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Abstract. Sub-micron rods and spheres of cobalt succinate sesquihydrate and iron succinate tri-
hydrate/pentahydrate respectively have been synthesized by the reverse micellar route. These precursors
are an excellent source for the synthesis of metal and metal oxide nanoparticles. Cubes of (edge length
~150 nm) Fe;0, and elongated particles of Fe-O; (~ diameter of 200 nm) were obtained. The role of oxi-
dation state of the metal ion in controlling the morphology of the nanostructured dicarboxylates has been
investigated. Rods with shorter length were obtained when longer chain dicarboxylate was used as ligand.
Heating in nitrogen atmosphere also provided pure Co and a-Fe nanoparticles. The Fe nanoparticles
show nearly 100% superparamagnetism. Temperature-dependent magnetic studies show a Morin-like
transition for Fe,O; nanoparticles at 223 K and the Verwey transition at 115 K for Fe;O, nanoparticles.

Co;0, nanoparticles showed antiferromagnetic ordering at 20 K.
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1. Introduction

Hybrid inorganic—organic compounds are attracting
interest as a class of materials that are well-suited
for the incorporation of transition metal ions, espe-
cially in inorganic solids having porous networks.
The use of organic moieties to build extended metal—
organic nanostructures is currently being investi-
gated on a large scale. These are found to be promising
materials for applications in catalysis, separation,
gas storage and molecular recognition. Several stud-
ies on single crystals of three-dimensional open
framework structures complexed with metal ions
obtained by hydrothermal method have been re-
ported."” Kinetic analysis on the thermal decompo-
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sition of transition metal succinates obtained by co-
precipitation method has also been reported,’ which
led to either single crystalline (0-01 mm) or micron-
sized polycrystalline materials. We have been inter-
ested in the nanostructures of metal-organic-based
systems. Earlier we have obtained nanorods of metal
oxalates of several metals using the reverse micellar
route.* ° Reverse micelles have been widely used for
the preparation of a variety of nanoparticles due to
their ability to mix the reactants efficiently and to
control the size of the nanoparticles. Here we use the
succinate moiety to generate metal succinate nanos-
tructures using the reverse micellar method.

These succinate metal-organic precursors were
decomposed under different atmospheres to obtain
pure metal and metal-oxide nanoparticles. We could
obtain fine nanoparticles of maghemite, a-Fe,0s,
and magnetite, Fe;0,, by varying the conditions of
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decomposition of the succinate. We have also ob-
tained nanoparticles of Co;04 which is an important
oxide used for electrochemical, magnetic and cata-
lytic applications. We compared the magnetic prop-
erties of the metal succinate precursors and the oxide
nanoparticles with those obtained by using metal
oxalates as precursors.”

2. Experimental

Water soluble Co(NO3),-6H,0, Fe(NO3);-9H,O and
FeCl,-4H,0 were used as the metal ion sources. Micro-
emulsion systems were prepared with CTAB as the
surfactant, 1-butanol as the co-surfactant and isooc-
tane as the hydrocarbon phase. Two microemul-
sions, one containing the metal ion and the other
containing the succinate ion were mixed slowly. The
product was collected by centrifugation and washed
with a mixture of organic solvents to remove the
surfactant and was allowed to dry at room tempera-
ture. Apart from the above synthesis using Fe(NOs);-
9H,0 and Co(NO;),-6H,0, we also carried out a
similar reaction using iron (II) chloride tetrahydrate
as the starting reagent.

Powder X-ray diffraction (PXRD) studies were
carried out on a Bruker D-8 Advance X-ray diffrac-
tometer using Ni filtered CuKe radiation. Normal
scans were recorded with a step of 0-02° and a resi-
dence time of 1 s. Infrared (IR) spectra of the succi-
nates and oxides were recorded in the transmission
mode in the range of 200-4000 cm' on a Nicolet
Protégé 460 Fourier-transform infrared (FTIR) spec-
trometer with KBr discs. Thermogravimetric analy-
sis (TGA) and differential Thermal analysis (DTA)
were carried out on a Perkin-Elmer TGA-DTA in-
strument. Well-ground and dry samples were loaded
under flowing nitrogen with a heating rate of
5°/min. High resolution transmission electron mi-
croscopy (TEM) was recorded on a Technai G* 20
(FEI) electron microscope operated at 200 kV. TEM
specimens were prepared by loading a drop of the
ultrasonically dispersed sample in ethanol on a car-
bon-coated copper grid and dried in air. Magnetiza-
tion studies of the metal succinates and the metal
oxides were measured at temperatures ranging from
5 to 300 K, in applied fields of up to 10 kOe with a
Quantum Design Physical Properties Measurement
System. Magnetisation studies for Fe nanoparticles
were carried out on a Lakeshore Model 7400 VSM.
Mossbauer measurements were carried out at room
temperature with a 512-channel Mossbauer spec-
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trometer operating in constant acceleration mode. A
10 mCi >’Co in Rh matrix was used as the radioac-
tive source. The spectrometer was calibrated with a
12 pm thick natural iron foil of high purity.

3. Results and discussion

PXRD patterns of the as-prepared metal succinates
showed the amorphous nature of these compounds.
The samples were heated up to 200°C in stages to
improve the crystallinity, but no significant change
was observed in the PXRD pattern. The complexa-
tion of the metal to the ligand was confirmed by the
characteristic IR bands. Bands corresponding to
3700-2850 cm ' (presence of O—H bond), 1599 cm'
(C=0 group), 670 cm ' (Co—0) and 560 cm ™' (Fe-0)
were observed.

TEM studies of cobalt succinate dihydrate showed
rods of ~500 nm length and 50 nm diameter (figure 1).
In our earlier reports,*® we found that almost all
metal oxalates, prepared by a similar reverse micel-
lar route led to M (II) oxalates with rod-like struc-
tures except for cerium oxalate’ where we observed
spherical particles.

TEM studies of iron (III) succinate synthesized
from Fe(NOs;);-9H,0 showed spherical particles of
size ~ 150-200 nm (figure 2a). Méssbauer study was
carried out to confirm the oxidation state (O.S.) of

Figure 1.
hydrate at room temperature.

TEM micrograph of cobalt succinate di-



Metal succinate nanostructures

Fe (figure 2b). The isomer shift values are consistent
with trivalent iron in octahedral geometry. It is thus
expected that due to the +III O.S. of the metal ion,
the ratio of metal ion to ligand required for charge
neutralization would be 2:3. This ratio of metal to
ligand results in the formation of spherical particles
instead of a rod-like structure, which would nor-
mally require a 1:1 ratio of metal ion: ligand as
shown in earlier studies on metal oxalates™®.

In an attempt to further investigate the role of
oxidation state of the metal ion, we used FeCl,-4H,0
as the starting reagent instead of Fe(NOs;);. The
PXRD pattern and IR spectrum of the metal succi-
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Figure 2. (a) TEM of iron succinate and (b) Mdossbauer

spectra of iron succinate synthesized using Fe(NO;);-9H,O
at room temperature.
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nate were found to be similar to that obtained with
Fe(NOs);. The TEM studies show smaller spherical
particles of size ~20-30 nm (figure 3a). Mossbauer
studies confirmed the presence of trivalent O.S. of
Fe (figure 3b). The large quadrupole splitting (QS)
values show significant distortion of the octahedra
around Fe atom. From the above studies it appears
that though the metal ion was initially in the +2 O.S.
(FeCly), it gets oxidized during the preparation of
the microemulsion or during the reaction when the
two microemulsions were mixed.

The TGA/DTA studies for cobalt succinate in
flowing nitrogen shows two sharp weight losses at
130°C and at 415°C. The first weight loss at 130°C
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Figure 3. (a) TEM of iron succinate and (b) Mdossbauer

spectra of iron succinate synthesized using FeCl,-4H,0.
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corresponds to the loss of one-and-half water mole-
cules. The final weight loss corresponds to the
decomposition of cobalt succinate to cobalt nanopar-
ticles. However, the final product was also found to
contain some unburnt carbon residue. This is in ac-
cordance with the data as obtained by Muraishi et al
in their detailed thermal analysis of metal succi-
nates.” Cobalt succinate dihydrate heated at 500°C
for 6 h in air yielded pure Co;04 (figure 4) All the
reflections in the PXRD pattern could be indexed on
the basis of a cubic cell for Co;04 with refined lat-
tice parameters of a =8-069(3) A. The crystallite
size of Co;04 nanoparticles was found to be ~53 nm
by Scherrer’s formula while TEM of the same sam-
ple shows particles of ~50-60 nm (figure 5a) and
the lattice fringes could be indexed as (222) planes
(figure 5b). In the presence of nitrogen at 650°C,
cobalt succinate dihydrate decomposed to yield pure
Co nanoparticles (figure 6) with size ranging be-
tween 10 and 40 nm (figure 7).

For iron (III) succinate synthesized from
Fe(NO3);-9H,0, two weight losses were observed in
TGA (under nitrogen) at 100°C and at 350°C. The
weight loss at 100°C corresponds to the loss of 3
moles of water suggesting that a trihydrate complex
had formed. From the TGA plot, formation of metal
oxides was found to be around 415°C. Hence, the
sample was subjected to heat treatment in the range
of 375 to 500°C under different atmospheric condi-
tions (air and nitrogen). It was found that when
heated in the presence of air at 375°C, iron succinate
gives a-Fe,0; (figure 8a), yielding cubes of edge
length ~ 180 nm and some elongated particles of size
~ 150 nm (figure 8b). In the presence of nitrogen at
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Figure 4. PXRD of Co0;0, obtained by heating cobalt
succinate at 500°C in air.
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500°C it produces a mixture of Fe;0, and Fe (figure
9a) with Fe;04 nanoparticles with edge length
~50 nm (figure 9b). Earlier thermal studies on iron
(I) oxalate dihydrate showed sharp transitions at
160 and 410°C which led to Fe,0; nanoparticles of
size ~ 50 nm joined together to form Y-junctions in
air and faceted grains of Fe;04 of size ~60-70 nm
when heated in vacuum.

(a) TEM micrograph of Co;0, nanoparticles
at 500°C and (b) HRTEM of Co050,,

Figure 5.
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Iron succinate synthesized from FeCl,-4H,0
shows a gradual decomposition up to 1000°C in ni-
trogen with broad transitions at 200, 450 and 970°C
suggesting a loss of 5 moles of water, and the final
product corresponds to formation of elemental iron
along with some carbon residue In the presence of
nitrogen, the succinate precursor was found to de-
compose at 800°C to pure a-Fe (bcc) nanoparticles
(figure 10).

We have studied the magnetic properties of the
metal succinate and their oxides. Antiferromagnetic-
type behaviour is observed from the susceptibility
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Figure 6. PXRD pattern of Co nanoparticles obtained
by heating cobalt succinate at 650°C under nitrogen.

Figure 7. TEM micrograph of Co nanoparticles obtai-
ned by heating the cobalt succinate at 650°C under nitro-
gen.
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plots of cobalt succinate dihydrate (figure 11). The
effective magnetic moment g calculated from the
Curie plot in the range of 100-300 K is found to be
5-9 Bohr magnetons (B.M.), which is higher than the
theoretical value of 3-87 B.M for Co*". Presumably,
the rise at low temperature is due to Curie impurities.
Co0;04 has a normal spinel structure with Co”"
occupying the tetrahedral position and the Co’" ion
occupying the octahedral position. Since in its low
spin configuration, Co’" (#5,° ¢,’) does not contribute
to the magnetic moment, the measured susceptibility
arises due to the divalent ion with a @’ configuration
(t2¢ e;’). The observed high value of s (8-34 B.M.)
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Figure 8.
of a-Fe,O; nanoparticles obtained by decomposing
Fe(III) succinate at 375°C in air.

(a) PXRD pattern and (b) TEM micrograph



526

has been observed in Co;0, nanoparticles by Ya-
mada et al,'' who attributed it to uncompensated su-
perparamagnetic surface spins and the presence of
oxygen defects. Antiferromagnetic ordering occurs
at ~20 K (figure 12). Note that such a transition is
reported at ~33 K for the bulk compound.

Fe(Il) succinate synthesized from FeCl,-4H,0
shows antiferromagnetic behaviour. The magnetic
moment calculated (5-9 B.M.) matches well with the
theoretical value (5-9 B.M.) which also corroborates
with the Mossbauer studies (figure 13). It is to be
noted that electron spin resonance spectra (not shown)
display two lines, suggesting more than one Fe site
or valence. More detailed structural studies are re-
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quired to understand the arrangement of the Fe'" in
the lattice. The susceptibility of Fe(Ill) succinate
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Figure 9.
of Fe;0, obtained by decomposing Fe(Ill) succinate at
500°C in nitrogen.

(a) PXRD pattern and (b) TEM micrograph
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Figure 12. Temperature variation studies of magnetic
susceptibility and inverse magnetic susceptibility of
CO304 at0-1T.



Metal succinate nanostructures

synthesized from Fe(NO;); also showed antiferro-
magnetic behaviour (figure 14) although there is an
anomalous increase below 50 K. The magnetic mo-
ment as calculated from the Curie plot (4-41 B.M.)
is lower than that of the calculated theoretical value
(5-9 B.M.), assuming Fe’".

The nano-cubes of a-Fe,0;, with edge length of
~ 150 nm, show a weak antiferromagnetic ordering
(figure 15) at around 223 K which is reminiscent of
the Morin transition. a-Fe,0; single crystals have
been reported to show the Morin transition (73,) from
a weakly ferromagnetic solid to a weakly antiferro-
magnetic solid below 263 K.'*> The T, shifts to
lower temperatures with decrease in particle size
which may be due to lattice defects and strains in the
small-sized particles. Similar type of transition was
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Figure 13. Temperature variation studies of magnetic
susceptibility and inverse magnetic susceptibility of iron
succinate synthesized using FeCl,-4H,0,
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Figure 14. Temperature variation studies of magnetic
susceptibility iron succinate trihydrate synthesized using
Fe(NO);-9H,0. Inset shows the inverse plot of suscepti-
bility vs temperature.
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observed at 225 K for the Fe,0; nanoparticles ob-
tained from iron oxalate.”

Fe;04 nanoparticles showed a magnetic transition
at ~115 K (figure 15b). This Verwey transition oc-
curs in bulk Fe;O4 at 120 K.* The transition was
observed in the case of Fe;0,4nanoparticles obtained
from iron oxalate at 122 K.*

The magnetization studies of the Fe nanoparticles
show a magnetization of more than 45 emu/g at
room temperature, negligible hysteresis and a lack
of saturation, which suggest nearly superparamag-
netic behaviour (figure 16).

In comparison to our earlier reports™® on the syn-
thesis and characterization of metal oxalates, we
could observe a distinct change in morphology of
the product from nanorods to nanoparticles as we
changed the carboxylate anion from oxalate to suc-
cinate. Nanorods of iron oxalate dihydrate with an
aspect ratio of ~7 were obtained from oxalates®
while only spherical nanoparticles of iron succinate
could be synthesized. From the Mdssbauer studies, it
was confirmed that iron in both the succinate com-
plexes was in trivalent state and hence the formation
of nanorods is not favourable.® However, for both
the oxalate and succinate precursors of cobalt, nano-
rods were observed. With the oxalate ligand, mi-
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Figure 16. Hysteresis loop for nanoparticles of Fe at
300 K.

cron-sized rods were formed'* while with the succi-
nate anion, shorter rods of few hundred nanometers
and 50 nm diameter were found. Note that in case of
bulk cobalt succinate, a dimeric structure is known
where the carboxylate group is bonded to two dif-
ferent cobalt atoms to give a tetrahedral environ-
ment.” This structural necessity probably leads to
shorter rods. Thus it seems that the bidentate succi-
nate ion also favours the formation of rods like the
oxalate ion only if the metal ion is in +2 oxidation
state as evidenced from the formation of cobalt suc-
cinate nanorods.

4. Conclusions

Polycrystalline metal-organic hybrid nanostructures
were made by the reverse micellar route. Controlled
thermal treatment of the succinate precursors under
different atmospheric conditions yielded metal and
metal-oxide nanoparticles. We find a significant
change in particle size for the spherical nanoparti-
cles of iron succinate as we change the reactant
metal ion from Fe(NO;);-9H,0 (150-200 nm) to
FeCl,-4H,0 (20-30 nm). A change in the morphol-
ogy of metal carboxylates was also observed when
succinate was used instead of oxalate. Spherical
nanoparticles were formed for iron succinate op-
posed to the nanorods we got for iron oxalate.” Co-
balt oxide (Co;0.,) nanoparticles of size ~60 nm was
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obtained from the succinate precursor which shows
weak antiferromagnetic ordering at 20 K. Nanopar-
ticles of a-Fe,0; obtained from iron succinate shows
weak antiferromagnetic ordering (Morin transition)
at 223 K which is much lower than that found in
bulk Fe,0;. Nanoparticles of Fe;04 have faceted cu-
boidal shape with a weak Verwey-like transition at
115 K. In addition, a very simple route to obtain
nearly 100% superparamagnetic a-Fe nanoparticles
was developed from a succinate precursor.
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