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Direct Synthesis of Highly Crystalline and Monodisperse Manganese Ferrite Nanocrystals
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Highly crystalline and monodisperse manganese ferrite nanocrystals were synthesized via the thermal
decomposition of metal-surfactant complexes followed by mild chemical oxidation. Particle sizes could be
varied from 5 to 13 nm by changing the experimental parameters. The uniformity of the nanocrystals was
demonstrated by the formation of two- and three-dimensional superlattices. Electron diffraction, X-ray
diffraction, and high-resolution TEM images confirmed the high crystallinity of the manganese ferrite
nanocrystals. Elemental analysis and energy-dispersive X-ray spectroscopy confirmed that the molar ratio of
Mn:Fe was 1:2. The nanocrystals were found to exhibit the typical behaviors of magnetic nanocrystals with
the characteristic narrow energy barrier distributions of magnetic anisotropy, confirming the uniformity of
the nanocrystals.

The synthesis of uniformly sized magnetic nanoparticles has nanoparticles were formed by the thermal decomposition of Fe
been intensively pursued because of their broad applicationsMn-oleate complex, which was generated from the reaction of
including magnetic storage media, ferrofluids, magnetic reso- Iron pentacarbonyl and dimanganese decacarbonyl in the
nance imaging (MRI), magnetically guided drug delivery, and presence of oleic acid. The resulting alloy nanoparticles were
catalysts for the growth of carbon nanotubéSeveral metallic oxidized using trimethylamin®&-oxide to obtain manganese
magnetic nanocrystals have been synthesized via thermalferrite nanocrystals. The following procedure describes a typical
decomposition of organometallic precursors or reduction of synthesis of 10 nm sized manganese ferrite nanocrystals. 0.175
metal salts. Many ferrite nanoparticles have been synthesized g of Mny(CO), (0.45 mmol) was mixed with 10 g of octyl
using reverse micelles as nanoreactoFeermal decomposition  ether and 2.3 mL of oleic acid (7.26 mmol) at room temperature
of precursors has been also used to synthesize ferrite nanoparunder an argon atmosphere. The resulting mixture was slowly
ticles®> However, an exhaustive size selection process was heated to 130°C with intermittent shaking to prevent the
usually required to obtain magnetic nanocrystals with a uniform syblimation of Mnr(CO)o. When the solution temperature
particle size distribution. Recently, several groups reported the reached 130C, 0.2 mL of Fe(CQ) (1.52 mmol) was rapidly
direct synthesis of monodisperse ferrite nanocrystals without a gdded to the mixture, and then the resulting solution was heated
size-selection process. Our group reported the direct synthesigg reflux (~300°C) and kept at this temperature for 1 h. The
of highly crystalline and monodisperse ferrite nanocrystals via color of the reaction mixture changed from an initial yellow
the thermal decomposition of metal-surfactant complexes fol- ¢olor to colorless at 250C, and finally to black at the reflux
lowed by mild chemical oxidatioh.Similarly, Sun and co-  temperature. The disappearance of the solution color at@50
workers produced monodisperse ferrite nanocrystals via a high-gemonstrated the formation of a kind of-Bgin-oleate complex,
temperature solution phase reaction of metal acetylacetonatgynich was too air-sensitive to characterize. The black solution
with 1,2-hexadecanediol in the presence of surfactaHisiein was cooled to room temperature, and then 0.34 g of dehydrated
we report on the synthesis of monodisperse and highly crystal-yimethylamineN-oxide (4.53 mmol) was added to the solution.
line manganese ferrite (Mnk®,) nanocrystals with particle  Aterward, the solution was then heated to 14D under an
sizes ranging from 5 to 13 nm. _ . _argon atmosphere and kept at this temperature for 1 h, before

The synthetic procedure reported here is the modified VEerSION haing further heated to reflux and maintained at this temperature
of a method that was used by our group for the synthesis of ¢, 1°h The solution was finally cooled to room temperature
monodisperse nanocrystals of metal oxides and metal sulfides,; 4 100 mL of ethanol was added to yield a black precipitate.
which employs the formation of a metal-surfactant complexes The final nanocrystals were obtained in a powder form by
followed by aging at high temperature®©iron pentacarbonyl .o hyifygation. The powdery nanocrystals were found to be

(Fe(CO}) and dimanganese deca(?arbo.nyl @CO)0) were readily dispersable in many organic solvents including hexane,
used as the metal precursors. First, iromanganese alloy toluene. and chloroform
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plaza.snu.ackr. o _ o complex, which was generated from the reaction of dimanganese
! School of Chemical Engineering, Seoul National University. decacarbonyl with oleic acid in octyl ether, to synthesize
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University. not decomposed and no manganese nanoparticles were produced
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Figure 2. X-ray diffraction pattern of 10 nm manganese ferrite
nanocrystals. The XRD pattern was obtained with a Rigaku D/
Max-3C diffractometer equipped with a rotating anode and a Gu K
radiation sourceA(= 0.154056 nm). Inset is ED pattern obtained using
a JEOL EM-2000 EX II microscope.

Figure 1. TEM image of manganese ferrite nanocrystals with particle
sizes of (&) 5 nm, (b) 7 nm, and (c) 10 nm. (d) TEM image of
3-dimensional superlattice of 7 nm manganese ferrite nanocrystals. TEM
images were obtained using a JEOL EM-2000 EX Il microscope.

under these conditions. Interestingly enough, when Fe{Ga3
added to the Mn-oleate complex solution and the resulting
mixture was refluxed, black colored nanoparticles were syn-
thesized, as described above. The results demonstrate that Fe
Mn-oleate complexes were generated from the reaction of &
Fe(CO} and Mny(CO) with oleic acid and that these com-
plexes were decomposed to produce-M alloy nanoparticles.

The synthesized nanocrystals were characterized by low- and
high-resolution transmission electron microscopy (TEM), X-ray
diffraction (XRD), and energy-dispersive X-ray spectroscopy
(EDX). Low- and high-resolution TEM images were obtained
using a JEOL EM-2000 EX Il microscope. XRD patterns were
obtained with a Rigaku D/Max-3C diffractometer equipped with
a rotation anode and a CuoKradiation sourcei(= 0.15418
nm). The size uniformity of the nanocrystals was demonstrated lll_s
by means of the TEM images shown in Figure 1. The TEM
images showed that the nanocrystals are very uniform in size= . . )
and that the diameters of the nanocrystals vary from 5 to 10 Figure 3. (&) High-resolution TEM image (top left), (b) FFT pattern
nm by changing the ratio of oleic acid to metal precursors. When (top right), and (c) EDX data (bottom) of 10 nm manganese ferrite

. . . - . . . nanocrystals.

starting reaction mixtures containing 1:1, 1:2, and 1:3 molar
ratios of the metal precursors to oleic acid were used in the nanocrystals were indeed manganese ferrite. The mean size of
synthesis, manganese ferrite nanocrystals with particle sizes ofthe nanocrystals calculated using the Scherrer formula was
5, 7, and 10 nm were obtained, respectively. In some TEM similar to that obtained by TEM. The structural properties of a
images, well-aligned 3-dimensional superlattices were also 10 nm sized single nanocrystal were characterized using the
observed, as shown in Figure 1d, demonstrating the uniformity high-resolution transmission electron micrograph (HRTEM). A
of the nanocrystals. A further increase in the proportion of oleic HRTEM image of 10 nm sized nanocystal, shown in Figure
acid did not result in the production of nanocrystals with larger 3a, illustrates the highly crystalline nature of the nanocrystals.
particle-sizes. Instead, nanocrystals with a broad particle sizeThe interplanar distance is estimated to be 2.12 A, which is in
distribution were obtained. Very similar results were observed good agreement with t{gl00} planes of the manganese ferrite.
in our previous synthesis of iron oxide nanocrystals. Figure 3b shows the fast Fourier transformation (FFT) pattern

The XRD pattern of the 10 nm sized nanocrystals, shown in shown in Figure 3a, demonstrating that the nanocrystals have
Figure 2, revealed that the nanocrystals h&di2m cubic spinel (400), (13), and (B1) planes with a zone axis of [013]. The
structure of manganese ferrite (JCPDS PDF# 10-0319). Becauselemental analysis using inductively coupled plasma atomic
different bimetallic ferrite materials show similar XRD patterns, emission spectrometry (ICP-AES) confirmed the 1:2 molar ratio
we carefully compared the observed peaks for the 10 nm sizedof Mn to Fe. The nanoscale elemental analysis using a energy-
nanocrystals with the known characteristic peaks in the XRD dispersive X-ray spectroscopy (EDX), shown in Figure 3c, also
patterns of iron ferrite and manganese ferrite. The characteristicconfirmed the Mn:Fe stoichiometry of 1:2, demonstrating the
XRD peaks at 73.58 88.46, and 103.66confirmed that these ~ formation of MnFeO, nanocrystals. The composition of
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Figure 4. Low-resolution and High-resolution TEM images (inset) of
13 nm sized manganese ferrite nanocrystal with molar Fe:Mn ratio of
1.7:1. TEM images were obtained using a JEOL EM-2000 EX I
microscope.

Figure 5. Zero-field cooled and field-cooled magnetization data
measured in an applied field of 100 Oe of 5 nm (triangles), 7 nm
(diamonds), and 10 nm (circles) manganese ferrite nanocrystals,
respectively. The data shown as filled symbols were obtained from
manganese ferrite could easily be controlled by varying the ratio diluted samples after zero-field cooling: 5 nm (triangles), 7 nm
of iron to manganese in the metal precursors, because the mola dlamolnds), a}nhd 10nm (Cr']r C'Z.S)' Inset Sh?""s how blo?kung temperature
ratio of the final nanocrystals was invariably almost the same ° evolves with varying the diameters of nanocrystals.
as that of the initially supplied iron and manganese precursors. To
As the relative amount of the manganese precursor increased,
larger sized nanocrystals were produced. For example, when a 10
precursor mixture with a Mn:Fe molar ratio of 1:1.5 was
employed in the synthesis, we obtained manganese ferrite
nanocrystals with a particle size of 13 nm and Mn:Fe stoichi-
ometry of 1:1.7 (Figure 4).

Magnetic studies were carried out on 5, 7, and 10 nm sized
powdery manganese ferrite nanocrystals, using a commercial
vibrating sample magnetometer (Lake Shore 9300). The zero
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field cooling and field cooling (ZFEFC) procedures were -10 = iggﬁ
carried out from 2 to 350 K in an applied magnetic field of 100 —A— 13K
Oe, to measure the temperature dependence of magnetization. . L . . L .

-2000 -1000 0 1000 2000

Figure 5 shows the magnetization-temperature (MT) curves of H (O¢)

typical nanocrystals. We normalized the magnetization in a _. o : I

. . Figure 6. Magnetization vs applied magnetic field and temperature
conventional way of using th_e mea.sur.ed sample mass SO thedependence of the coercive field (inset) for the Mienanocrystals
absolute value of the magnetization is likely to vary depending \ith a diameter of 7 nm.
on the total amount of surfactant present inside the sample. With
increasing temperatures, the ZFC magnetization data for eachQuantum Design SQUID magnetometer for these measurements.
manganese ferrite nanocrystals increases before reaching @s shown in Figure 5, these diluted samples show the temper-
maximum value, i.e., the blocking temperatufig)( At tem- ature dependence that is similar to those of the powder samples
peratures abovég, the thermal energy, characterized KyT, and the blocking temperature drops only$ K for all three
is larger than the magnetic energy barrier, and, thus the materialdiluted samples compared with the powder samples. This
become superparamagnetic following the Cuhiéeiss law. The experimental observation then suggests that the increased
blocking temperatures of the 5, 7, and 10 nm sized manganesemagnetic anisotropy energy of our powder samples should be
ferrite nanocrystals was found to be approximately 30, 60, and of intrinsic sample property, not due to the interparticle
85 K, respectively. These blocking temperatures correspond tointeractions. For higher magnetic fields, the blocking temper-

magnetic anisotropy energies ranging fromx 4P to 4 x 10° ature moves toward lower temperature with roughly inversely
erg/cn?. These magnetic anisotropy energies are much larger proportional to the magnetic field. The field dependence of the
than the bulk magnetic anisotropy energy of 2. 30 erg/cn® magnetization for the 7 nm sized sample, shown in Figure 6,

at 100 K? This increased magnetic anisotropy energy could be begins to exhibit field hysteresis with a coercive field of 150
due to interparticle interactions because of the powder natureOe at 13 K. With increasing temperatures, the magnetic
of our samples. To check if there exists such an effect of hysteresis becomes weaker and eventually disappears above the
interparticle interactions on the magnetic anisotropy energy, we blocking temperature. This temperature dependence of the
have measured the temperature dependence of the magnetizatioroercive field follows approximately the theoretical predictions
after ZFC as shown in Figure 5 as filled data points. For these for a single magnetic domain; Hc/ble= 1 — (T/Tg)Y2, where
measurements, we diluted the original powder samples usingHc is the measured coercive field, e estimated coercive
p-xylene to have about the same interparticle distance of 550field at T = 0 K, Tg the measured blocking temperature. This
nm. As the signal of the diluted samples is very small for a observation reinforces our view that all our samples are in the
vibrating sample magnetometer, we used an MPMS 5XL single domain region. Similar magnetic properties were previ-
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ously reported for MNE®, nanocrystals synthesized via water- (3) (a) Park, S.-J.;Kim, S; Lee, S.; Khim, Z. G.; Char, K.; Hyeon, T.
J. Am. Chem. So200Q 122, 8581. (b) Sun, S.; Murray, C. B.; Doyle H.

in-toluene reverse micellés. : Mater. Res. Soc. Symp. Pra@99 577, 385. (c) Sun, S.; Murray, C. B.
In conclusion, highly crystalline and monodisperse manganeseapp|. phys1999 85, 4325. (d) Murray, C. B.; Sun, S.; Doyle, H.; Betley,

ferrite nanocrystals were successfully synthesized via the thermalT. MRS Bull. 2001, 985. (e) Cordente, N.; Respaud, M.; Senocq, F.;
decomposition of metal-surfactant complexes, followed by mild Casanove, M. J.; Amiens, C.; Chaudret, ano Lett 2001, 1, 565. (f)

oxidation using trimethylamini-oxide. The synthetic procedure EH”Z‘ﬁféféfggr?ggx_reé’hi;;]_AT:]'E”E&SGSREZSpé"zufs’.'\?'g;) F;ﬂfr‘ﬁ’e;;fsr.'a“d’

reported here has several important advantageous features ovethaudret, B.; Amiens, C.; Fromen, M.-C.; Casanove, M.-J.; Respaud, M.;
other conventional methods. First of all, well-separated spherical ﬁu_rchher, E-?Angivl\_/-_Cf;em-Aln;-sEfﬂooéo%li gs%% 1(;1)5 FE_l;n;eS.tV- \F/

H H H H rishan, K. . Ivisatos, A. clenc (! untes, V.
and mOﬂOdISperSG nanOCFySta!S were Obtalned WIthOUt h.aVIngF.; Zanchet, D.; Erdonmez, C.K.; AIivisatos, A.PAm. Chem. So2002
resort to a further size-selection process. Second, a simplei24 12874. (j) Shevchenko, E. V.; Talapin, D. V.; Rogach, A. L.;
mixture of iron pentacarbonyl and dimanganese decacarbonylKornowski, A.;; Haase, M.; Weller, HJ. Am. Chem. So@002 124 11
was employed as the precursors instead of the single molecular#80- (k) Shevchenko, E. V.; Talapin, D. V.; Schnablegger, H.; Kornowski,

ploy L P A . .g A.; Festin, Q; Svedlindh, P.; Haase, M.; Weller, H. Am. Chem. Soc.
precursor which is very difficult to synthesize. Third, both the 5453125 9000. () Govor, L. V.; Bauer, G. H. Reiter, G.; Shevchenko
particle size and composition of the ferrite nanocrystals can be E.; Weller, H.; Parisi, JLangmuir2003 19, 9573. (m) Suslick, K. S.: Fang,

reproducibly controlled by varying the experimental conditions. M.; Hyeon, T.J. Am. Chem. Sod996 118 11960. (n) Farrell, D.; Majetich,
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