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A new rational method of synthesis of nanocrystalline iron (II, III) oxide is based on the
elevated-temperature hydrolysis of chelate iron alkoxide complexes in solutions of corre-
sponding alcohol, diethylene glycol, and N-methyl diethanolamine. The rates of reaction
and crystallization are easily tuned by varying the concentration of reactants and changing
the temperature. The size of the nanocrystals is controlled by changing the complexing
strength of the reaction medium: 5.7 nm in diethylene glycol, 16.8 nm in N-methyl
diethanolamine, and 12.7 nm in a 1:1 mixture of both solvents. The nanocrystalline powdered
Fe304 products were isolated with a high yield. The surface of the obtained nanocrystals is
passivated by molecules of adsorbed donating solvent that provide stability against
agglomeration, provide solubility in polar protic solvents (water and methanol), and allow

reactions at the nanocrystal surface.

Introduction

Nanocrystalline metal oxides are generally synthe-
sized by a variety of methods based on relatively simple
chemical reactions yielding products with desired com-
position, purity, and crystal structure. Obtaining the
nanocrystals with variable and uniform size is a sig-
nificant challenge, however, because controlling the
crystal growth in all of its steps is not so easy to
accomplish. Many common methods are rooted in the
ion metathesis reactions in solution. These straightfor-
ward reactions provide good yield and purity of the
products, but they occur instantly on mixing and leave
little possibility to control the course of the crystalliza-
tion. Different techniques were developed to address this
problem. According to one of them, ion metathesis
reactions are performed under strictly controlled condi-
tions of mixing such as addition of the dilute reactant
solutions at a restricted rate with vigorous stirring and
maintaining the proper temperature.! The nanocrystal
growth is controlled also by performing metathesis
reactions in heterogeneous media of microemulsions
where aqueous micelles of variable sizes act as micro-
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reactors.? In a third method, the precipitating agent
(OH") is slowly generated in aqueous solution by
hydrolysis of a molecular precursor (urea, urotropin,
etc.).? The greatest advantage of these techniques is that
the surface of the produced nanocrystals remains active
and available for postsynthesis chemical modification.

Other methods use the nucleophilic property of water
in hydrolysis of metal precursors. Reactions usually are
slower than ion metathesis reactions, and therefore
crystallization is easier to control. Hydrolyzable salts
of metal ions are used for synthesis of corresponding
oxides in colloidal form by their forced hydrolysis under
hydrothermal conditions* or in high-boiling solvents
(polyols).? Hydrolysis in nonaqueous solutions has been
applied also to metal alkoxides® and p-diketonates,’
offering a convenient route to the uncapped nanopar-
ticles.
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A different synthetic approach replaces the hydrolysis
or ion metathesis reactions by thermal decomposition
of oxygen-rich molecular precursors or metal carbonyls
in the presence of oxygen or oxygen donors in solutions
of high-boiling nonpolar solvents.8 This technique offers
a convenient way to manipulate the kinetics of crystal-
lization and therefore the nanocrystal dispersity. The
thermal decomposition technique is usually used in
conjunction with tactical targeting control over composi-
tion of the surface of growing nanocrystals. The syn-
thesis reactions are performed in the presence of
complexing agents that reversibly bind to the coordi-
natively unsaturated metal atoms at the crystal surface.
These complexing agents (capping ligands) contain one
or more substituents that provide steric separation
between nanocrystals and adjust their affinity to the
medium, stabilizing their colloids. Capping ligands® and
coordinating polymers!® are sometimes used also to
passivate the nanocrystal surface in combination with
hydrolytic and ion metathesis methods.

In this paper, we describe a new method for synthesis
of the nanocrystalline metal oxides that is based on the
hydrolysis of chelate metal alkoxide complexes at el-
evated temperature in solutions of the parent chelating
alcohols. This method allows the preparation of non-
aggregated nanocrystals with variable size and compo-
sition and high crystallinity. The surface of the isolated
nanoparticles is coated with a labile layer of the solvent
and remains chemically active and available for further
derivatization. Nanocrystals in this state are capable
of forming stable aqueous colloids without using capping
ligands or surfactants. The developed method represents
a highly economical and facile “green” process that can
be used for scaled preparations. This method may
contribute to the development of new catalysts, func-
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tional magnetic and optoelectronic materials, and bio-
compatible magnetic materials for their application in
biology and medicine as diagnostic and therapeutic
tools.

Experimental Section

Chemicals. The reagents and solvents were purchased from
the following companies: iron(III) chloride hexahydrate 97%,
toluene 99.5%, methyl alcohol 99.8%, and hexanes 98.5% from
Mereck; diethylene glycol 99%, N-methyl diethanolamine 99+%,
sodium hydroxide 97% (20—40 mesh beads), ethyl acetate
99.5%, and decane 99+% from Aldrich; iron(II) chloride
tetrahydrate 99% from Alfa Aesar; oleic acid 90% from Fisher;
and absolute ethanol from AAper Alcohol and Chemical Co.
Chemicals and solvents were used without further purification.
The air-sensitive chemicals were manipulated in a VAC
glovebox with a nitrogen atmosphere.

Synthesis. All syntheses were carried out using the Schlenk
technique under argon atmosphere.

Preparation of Magnetite Nanoparticles in Diethyl-
ene Glycol. A 2 mmol amount of FeClz-4H>0 and 4 mmol of
FeCl3-6H>0 were dissolved in 80 g of diethylene glycol (DEG)
in a Schlenk flask under protection with argon. Separately,
16 mmol of NaOH was dissolved in 40 g of diethylene glycol.
The solution of NaOH was added to the solution of metal
chlorides with stirring at room temperature, causing an
immediate color change from yellow-brown to deep green-
brown. After 3 h, the temperature of solution was raised during
1.5 h to 210 °C and then kept constant for 2 h in the
temperature range 210—220 °C. The solid product was isolated
by cooling the reaction mixture to room temperature and
centrifuging. A black solid was obtained and washed with
ethanol twice and with a mixture of ethanol and ethyl acetate
(1:1, v/v) three times to remove the excess of diethylene glycol
and was dried in a flow of nitrogen. The typical yield was 95—
96%. When reactivity tests or the preparation of colloids were
planned, the solids were used without drying.

To obtain iron oxide nanoparticles soluble in nonpolar
solvents, a diethylene glycol solution of oleic acid (2.6 mmol
of oleic acid per 20 g of DEG) was added to the reaction mixture
at high temperature. This addition immediately precipitated
the solids. The mixture was cooled to room temperature and
then centrifuged. The precipitates were washed with methanol
and dissolved in 20 mL of toluene. The resulting solution was
centrifuged and mixed with 2—3 volumes of methanol. The
precipitate was separated by centrifuging, washed with meth-
anol, and kept either moistened with methanol or dispersed
in nonpolar solvents (hexanes, toluene, and decane).

Preparation of Magnetite Nanoparticles in a Mixture
of Diethylene Glycol and N-Methyl Diethanolamine (1:
1, w/w). A 2 mmol amount of FeCly-4H20 and 4 mmol of FeCls*
6H20 were dissolved in 40 g of diethylene glycol in a Schlenk
flask under argon. When the salts were completely dissolved,
40 g of N-methyl diethanolamine was added, and the solution
immediately turned from yellow-brown to deep brown-green.
The resulting solution was stirred for 1 h at room temperature.
Separately, 16 mmol of NaOH was dissolved in 20 g of
diethylene glycol and then mixed with 20 g of N-methyl
diethanolamine. The solution of NaOH was added to the
solution of metal chlorides with stirring at room temperature,
causing an immediate color change from deep green-brown to
deep green. After 3 h, the temperature of solution was raised
during 1.5 h to 210 °C and then kept constant for 3 h in the
temperature range 210—220 °C. After the solution was cooled,
the solid product was isolated by centrifuging, washing with
ethanol twice and with a mixture of ethanol and ethyl acetate
(1:1, v/v) three times, and drying in a flow of nitrogen. The
typical isolated yield of black powders was 80—90% (for
products containing 96—97% of metal oxide).

Magnetite nanoparticles soluble in nonpolar solvents were
obtained by heating to reflux for 0.5—1 h a mixture containing
80 mg of black powder and a toluene solution of oleic acid (0.5
mmol of oleic acid per 25 mL of toluene). A deep brown solution
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was obtained, and the solid product was reprecipitated by
adding 1—2 volumes of methanol and then washed several
times with methanol to remove the excess of oleic acid. The
precipitate was kept either moistened with methanol or
dispersed in nonpolar solvents (hexanes, toluene, and decane).

Preparation of Magnetite Nanoparticles from N-
Methyl Diethanolamine Solutions. A 2 mmol amount of
FeCly-4H20 and 4 mmol of FeCl3-6H30 were dissolved in 40 g
of N-methyl diethanolamine in a Schlenk flask under protec-
tion of argon. Separately, 16 mmol of NaOH was dissolved in
40 g of N-methyl diethanolamine. A solution of NaOH was then
added to a solution of metal chlorides while stirring at room
temperature, causing an immediate color change from deep
brown to deep green. After 3 h, the temperature of solution
was raised during 1.5 h to 210 °C and then kept constant for
4 h in the temperature range 210—220 °C. The solid product
was isolated by cooling the reaction mixture to room temper-
ature and then centrifuging. A black solid was obtained and
washed with ethanol twice and with a mixture of ethanol and
ethyl acetate (1:1, v/v) three times and dried in a flow of
nitrogen. The yield of black powder was 0.294 g (63%).

Characterization. The structure and phase purity of the
nanopowders were investigated by X-ray diffractometry (XRD).
The measurements were performed with a Phillips X’pert
system equipped with a graphite monochromator (Cu Ka
radiation, A = 1.54056 A). A JEOL JEM 2010 transmission
electron microscope (TEM) at an accelerating voltage of 200
kV was used to examine the particles morphology. Addition-
ally, high-resolution transmission electron microscopy (HR-
TEM) images and selected area electron diffraction (SAED)
patterns were taken to determine the nanocrystal structure.
Thermogravimetric analyses (TGA) were performed in both
air and argon at a heating rate of 2 °C/min up to 600 °C using
a SDTQ600 analyzer. The NMR studies were performed on a
Varian Gemini-300 spectrometer. FT-IR spectra were obtained
on a Perkin-Elmer 1600 spectrometer.

Results and Discussion

In our earlier studies on the synthesis of nanocrys-
talline spinel-structured oxides, we have found that
diethylene glycol is a convenient reaction medium?!! due
to its useful physical and chemical properties.!2 This
solvent was also used by C. Feldmann et al. for the
synthesis of metal oxides with crystal sizes ranging from
30 to 300 nm. The high boiling point (245 °C) of this
solvent makes it suitable for variable-temperature
syntheses, which is desirable for controlling the rate of
reaction and also for obtaining products with improved
crystallinity. Diethylene glycol has high permittivity (e
= 32), enabling it to dissolve highly polar inorganic and
a variety of organic compounds and also to promote
reactions whose pathways run through highly polar or
ionic intermediates.

As we found previously, the chelating ability of DEG
inhibits the formation of metal hydroxides/oxides in
solutions containing stoichiometric quantities of transi-
tion metal salts and sodium hydroxide.!! Introduction
of a controlled amount of water in these solutions causes
hydrolysis of chelated complexes with formation of metal
oxides or hydroxides depending on the temperature,
with nearly quantitative yield. The structure of com-
plexes existing in solution is not known, but there is
evidence that the metal ion coordination sphere contains
deprotonated DEG and Cl~ ligands (Figure 1). The rate

(11) Caruntu, D.; Remond, Y.; Chou, N. H.; Jun, M. J.; Caruntu,
G.; He, J.; Goloverda, G.; O’Connor, C. J.; Kolesnichenko, V. Inorg.
Chem. 2002, 41, 61317.

(12) Sobota, P.; Utko, J.; Sztajnowska, K.; Jerzykiewicz, L. B. New
J. Chem. 1998, 22, 851.

Chem. Mater., Vol. 16, No. 25, 2004 5529

b g o c 2
\./.Cl  20H N /.cCl
MCl, + —_— [ M/ R — [ M
J ;

. o oy o NN
H N
Cl )2 H  oh
0
[\/ 1 o [\/OH
N\ /
o Yo 2Cl o o
/ i
H H H
OH OH o
[O\M/_,'.. on [O\F/,. OH 4 }
n + 2n 5 —> (MFey04), + 2nH)O + 3n
o oy o Yo \)
_/ _/ o)

H

Figure 1. Formation of metal chelated complexes and their
decomposition yielding colloidal transition metal ferrites.

of this reaction can be easily controlled by changing the
concentration of water and temperature. The course of
reaction is monitored visually, and, as the solution turns
turbid, the reaction is considered to be complete. In our
earlier studies, we next added long-chain carboxylic
acids to cap the surface of nanoparticles and isolated
them as nanopowders. A series of transition metal
ferrites (MO),FesO3 (M = Mn, Fe, Co, Ni, and Zn; x =
0.7—1) with the mean particle sizes ranging from 3 to 7
nm was obtained.!! In the current study, we addressed
the problem of tuning the particle size and the details
of the surface chemistry of the nanocrystalline oxides.
We focused exclusively on iron ferrite (magnetite) while
keeping in mind that our results should apply also to
other transition metal ferrites.

Synthesis. To obtain nonaggregated nanoparticles
with a chemically active surface, we eliminated the step
of capping the nanoparticles with the long-chain car-
boxylic acid. As a stoichiometric quantity of NaOH (8
equiv) dissolved in DEG is added to the solution
containing 1 equiv of FeCly*4H20 and 2 equiv of FeCls-
6H>0 dissolved in the same solvent, an immediate color
change from yellow to deep green-brown occurs. We
explained this!! in terms of deprotonation of the coor-
dinated alcohol DEG and formation of anionic chelate
alkoxide complexes (Figure 1). The resulting solution
stays unchanged indefinitely at room temperature if
protected from air, but gets oxidized quickly if exposed
to air and turns deep yellow. Raising the temperature
to 150 °C and then to 210—220 °C causes gradual color
change to red-brown and then dark brown with increas-
ing turbidity. As this temperature is maintained for 2
h, a black suspension forms and heating is stopped.
After a simple workup procedure using ethanol, the
nanopowders are isolated with high yield and tested for
their crystal structure and morphology and for reactiv-
ity. We performed a series of synthetic experiments
varying the rate and time of heating and concentration
of the reagents and found no significant difference in
the nanocrystals’ shape and size with an average value
of 5.7 nm (Figure 2a). If the step of aging is shortened
to less than 1 h, the quality of the nanocrystals is low,
no lattice fringes can be seen, and the edges are diffuse.
Our attempts to obtain larger particles by injecting an
additional quantity of the reaction solution in the hot
solution of the seed nanoparticles yielded a product with
wider size distribution. This result indicated that
nucleation and growth occurred at a similar rate.
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Figure 2. TEM bright field images of the oleate-coated Fe3O4 nanoparticles obtained from (a) DEG, (b) a mixture of DEG and
NMDEA, and (c) NMDEA; (d) a mixture of DEG and NMDEA at the initial phase of synthesis, and (e) corresponding HRTEM of
a typical agglomerate; (f) HRTEM image of a single 12.8 nm-sized Fe3O4 nanoparticle viewed along the [10-1] zone axis; (g)
HRTEM of a twinned Fe;O4 nanoparticle obtained from neat NMDEA; and (h) SAED pattern of Fe3O4 nanoparticles prepared

from the mixture of DEG and NMDEA.

In the method developed by C. Feldmann et al.,> DEG
is also used as a coordinating solvent for synthesis of
the nanocrystalline metal oxides. According to this
method, hydrolysis is accomplished by using easily
hydrolyzable metal containing precursors (acetates,
acetylacetonates, alkoxides, etc.) and the excess of
water. The resulting nanocrystals have much larger
sizes (30—300 nm) than the nanocrystals obtained by
our method (5.7 nm), which is rather expected, because
of the different conditions and the nature of the reacting
species.

The results show that under various conditions the
particle morphology did not change significantly and
prompted us to increase the complexing strength of the
reaction medium. Such a change might provide a better
control over the rate of hydrolysis of metal chelates, help
to stabilize colloids, and therefore obtain larger nano-
crystals. The thermal decomposition of triethanolamine-
based chelated complexes of iron, cobalt, and nickel in
aqueous solution at 250 °C (hydrothermal synthesis) has
been used to synthesize corresponding oxides as mi-
crometer-sized crystals.!> We chose to use diethanol-
amine, a compound related to both triethanolamine and
DEG and whose complexing and chelating properties
are well-established.!* Because diethanolamine has
hydrogen bonding more extended than DEG, its physical

(13) (a) Sapieszko, R. S.; Matijevic, E. J. Colloid Interface Sci. 1980,
74, 405. (b) Sapieszko, R. S.; Matijevic, E. Corrosion 1980, 36, 522.

properties are substantially different, and it has higher
viscosity and boiling point. N-Methyl diethanolamine
(NMDEA), on the other hand, has physical properties
similar to those of DEG but complexing properties
similar to those of diethanolamine. We performed a
series of syntheses of nanocrystalline magnetite in neat
NMDEA and in its 1:1 mixture with DEG while keeping
all other parameters unchanged.

As a stoichiometric quantity of NaOH (8 equiv)
dissolved in a 1:1 DEG/NMDEA solvent mixture is
added to a solution containing 1 equiv of FeCly4H0
and 2 equiv of FeCls-6H20 dissolved in the same solvent,
the color changes from green-brown to green immedi-
ately. After exposure at 210—220 °C for 5—10 min, the
solution becomes dark green-brown while remaining
transparent for at least another 5 min, after which
slight turbidity becomes noticeable. In contrast, turbid-
ity appears at 150—160 °C in DEG-solution systems.

The progress of crystallization was monitored by
taking aliquots of solution at different time intervals,
beginning 5 min after reaching the temperature of 210
°C. The TEM tests at early times showed 11-16 nm
agglomerates formed from small (4—6 nm) nanoparticles
(Figure 2d). High-resolution images clearly showed

(14) (a) Crans, D. C.; Shin, P. K. J. Am. Chem. Soc. 1994, 116, 1305.
(b) Saalfrank, R. W.; Bernt, I.; Chowdhry, M. M.; Hampel, F.; Vaughan,
G. B. M. Chem.-Eur. J. 2001, 7, 2765. (c) Vinogradova, E. A.; Kokozay,
V. N.; Vassilyeva, O. Yu.; Skelton, B. W. Acta Crystallogr., Sect. E 2003,
E59, m148. (d) Hubert-Pfalzgraf, L. G. Inorg. Chem. Commun. 2003,
6, 102.
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lattice fringes on many of these agglomerates (Figure
2e). Remarkably, the fringes were aligned within many
agglomerates. As annealing is continued at 210—220 °C
for 2—3 h, the initial shapeless solid formations gradu-
ally converted into compact nanocrystals with an aver-
age size of 12.7 nm and a well-developed crystal lattice
(Figure 2b,f).

Reactions in neat NMDEA solvent, maintained under
the same conditions as the mixed solvent system,
showed similar behavior. As expected, reactions in this
medium produced the largest nanocrystals (16.8 nm).
While the smaller nanocrystals have spheroidal shape,
the larger ones are faceted. The shape of a small number
of nanocrystals indicates they formed by fusion of two
or more nanoparticles (Figure 2c).

Therefore, there is a substantial difference in the
course of reactions in solutions of DEG and NMDEA.
Hydrolysis reactions in DEG followed by nanocrystal
nucleation and growth occur with high rate. Aging of
the resulting colloids causes internal recrystallization
of the nanoparticles without any significant mass
transport. This result suggests that formation of metal
oxides from chelated DEG complexes is irreversible. In
contrast, hydrolysis reactions of metal chelates in solu-
tions containing NMDEA occur at higher temperature
and with slower rate. The initially formed small nano-
particles (4—6 nm) quickly agglomerate into 11—16 nm
sized aggregates, which then undergo slow recrystalli-
zation to produce secondary nanocrystals with a size of
12.7 nm in 1:1 DEG/NMDEA or 16.8 nm in pure
NMDEA. Because this recrystallization is accompanied
by significant mass transport, this step probably in-
volves an equilibrium between solid oxide and metal
complexes in solution. Coalescence of small nanocrystals
followed by recrystallization and formation of the larger
ones has been found in many colloidal systems with
metal oxides.’® We did not obtain any evidence that
coalescence takes place in our DEG-based systems;
however, we cannot exclude this happening on the
subnanometer level.

Crystal Structure and Morphology of Magnetite
Nanoparticles. The structure and phase purity of
Fes04 nanoparticles with various sizes were investi-
gated by powder X-ray diffractometry (XRD). Figure 3
shows the X-ray diffraction patterns of the nanopowders
obtained from (a) neat DEG, (b) a mixture of DEG and
NMDEA (1:1, w/w), and (c) neat NMDEA. The patterns
were found to match well with that of cubic crystalline
bulk magnetite (JCPDS file No. 19-629) with no other
secondary iron oxide phases. The corresponding values
of the refined lattice parameter, 8.419(3), 8.381(7), and
8.388(6) A, are in good agreement with the value
reported for the bulk substance (8.396 A).16 The peak
broadening of the studied powders decreases from (a)
to (c), which is indicative of the nanocrystalline nature
of the materials. The crystallite size was estimated from

(15) (a) Pen, L. R.; Banfield, J. Am. Mineral. 1998, 83, 1077. (b)
Banfield, J. F.; Welch, S. A.; Zhang, H.; Tomsen-Ebert, T.; Penn, L. R.
Science 2000, 289, 751. (c) Leite, E. R.; Giraldi, T. R.; Pontes, F. M.
Acta Microscopica 2003, 12 (C), 325. (d) Pacholski, C.; Kornowski, A.;
Weller, H. Angew. Chem., Int. Ed. 2002, 41, 1188. (e) Park, J.; Privman,
V.; Matijevi¢, E. J. Phys. Chem. 2001, 105, 11630. (f) Morales, M. P.;
Gonzalez-Carreno, T.; Serna, C. J. J. Mater. Res. 1992, 7, 2538.

(16) Cornell, R. M.; Schwertmann, U. The Iron Oxides: Structure,
Properties, Reactions, Occurrence and Uses; VCH: New York, 1996; p
28.
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Figure 3. Powder X-ray diffraction patterns of the nano-

powders obtained from (a) neat DEG, (b) mixture of DEG and
NMDEA, and (c) neat NMDEA.

the six most intense peaks of each X-ray diffraction
pattern using Scherrer’s formula;!” the calculated aver-
age values are (a) 6.4 nm, (b) 12.3 nm, and (c) 17.4 nm.

Details about the structure and morphology of the
obtained nanoparticles were provided by TEM studies.
Figure 2a—d shows the TEM micrographs of different-
sized FesO4 nanoparticles. The nanocrystals are clearly
separated from each other in monolayers, and their
shape changes with increasing size from almost spheri-
cal (a) to hexagonal (d). The average sizes were esti-
mated to be (a) 5.7 nm, (b) 12.7 nm, and (c¢) 16.8 nm
with corresponding standard deviation values (6) of
16.2%, 8.8%, and 11.5% (Figure 4). The sizes of the
nanocrystals determined by TEM were in good agree-
ment with the size calculated from peak broadening in
X-ray diffractograms, indicating that most of the nano-
particles are single-crystalline.

The SAED pattern (Figure 2h), taken from a mono-
layer of 12.7 nm-sized FesO4 nanoparticles, contains six
well-defined spotted rings. As anticipated, the spotted
appearance of the diffraction rings is due to high
crystallinity of the obtained nanoparticles. The corre-
sponding interplanar spacings calculated from the
SAED pattern are presented in Table 1. The values
obtained are consistent with those obtained from the
X-ray diffraction pattern, as well as those corresponding
to standard bulk Fe;O4 (JCPDS file No. 19-629).18

The HRTEM image of a typical 12.7 nm-sized FesO4
nanoparticle is presented in Figure 2f. The micrograph
reveals highly ordered lattice fringes with a fringe
separation of 4.83 A, which corresponds to {111} lattice
planes. This value agrees well with that of 4.85 A
determined from the analysis of the XRD pattern.
Although most of the nanoparticles are single-crystal-
line, a small number of twinned nanocrystals were also
observed (Figure 2g), supporting coalescence of the
primary particles as one of the steps in their crystal-
lization.

Surface of Magnetite Nanoparticles. A thermo-
gravimetric study of the magnetite nanoparticles ob-
tained from DEG and NMDEA solutions was performed
over the range of temperature 20—600 °C in air and

(17) West, A. R. Solid State Chemistry And Its Applications; John
Wiley & Sons: London, 1984; p 174.

(18) Ma, M.; Zhang, Y.; Yu, W.; Shen, H.; Zhang, H.; Gu, N. Colloids
Surf., A 2003, 212, 3190226.
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Figure 4. Particle size histograms of Fe3sO4 nanoparticles prepared from (a) neat DEG, (b) mixture of DEG and NMDEA, and (c¢)

neat NMDEA.

Table 1. Interplanar Spacings, d (A), Deduced from the
Analysis of SAED and XRD Patterns and the Values
Corresponding to Standard Bulk Magnetite

diffraction ring
1 2 3 4 5 6

SAED 3.089 2.624 2194 1.784 1.694 1.550

XRD (Figure 3b) 2.965 2.526 2.095 1.710 1.613 1.481

XRD (standard  2.967 2.532 2.099 1.714 1.615 1.484
bulk FE304)

hkl 220 311 400 422 511 440

argon atmosphere. The first and brief event of weight
loss occurs below 100 °C and is due to evaporation of
the adsorbed solvent. The TGA curves corresponding to
the runs in air show a weight gain effect between 125
and 175 °C. The FT-IR spectrum (in the range of Fe—0O
vibrations) of the nanopowder exposed to air at 210 °C
evidenced that this weight gain is attributed to the
oxidation of Fe3O4 to FesOs. Regardless of the atmo-
sphere, the main weight loss starts at ~175 °C and ends
at ~ 325 °C when the rate of heating is 2 deg/min. The
value of the total mass change correlated with particle
size: it was larger for smaller particles (6.75% for 5.7
nm) and smaller for the larger ones (4.08% for 12.7 nm
and 1.36% for 16.8 nm). A typical TGA curve corre-
sponding to the run in air and representing the 16.8
nm nanocrystals is shown in Figure 5. The residues
after decomposition of the samples in air at the tem-
perature 600 °C were identified by X-ray diffractometry
as a-Fey0s. The observed weight loss is due to evapora-
tion of the adsorbed DEG, NMDEA, and water from the
surface of nanoparticles, as well as to dehydration of
the surface OH-groups.

We attempted to characterize the composition of the
surface by IR spectroscopy, but the quality of the spectra
was unsatisfactory due to a low concentration of organic
component. To solve this problem, we used destructive
methods to separate the organic and inorganic constitu-
ents and then used 'H NMR spectrometry for identifica-
tion of the organic component and determination of its
content semiquantitatively by integration. Exact quan-
tities of nanopowder and deuterium oxide were sealed
in an ampule and heated at 100 °C to extract the organic
constituent into solution and facilitate coagulation of
iron oxide. After heating for ~1 h, the ampule was
opened and the resulting clear colorless solution was
separated, weighed, and transferred into an NMR tube.
A measured quantity of DMSO was added as a standard
for integration. The sample synthesized from DEG
solution revealed only DEG and DMSO peaks in its
proton spectrum (Figure 6). The content of DEG in the
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Figure 5. TGA curve for the uncapped 16.8 nm magnetite
nanoparticles.
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Figure 6. "H NMR spectrum of the product of decomposition
of FesO4 nanoparticles in D2O solution. Peak at 2.61 ppm
represents DMSO added as a standard for integration.

nanopowders determined by integration was 2.9 wt %,
indicating that DEG is not merely a contaminant, but
a constituent.

Decomposition of the magnetite samples synthesized
in the systems containing NMDEA required harsher
conditions. NMR tests of the organic residues revealed
that NMDEA decomposes under these conditions yield-
ing a mixture of unidentified compounds.

As it was determined by TGA and 'H NMR, all
nanocrystalline magnetite products contained different
quantities of adsorbed volatile constituents, more for
smaller nanocrystals and less for larger ones. These
substances were identified as diethylene glycol and the
decomposition products of N-methyl diethanolamine.



Synthesis of Variable-Sized Nanocrystals of Fe3Oy

Nanocrystals’ Surface Reactivity and Dispers-
ibility. The reactivity of the obtained nanocrystalline
magnetite products was tested using their reaction with
oleic acid in toluene solution. This test was based on
the ability of inorganic nanocrystals capped with long-
chain carboxylates to form colloids in hydrocarbons.
Additional examination of their ability for repeated
colloid formation after precipitation may be used for
testing how strongly the capping ligand is bound to the
nanocrystal surface. The nanopowders synthesized from
DEG or NMDEA/DEG solutions exhibited high reactiv-
ity, dissolving at room temperature or after short
refluxing. Addition of methanol to the resulting disper-
sions caused precipitation of solids that were separated,
washed with methanol, and tested for solubility in
toluene. We determined that DEG-derived nanopowders
could be redispersed in toluene, whether refluxing was
used when they reacted with oleic acid. However, oleate-
capped nanocrystals originating from DEG/NMDEA lost
their dispersibility if refluxing was not used when they
were reacted with oleic acid. As refluxing was used, the
solids remained dispersible in toluene. Magnetite samples
synthesized using neat NMDEA were always the least
reactive. Their complete dissolution in toluene/oleic acid
solution could not be achieved even after prolonged
refluxing.

Analysis of the surface showed that all nanocrystals
contain organic compounds, either DEG or NMDEA or
both. It is not clear how these molecules are bound to
the nanocrystal surface, although it is likely they
partially use their chelating properties. Evidently, these
organic constituents play the essential role in protecting
the nanocrystals against agglomeration and, conse-
quently, in their surface reactivity and dispersibility.

It is likely that when the DEG-containing nano-
powders react with oleic acid, the carboxyl group binds
directly to the surface metal ions, replacing DEG
molecules. This chemical bonding provides stability and
dispersibility, and, as we observed, the capping ligand
cannot be removed by washing. The products of syn-
thesis from NMDEA contain basic amine functions on
the surface of nanocrystals, which changes their reac-
tivity with carboxylic acids. It is likely that at room
temperature the interaction is limited to the formation
of hydrogen bonds between carboxylic and amino groups.
Oleic acid adsorbed via hydrogen bonding can be easily
removed by washing with alcohols. At an elevated
temperature and in the presence of an excess of oleic
acid, the final product contains oleate ligand covalently
bound to the surface of nanocrystals similar to the ones
obtained from DEG. The presence of oleate anions in
the samples was confirmed by IR spectroscopy: the
spectra exhibited bands corresponding to the stretching
vibrations of C—H bonds at 2920 and 2850 cm™~! and of
carboxylic groups at 1540 and 1455 cm™1.

The isolated nanocrystalline magnetite was tested for
dispersibility in methanol and water. Most of the tested
samples could be dispersed in pure solvents; however,
the dissolution was dramatically facilitated by the
presence of traces of mineral or carboxylic acids. Col-
loidal solutions of 12.7 nm nanoparticles were obtained
with concentrations as high as 6.0 mg/mL in water and
4.6 mg/mL in methanol. Acidification not only improved
dispersing, but also caused great stabilization: both
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Figure 7. TEM micrograph of Fe;O4 nanoparticles dispersed
in water; the aqueous dispersion was aged for 3 months.

aqueous and methanol colloids containing ~75 umol/L
of HC] were indefinitely stable. The TEM examination
of aqueous colloids aged for 3 months revealed their
nonaggregated nature (Figure 7).

Conclusion

The high-yield synthesis of the uncapped nanocrystals
of Fe3O4 with chemically active surfaces is accomplished
by the elevated-temperature hydrolysis of chelate iron
alkoxide complexes in solutions of diethylene glycol and
N-methyl diethanolamine. The rate of this reaction is
easily controlled by changing the temperature and
concentration of the reactants, and high yield is ob-
tained due to the practically irreversible hydrolysis. The
highly polar medium of alcohol and byproduct ions (Na™,
Cl7) stabilizes the colloids, which is essential for the
nucleation and growth steps. As the stability of these
colloids becomes exhausted, the oxides precipitate as
nanopowders whose surface is passivated by a labile
layer of the adsorbed solvent. The different donor
properties of diethylene glycol and N-methyl diethanol-
amine affect the rate of hydrolysis and crystallization
and, therefore, the final size of the nanocrystals. The
smallest (5.7 nm) and largest (16.8 nm) nanocrystals
were obtained in the former and the latter solvents,
respectively. Nanocrystals of intermediate size (12.7 nm)
were obtained in a 1:1 mixture of the two solvents. By
varying the solvent ratio, one may probably synthesize
FesO4 nanocrystals of intermediate sizes, and this
method may be applicable for the synthesis of other
nanocrystalline metal oxides with chemically active
surface. The isolated nanocrystalline powders are easily
dispersible in toluene in the presence of oleic acid and
in water or methanol without using a surfactant. This
property of the nanoscaled magnetite, as a biologically
compatible magnetic material, may promote its applica-
tion in biology and medicine as a component for diag-
nostic and therapeutic tools. A study of the reactivity
of these nanocrystals with various bifunctional organic
molecules is in progress.
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