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ABSTRACT

This paper presents the characteristics of iron oxides obtained through thermal degradation of a molecular
ferrimagnet, {N(n-C4Hg)4[Fe!'Fe"(C204)3]}~ and sheds light on the reaction pathways of degradation.
The powder XRD pattern and the IR spectra of the degraded material reveal the formation of hematite.
The SEM study exhibits that the degraded material consists of rod-like crystals of average length and
diameter being 350 and 140 nm, respectively. But the mean crystallite size as estimated from the XRD
pattern analysis is 169(2) nm. The magnetization study of the degraded material by SQUID shows the
presence of Morin and Verwey transitions. Formation of ferrites through thermal degradation of the
molecular magnetic precursor is further established by thermogravimetric study of the precursor. This is
the first ever report of synthesis of nano-ferrites from a molecular magnet precursor, which underlines

Ferrite

a new route for synthesis of ferrites.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

In recent years magnetic nanoparticles have been the subject
of intense basic and technological research [1-6]. Among differ-
ent synthetic routes for preparation of metal oxide nanoparticles,
the technique of preparing such nanoparticles through thermal
degradation of metal complexes becomes increasingly important
mainly due to easy control of process conditions, purity, phase,
composition, microstructure, etc. of the resultant products [7,8].
The thermal degradation technique was first reported in 1870 [9].
The formation of mixed-metal oxides was reported as a main prod-
uct in the case of solid state thermal degradation of bimetallic
oxalate precursors [10,11]. Polymeric bimetallic oxalate complexes
of formula, {AIM"M"(C,04)3]} o, (M', M!!: di-/trivalent transition
metal ions; C;04: oxalate ligand) [12] have also been important
topics in the field of molecular magnetism [13]. Recent report
[14] showed that thermal degradation of a ferrimagnetic mate-
rial, {N(n-C4Hg)4[Mn"Cr"(C;04)3]}oo results in a spinel compound,
Mn; 5Cry 504 at ~500°C and under suitable conditions both the
metals in such heterometallic molecular complexes, if used as
precursor, can be transformed into metal oxides. Furthermore,
the synthesis of {A[M'M"(C,04)3]}s type molecular magnetic
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materials as precursors for thermal degradation is quite easy and
economic, and the desired metal oxides can be prepared from such
heterometallic oxalate complexes at relatively low temperatures.
In this light, it was felt interesting to explore the thermal behavior of
some widely studied heterometallic molecular anti-/ferrimagnetic
material precursors of {A[M'M"(C;04)3]}o family. In the present
study, a molecular precursor, {N(n-C4Hg)4[Fe""Fel'(C;04)3]} o [15],
a molecular ferrimagnet with Néel temperature =43.5 K is taken to
form the iron oxides through thermal degradation and develop a
convenient and economic route for the preparation of such tech-
nologically important oxide materials. Precisely, the fine powdery
precursor material, {N(n-C4Hg)4[Fe!'Fe!l(C;04)3]}oo was synthe-
sized at room temperature through usual laboratory method
that forms rod-like iron oxides on thermal degradation. This is
probably the first time when rod-like iron oxide crystals were
synthesized by thermal degradation of a molecular magnetic
material.

2. Experimental

The precursor, {N(n-C4Ho )4[Fe"Fe'(C;04)3]}~ (BuFeFe in short) was prepared
in one pot reaction following the procedures reported by Okawa et al. [12]. The
powdery material thus obtained, was then loaded into a furnace at 750°C for
10h for its thermal degradation. The X-ray powder diffraction on the thermally
degraded material was performed with a Seifert’s powder diffractometer (XRD 3000
TT) equipped with a Cu Ko radiation source, and the Full Proof program was used
for the data analysis. The scanning electron microscopy (SEM, model: FEI Quanta
200F) was employed to study the morphology of the grown and degraded materi-
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Fig. 1. Powder XRD pattern of the
C4Ho)a[Fe"Fe'(C204)3 ]} .

degraded product of {N(n-

als. The IR spectrum of the degraded material was obtained by SPECTRUM RX1 FTIR
of PerkinElmer with KBr supported sample wafer. The magnetic measurement of
the sample was carried out by Quantum Design’s MPMS XL SQUID magnetometer.
The grown material was used for thermogravimetric analysis (TGA) using a ther-
mogravimetric analyzer (Nietzsche, Germany, model: STA 449C) at a heating rate of
5°C/min.

3. Results and discussion

3.1. Characterization of iron oxide obtained on thermal
degradation

The X-ray powder diffraction (XRD) pattern of the thermally
degraded sample (say, FeFe) obtained using Cu Ko line within
20° <26<140° range, is shown in Fig. 1. The pattern clearly exhibits
that all diffraction peaks/lines correspond to hematite (JCPDF no.
24-72 and 13-534) with unit cell parameters a=b=5.03286A;
c=13.74430A, a = B=y=90.0°. It is also possible that a small quan-
tity of magnetite is present in the FeFe sample, and in that case the
most intense Bragg peak of magnetite to be observed in the XRD
pattern would overlap with the Bragg peaks for hematite (JCPDF no.
4-755). From the XRD peak broadening the mean crystallite size (D)
of FeFe was estimated using Scherer formula [16]. The estimated
value of D is 169(2) nm. This result establishes that nano-sized fer-
rite particles were formed on thermal degradation of the molecular
precursor, BuFeFe.

Surface morphology and particle nature of the precursor as well
as the thermally degraded material were observed by SEM. Fig. 2(a)
represents the SEM picture of the precursor, whereas Fig. 2(b) rep-
resents that of FeFe material. Fig. 2(a) indicates that the precursor
BuFeFe contains fine powders. Fig. 2(b) clearly shows that oxides
formed (FeFe) on thermal degradation of BuFeFe are the agglomer-
ation of tiny rods having length ranging between 580 and 210 nm
and diameter between 210 and 110 nm. While estimated for a large
number of specimens, it is found that although there is a small vari-
ationin length and breadth of the nanorods, the majority of the rods
appear with length and breadth of ~320 and ~110 nm, respectively.
However, the estimated mean diameter (140 nm) of the nanorods
is very close to the mean crystallite size (169 nm) observed through
the powder XRD study of FeFe.

The composition of FeFe was investigated by the IR spec-
troscopy. The IR spectrum of FeFe illustrated in Fig. 3 shows several
distinct bands that allow unequivocal identification of hematite
in FeFe. The strong bands at ~542 and ~472cm~! and weaker
band at ~610cm™! are in good agreement with the IR spectra of
hematite [17,18]. No peak corresponding to C=0 stretching vibra-

Fig. 2. SEM picture of (a) precursor material, {N(n-C4Hg )4[Fe''Fe'"(C204)3]} o, and
(b) thermally degraded material — FeFe.

tion at ~1632 cm~! is observed in the IR spectrum, which confirms
that the precursor containing oxalate ligand is completely decom-
posed.

The magnetic behavior of the degraded product, FeFe, which
is of great importance for practical applications, was investigated.
Fig. 4 shows the temperature dependence of magnetization (M)
obtained during two consecutive thermal cyclings in 300-2-300K
range under 1kOe magnetic field. The M(T) plot during the 1st
cooling (1) down from room temperature shows a sharp drop in

Fig. 3. IR spectra between 450 and 850cm~! of the degraded product of {N(n-
CqHo)a[Fe''Fe'(C204)3 ]} .
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Fig. 4. Temperature dependence of magnetization of the degraded product of.
{N(n-C4Ho)4[Fe"Fe(C;04)3]}» in two successive thermal cycles: cooling
(1) — heating (2) — cooling (3) — heating (4). Arrows are guide to the eyes.

magnetization values at 255K, which continues till 248 K. Below
this temperature the M(T) values slowly increase till 123 K. At 123K
the M(T) plot once again suffers a sudden decrease followed by a
very gradual increase in M(T) values until 2 K. While heating (2)
above 2 K, M(T) plot retraces the same path as seen while cooling till
~233K, but then rapidly increases beyond ~255 K. Beyond 268 K,
M(T) values again increase slowly with increasing temperature up
to 300 K. On immediate start of the cooling below this temperature
a significant jump appears in the M(T) value at 300K as a result of
which the M(T) plots during the 2nd cooling (3) and 2nd heating
(4) shift upwards almost in parallel. As a whole the nature of the
M(T) plots during the second cooling-heating cycle remains anal-
ogous to those observed during the first cooling-heating cycle. In
both the cases of thermal cycling a thermal hysteresis loop of 13K
width in the M(T) plots, associated with a sharp change in M(T)
values and centered around ~262K, is observed. Another sharp
transition at ~123 K but without any thermal hysteresis is also
noticed.

Fig. 5 shows the field dependence of the isothermal magne-
tization M in +70KkOe range at 300K. Absence of the saturation
magnetization as well as the existence of the hysteresis loop at
300K should be noticed. A narrowing in the hysteresis loop along

Fig. 5. Magnetic field dependence of magnetization for the degraded product of
{N(n-C4Ho)4[Fe"Fe"(C,04)3]}» at 300K. The left inset shows the low field magne-
tization behavior, whereas the right inset shows the field dependence at 5K.

the magnetization axis at low applied field is observed (Fig. 5, left
inset). The magnetization curve obtained at 5K is less hysteretic
than that seen at 300 K (Fig. 5, right inset). The values of the coercive
field (Hc), remnant magnetization (M;) and saturation magnetiza-
tion (Ms) noted from the M(H) plots are 115 and 167 Oe, 0.30 and
0.29emu-g~',and4and3.49emu- g~ at 300 and 5 K, respectively.
The values of Ms are determined by extrapolating 1/H to zero-field
in the M vs. 1/H plot based on the high field data. The shape of
the hysteresis loops at 5K and 300K remains almost the same but
it differs slightly from the estimated saturation magnetization Mg
values. However, the Ms values at 5 and 300K are quite compa-
rable, if the uncertainties involved in determination are taken into
account, which may indicate the presence of comparable amount of
hematite and magnetite in the degraded sample. Mdssbauer spec-
troscopic study of the sample which is underway will be able to
estimate the composition of the different magnetic phases present
in this material.

From the XRD study it is expected that the present compound
should be a hematite. It is well known that a phase transition
from a weakly ferromagnetic to an antiferromagnetic state on cool-
ing below the Morin temperature (Ty; =260K) occurs in hematite
[19]. This is a magnetic phase transition in hematite where the
antiferromagnetic ordering is reorganized from being aligned per-
pendicular to the c-axis to be aligned parallel to the c-axis below
Tv. Morin transition is a yardstick for hematite materials. Thus, the
sharp change in M(T) values and occurrence of a thermal hystere-
sis centered at 262 K illustrated in Fig. 4 correspond to the Morin
transition of the degraded material. This observation confirms that
the degraded material contains hematite nanoparticles. Particle
shape, size, crystallinity, and surface condition affect the temper-
ature of Morin transition [20]. With consecutive thermal cyclings,
i.e., cooling (1) — heating (2) — cooling (3) — heating (4) there has
been a constant (~2%) increase in magnetization values recorded
at 300 K. These irreversible changes observed in magnetization val-
ues for FeFe with repeated thermal cyclings may be interpreted in
terms of domain reorganization [21]. It is known that the thermal
cycling through Morin temperature changes the domain configura-
tion of hematite. The saturation remanence of hematite is usually
only partly recovered upon cycling. Domain structure in its satura-
tion remanent state shows that the most of the crystals loose their
domain pattern on cooling [22,23]. Below the Morin temperature,
a single-domain state is often observed, and if they are warmed to
room temperature again, a new pattern is seen. A charge-ordering
transition, first observed by Verwey, occurs in magnetite, Fe304
(Fe3*[Fe3*Fe2*]0,4)in which an ordering of Fe3* and FeZ* ions within
octahedral sites is thought to occur below Ty ~ 120K [24]. A sharp
drop in magnetization at 120 K due to Verwey transition is the usual
fingerprint to identify magnetite [25,26]. Interestingly, the sharp
jump in M(T) plots at ~123 K shown in Fig. 4 indicates the pres-
ence of magnetite in FeFe. Thus, the presence of both the hematite
and magnetite in the FeFe material obtained on thermal degrada-
tion of a single-molecular magnetic precursor is confirmed by the
two fingerprints - the Morin and Verwey transitions recorded in
the present study through magnetic measurements. The present
XRD study of FeFe can detect only its hematite structure, whereas
the magnetic study establishes the presence of hematite as well
as magnetite within FeFe. The magnetite phase is not seen in
the XRD pattern as its most intense peak overlapped with the
intense peak of the dominant hematite phase. Thermal degrada-
tion of iron oxalate to hematite in air atmosphere and to magnetite
in presence of CO/CO, mixture are reported by other workers
[11]. In the present case, inside the furnace the thermal degrada-
tion initially started in air atmosphere leading to the formation of
hematite along with profuse amount of CO, and subsequently, on
further heating it might have led to the formation of magnetite
[11].
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Fig. 6. Thermogravimetry profile at 5°C/s heating rate of {N(n-
C4Ho )a[Fe"Fe"(C204)3]}o0. Arrows are guide to the eyes.

3.2. Formation of ferrites through thermal degradation

Thermal degradation of the precursor BuFeFe in presence of dry
nitrogen gas at a heating rate of 5°C/min is monitored by ther-
mogravimetry (TG) and shown in Fig. 6. The degradation proceeds
through intermediate phases, and finally results into the formation
of a powdery red-product FeFe. A mass loss sets in at ~430K and is
almost completed at 620 K. The degradation occurs in two-steps —
1st step: 430-550 K and 2nd step: 550-620 K. No further change in
mass loss was recorded in the TG profile above 620K up to 970K.
The thermal degradation may proceed by internal redox pathway
[14]. Two possible reaction pathways are prescribed through the
equations given below:

Pathway | : 3{N(n-C4Hg )4[Fe!'Fe'(C,04)3]}oc — 2Fe304(s)
+3(n-C4Hg)3N(g) + 3C4Hg(g) + 10C0O,(g) + 8CO(g) +(3/2)Ha(g)
(@)

Pathway II : {N(n-C4Hg)4[Fe'Fe"'(C204)3]}oc — Fe503(s)
+(n-C4Hg )3N(g) + C4Hg(g) + 3C0O2(g) + 3CO(g) + (3/2)Hz(g)
(b)

where ‘g’ and ‘s’ denote gaseous and solid substances, respectively.
The observed mass loss for the 1st step is 55%, whereas that for the
2nd step is 21.2%. Following the above reaction pathways, the cal-
culated values of mass loss for the 1st and 2nd steps in the TG profile
are 52.8 and 21.4% for pathway II, whereas those for the pathway |
are 53.6 and 21.4%, respectively, which correspond to the observed
values of mass loss from the TG curve. Thus, the proposed reac-
tion pathways indicate the formation of either Fe;04 (magnetite)
or Fe; 03 (hematite) or a mixture of both as a result of degradation
of the precursor, BuFeFe completed at 620K. It is highly probable
that hematite thus formed will be slowly converted to magnetite
when heated at higher temperatures [27]. This is in an excellent
agreement with the predictions of the formation of iron oxides
(hematite and/or magnetite) through thermal degradation of the
molecular precursor as evident in the magnetic study as well as the
IR spectroscopy.

The thermal degradation, as represented by the two reaction
pathways described above, involve the removal of gaseous sub-
stances butane (C4Hg), carbon dioxide (CO,), carbon monoxide

(CO), (n-C4Hg)3N and a minute amount of H; in the 1st step of the
degradation process, whereas the 2nd step results in due to fur-
ther degradation associated with removal of more CO, gas. All the
by-products (gaseous substances) during this thermal degradation
process are volatile and hence easily removed from the product,
which offers a distinct advantage in the synthesis.

4. Conclusions

Present study illustrates that a two-step thermal degra-
dation process of a molecular ferrimagnetic precursor, {N(n-
C4Hg)4[Fel'Fel'(C;04)3]}0o may result into the formation of
nano-sized ferrite rods. The average length and diameter of the
nanorods estimated from the SEM picture are 350 and 140 nm,
respectively. The aspect ratio (length divided by width) of the
nanorods is ~2.6 which is well within the range that is expected
for nanorods. The formation of ferrites as seen through TG profile is
complemented by the results of XRD, SEM, IR and SQUID studies. It
is desirable to interrupt the reaction process (TG) at intermediate
temperatures and characterize the physical/chemical nature of the
products thus obtained. In this light, further studies are in progress
to explore any effect of heating rate, temperature range of heating,
ambience, etc. on the shape and size of rods formed, and to study
the parameters controlling the phase of the thermally degraded
material. Studies on various precursor materials during the ther-
mal degradation and the mechanism of degradation kinetics are
presently under our investigation.

The present work completely agrees with the results obtained
by Neo et al. [14] and suggests that the oxalate-based mixed-metal
molecular complexes are suitable single-molecular precursors to
composite metal oxides. Thermal degradation of oxalate to oxide
with no interfering solid by-products might be a highly desirable
outcome. An important conclusion can be drawn from this work
is that the metal oxide products synthesized from ‘molecular-to-
material’ pathway are nano-structured material.
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