometry. The global formula can be written as

Fe;—,0,4. The value of the mean isomer shift decreases as the
nanoparticle size decreases: such evolution of the electronic
density suggests that the amount of Fe>" increases in the oxide.
Previous work reported on magnetite nanoparticles of 39 & S nm
in size have shown that the nanoparticles consist of a magnetite
core surrounded by an oxidized layer close to maghemite.”” To
have a clear image on the oxidation rate of the nanoparticles, we
have assumed an ideal case whereby the oxidized layer is
maghemite. Taking into account the amount of Fe*", we have
calculated the corresponding thickness of the maghemite shell
layer, assuming the presence of spherical particles. They are
reported in Table 3: the Fe>* ratio and consequently the quantity
of y-Fe,0j5 increases when the size decreases. It is greater than
50% when the nanoparticles are below 20 nm and reaches 85%
when the diameter is as low as 10 nm. Let us keep in mind that
this is an idealized description since the oxidation occurs
preferentially at the surface, resulting in a stoichiometry gradient.
Accordingly, it can be concluded that the particles studied with
diameters below 20 nm are nonstoichiometric magnetite
throughout their entire volume.

Therefore, the magnetic properties must be interpreted according
to these observations. Magnetite is a ferrimagnetic spinel oxide and,
like any magnetic material, can exhibit superparamagnetism, mono-
domain, or multidomain behaviors depending on the size of the
nanoparticles.**~* The size limit between superparamagnetism and
blocked monodomain behavior depends on the temperature and is
about 15—20 nm at room temperature. The monodomain—multi-
domain transition occurs at about the 40—60 nm diameter range.*’
However, the lack of ideal superparamagnetic behavior observed
could be related to dipolar interactions between particles or to the
size distribution. It can be concluded that the linear trend of the
coercivity and remanence with particle size and the shape of the
susceptibility curve itself correspond to the magnetic behavior of
nonstoichiometric magnetite particles.

In turn, the steep increase of coercivity and remanence, as well
as the change of the susceptibility curve shape, might be related
to the stoichiometric/nonstoichiometric magnetite core/shell
structure that particles develop above the size of 20 nm.
According to this core/shell structure model, the stoichiometric
magnetite core of particles of sizes between 20 and 25 nm is very
small, which would explain the strong variation of the Verwey
transition temperature. However, having a good estimation of
the shell thickness for every particle size is very difficult, thus
making it impossible to give a realistic quantitative size depen-
dence of the transition temperature.

4. CONCLUSION

Magnetic iron oxide nanoparticles in the 10—40 nm diameter
range with a reduced distribution in sizes have been prepared by
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using ammonium RyNOH bases with increasing aliphatic chains
length (R = methyl, ethyl, propyl). The size is decreased when the
length of the aliphatic chains increases, probably because the
adsorption energy on the surface of the nanoparticles is larger for
larger molecules. A slow addition of base above pH = 6 strongly
affects the final size distribution of the particles. Below 20 nm, these
nanoparticles are nonstoichiometric in their whole volume and
cannot be labeled “magnetite”. The variation of the magnetic
properties results from both the size and the composition since
the oxidation rate increases as the size decreases. Above 20 nm, the
nanoparticles have a core/shell structure, the core being constituted
of magnetite, as proved by the observation of the Verwey transition.
The shell is an oxidized layer close to maghemite. The magnetic
behavior corresponds to that of monodomains of magnetite.
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