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Abstract Thermal degradation of a mixed-valence oxa-
late based molecular material {N(n-C4Hy),[Fe"Fe™
(C504)3]} 5o was investigated by thermogravimetric (TG)
analysis. Considering the mass loss at each step of TG
profile, possible step-wise thermal degradation reaction
pathways of the precursor material are proposed which
indicate the formation of hematite and magnetite as the
solid end product of the degradation reaction. The IR
spectroscopy and powder X-ray diffraction (XRD) studies
of the thermally degraded samples supplement the pro-
posed reaction pathways.
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Introduction

The mechanism of a solid-state reaction, which is a col-
lection of reaction steps, explains in detail as to how the
overall reaction proceeds, and describes what takes place at
each step of a solid-state chemical transformation. From
the analysis of the experimental results of a thermal deg-
radation, one can construct a reaction kinetic model of the
chemical processes leading from the precursor(s) to the
product(s) of a reaction [1]. One well-known ligand—
oxalate can be coordinated with many transition and
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nontransition metals. Thermal degradation of the oxalate-
based complexes is usually complicated and proceeds
stepwise through a series of intermediate reactions
involving the degradation of one phase and the formation
of new one [2, 3]. Polymeric bimetallic oxalate complexes
of general formula {AIM™™(C,04)5]} o0, (A: organic
cation, MH, M™: di-/trivalent transition metal ions; C,0y4:
oxalate ligand) have long been an important topic in the
research of molecular magnetism due to the formation of
quasi-2D layers of hexagonal oxalate-based magnetic
networks [4-7]. Besides magnetic properties, thermal
degradation of one such molecular ferromagnetic material
{N(n-C4Ho)4[Mn"Cr"™(C,04)5]} ., has resulted into a spi-
nel oxide—Mn; 5Cr;s04 at ~ 500 °C [8]. Recently,
thermal degradation of one analogous molecular ferri-
magnetic material {N(n—C4H9)4[FeHFeHI(C204)3]}OO has
been reported to lead to the formation of ferrite (mainly,
hematite) particles of mean crystallite size of 169 nm by
the present authors [9]. These observations suggest that the
molecular magnetic materials might be suitable for single-
molecular precursors leading to various metal oxides.

In the present work, we study the thermal degradation of
a molecular magnetic precursor {N(n—C4H9)4[Fe”Felll
(C204)3]} oo (Scheme 1) and attempt to identify the reac-
tion processes.

Experimental

The precursor material {N(n-C4Ho)4[Fe"Fe™(C,0,)5]} o,
was prepared in one pot reaction according to the proce-
dure reported earlier [4]. The powdery deep green colored
sample thus obtained was used for the thermogravimetric
(TG) study. The TG measurements were carried out using a
thermogravimetric analyzer (TGA) of Netzsch, Germany
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Scheme 1 Schematic
projections: a infinitely
extended [-Fe''-oxalate—Fe
layer; the tetra-n-butyl
ammonium cation, [N(n-
C,4Ho)41™ is not shown, and

b {N(n-
C4H9)4[F6”FCIH(C204)3] oo

with [N(n-C4Ho),4]" cation
interleaved within the interlayer
space (adopted from [5])
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Fig. 1 TG profiles of {N(n-C4Ho)s[Fe"Fe"™(C,04);]}., at different
heating rates

(model: STA 449C). IR spectra were recorded with Shi-
madzu made spectrophotometer (model: 8400S), whereas
the powder XRD scans were obtained with XRD (Phillips).

Results and discussion

The thermal degradation of {N(n—C4H9)4[Fe“Fe“I(C2
04)3]} o0, say Fepl, was monitored by TGA at three dif-
ferent heating rates (5, 8, and 10 °C/min). The TG curves
thus obtained are shown in Fig. 1. The degradation pro-
ceeds through few intermediate phases, and finally results
into the formation of a powdery deep red product. Com-
parison of the TG profiles obtained at different heating
rates indicates that the use of higher heating rate helps to
resolve the presence of intermediate phases, which is not
clearly seen when the sample is heated at lower heating
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Fig.2 a TG profile and b DSC profile of {N(n-C4Ho),
[FeHFeHI(C204)3]}OO obtained at 10 °C/min heating rate exhibiting
the different temperature ranges (step-I, step-1I, and step-III) of thermal
degradation

rate. However, this trend is just opposite to that observed in
the case of thermal degradation of epsomite crystals in the
presence of organic additives [10].

Figure 2 shows the TG and DSC profiles of Fepl,
obtained at 10 °C/min heating rate along with different
steps of thermal degradation. From this figure, it is seen
that a very gradual mass loss sets in at ~43 °C and con-
tinues till ~280 °C where the mass loss is recorded to be
~12%. As no phase transition is indicated in the DSC
result, this loss of mass may be attributed to the loss of
adsorbed moisture. At this point, it should be noted that
Fepl has no crystalline water associated with. Beyond
280 °C, the thermal degradation proceeds with rapid mass
loss through three linear steps, indicating different stages of
solid state reaction of Fepl. These three linear steps are
indicated by arrows which fall in the temperature ranges:
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(i) 283-333 °C, (ii) 333-365 °C, and (iii) 365-400 °C,
mentioned as step-I, step-II, and step-III, respectively.
Thus, Fepl undergoes successive solid-state reactions in
these three steps. The mass loss values estimated at the
completion of step-I, step-II, and step-IIl of thermal
degradations are ~45, ~12.4, and ~7%, respectively.
Thermal degradation becomes complete at ~400 °C and
no further change in mass is recorded in the TG profile
above 400 °C up to 630 °C. It is to be noted that at 5 °C/
min heating rate the step-II and step-III are merged into a
single step. The result obtained from simultaneous DSC
study is shown in Fig. 2 (plot b). The endothermic DSC
peaks appear at ~322, ~358, and ~389 °C which fall
within the step-I, step-II and step-III, respectively, of the
TG curve, confirming the three solid-state reactions and the
corresponding phase transitions.

A solid-state reaction involves the breaking and for-
mation of chemical bond(s) through single or multiple
steps. In an attempt to know the nature of the degraded
material at the ends of different steps of TG and thereby to
understand the step-wise thermal degradation reaction
process, IR and XRD studies of the degraded materials
have been carried out.

To carry out IR studies of the degraded products at
different stages of the thermal degradation reaction, two
samples were prepared keeping the precursor material
inside a furnace, initially with air ambient, at temperatures
330 £ 5 and 360 £ 5 °C, which are very close to the end
temperatures of step-I and step-II, respectively. The IR
spectra obtained for these samples (say, S; and Sy) are
shown in Fig. 3. In the IR spectra for S; (Fig. 3 (plot a)),
there are absorption bands at ~460 and, ~ 545, ~620, and
~1,635 cm™!. The first three observed bands indicate the
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Fig. 3 IR spectra of a S; (obtained after keeping {N(n-C4Ho)4
[Fe"Fe™(C,0.,)51} ., in a furnace at 330 & 5 °C for 4 h, and b Sy
(obtained after keeping {N(n-C4Ho)4[Fe"Fe™(C,04);]}., in a furnace
at 360 + 5 °C for 4 h)

presence of metal-oxygen bonds in general, and the exis-
tence of hematite in the sample S; [11, 12] in particular.
The presence of the band at ~ 1,635 cm™" corresponds to
C=0 stretching vibration and indicates the presence of
oxalate bonds in the material at this temperature. This
implies that at this stage not all of the oxalate ligands are
decomposed. In the IR spectrum of Sy (Fig. 3 plot b), the
absorption band at ~460 cm™' confirms the existence/
formation of hematites at this temperature range. In addi-
tion to this band, another band at ~ 580 cm~ ! in the IR
spectrum of Sy; appears which corresponds to magnetite.
The appearance of a weak C=0 bond is also noted, though
incompleteness of the thermal degradation of the oxalate
bonds at this temperature is unlikely. This might have
occurred due to instrumental error. The IR spectra of the
completely degraded sample (after step-III), reported pre-
viously by the present authors, showed several distinct
bands in support of unequivocal presence of hematite in the
final degraded product [9]. The presence of both hematite
and magnetite in the final degraded product was also
confirmed through magnetization studies [9].

Figure 4 (plot a) shows the powder XRD scan of Fepl
before the start of thermal degradation, whereas Fig. 4
(plot b) illustrates the powder XRD scan of the sample
obtained on thermal degradation of the precursor inside the
TG instrument at 370 °C. This temperature is also close to
the end temperature of step-Il as evident from the TG
profile. It is noticed that the main peaks corresponding to
the precursor Fepl (see Fig. 4 (plot a)) are retained in
Fig. 4 (plot b) though some new peaks appear. On com-
parison of Fig. 4 (plot a) with Fig. 4 (plot b), it is clearly
observed that the precursor material has apparently been
completely degraded. The sharp peaks, observed in Fig. 4
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Fig. 4 XRD scans of {N(n-C4Ho)s[Fe"Fe"™(C,0,)5]}..: a Before
thermal degradation, b After thermal degradation up to 370 °C
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(plot b), correspond to hematites [9]. Thus, the precursor—
Fepl at this stage of thermal degradation produces hema-
tite. Additionally, magnetite may be present at this stage
which perhaps could not be detectable in the spectra with
the present statistically low quality XRD data [9].

Thus, the powder XRD results supplement the obser-
vations made through the IR studies. To understand the
differences between the IR and XRD spectra, it has to be
noted that the sample environment during thermal degra-
dation inside the TG instrument and that inside the furnace
were different. Moreover, it has to be noted that the tem-
perature ranges of step-II and step-III are very narrow in
comparison to that of step-1, as a result of which it may be
practically difficult to control the temperature at the
adjoining region of the step-II and step-III. This will also
lead to practical difficulty in producing and identifying the
products out of these steps in a furnace.

Considering the experimental results and mass loss values
during the degradation step(s), an attempt to predict the
reaction pathway(s) as well as the reaction product(s) at the
end of the successive reaction step(s) of the thermal
degradation is made. The thermal degradation process of
{N(n-C4Ho)4[Fe"Fe"™(C,04)5]} . may be proposed as follows:

Step-I:

2{N(n — C4H,), [Fe"Fe'" (C,04),] } _—
[FCHFCHI(CQO4)37X] + Fe, 03 (S) + 2(1’1 — C4H9)3N(g)
+2C4Hs(g) + (3 + 2x)COx(g) + 3CO(g) + Ha(g)

Step-1I and step-I11:

6[Fe"Fe''(C,04);_,] — 3Fe;05(s) + 2Fe304(s)
+ (19 — 12x)CO,(g) + 17CO(g)

where “g” and “s” denote gaseous and solid substances,
respectively, and x is a positive number (<3). The observed
mass loss values are well compared with the calculated
mass loss values following the reaction pathways. Thus, the
proposed reaction pathways indicate the formation of either
Fe;0,4 (magnetite) or Fe,O5 (hematite) or a mixture of both
as a result of degradation of the precursor which has been
supplemented by the present IR and XRD studies and
confirmed by earlier magnetic studies [9]. Thermal degra-
dation of iron oxalate to hematite in air atmosphere and to
magnetite in presence of CO/CO, mixture are reported by
other workers [13]. In the present case, inside the furnace
the thermal degradation 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 [14]. For-
mation of trace amount of maghemite during this thermal
degradation process, though could not be detected, may not
be ruled out.
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Conclusions

In the present study, thermal degradation of a bimetallic
oxalate ligand based molecular magnetic material {N(n-
C4Ho)4[Fe"Fe"™(C,0,)5]},, was investigated by TG
analysis. Taking the solid state reaction processes of the
material of interest are of multi steps, the chemical prod-
ucts and reaction pathways are established using TG
measurement and supplemented by the IR and powder
XRD studies. The thermal degradation reaction in the
present case results into the formation of hematite and
magnetite. This work could provide a methodology to
prepare hematite and/or magnetite from suitable molecular
precursors under controlled thermal degradation. Further-
more, it may generally invoke interest to prepare different
metal oxides of interest under controlled thermal degra-
dation and to study kinetics of the solid-state reaction to
identify the rate controlling process for better synthesis and
maneuvering.
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