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Abstract: A multi-step thermal decomposition of a molecular precursor, { N(n-
C,4Ho)[FE'FE'(C,0,)3} . Was studied using non-isothermal thermogravimetric
(TG) measurements in the temperature range 300 to ~800 K at multiple heating
rates (5, 10 and 20 K minY). The thermal decomposition of the oxal ate-based
complex proceeded stepwise through a series of intermediate reactions. Two
different isoconversional methods, namely, an improved iterative method and a
model-free method were employed to evaluate the kinetic parameters: acti-
vation energy and rate of reaction. The most probable reaction mechanism of
thermal decomposition was also determined. The different reaction pathways
leading to different steps in the TG profile were also explored, which are sup-
plemented by earlier experimental observations.

Keywords: molecular materials, oxalates, non-isothermal thermogravimetry;
decomposition kinetics, model free methods.

INTRODUCTION

Among al nanomaterials, metal oxides are very attractive functional mate-
rials synthesized on the nanoscale. Their unique characteristics make them the
most diverse class of materials with properties covering almost all aspects of
solid-state physics and materials science. Metal oxides represent therefore essen-
tial constituents in technological applications such as magnetic storage,1.2 gas
sensing34 and energy conversion,® to name but a few. Various physical or che-
mical synthetic approaches for the synthesis of metal oxide nanoparticles have
been developed over the years.6 Research was initiated aimed at the preparation
of metal oxide nanoparticles using molecular metalorganic complexes as precur-
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524 BHATTACHARJEE et al.

sors through the thermal decomposition route. The approach consisted of two
steps: the synthesis of molecular metal organic precursors in the first step and the
oxidation of the precursor in a controllable manner in the second step. The pre-
cursors thermally degrade at different levels depending on the reaction condi-
tions. It was conjectured that controlled oxidation through therma decomposition
of the precursors may lead to various metal oxide nanoparticles. Thus, by stu-
dying the solid-state thermal decomposition reaction kinetics of the precursors,
the shape and size of the metal oxide nanoparticles could be monitored by exter-
nally controlling the different reaction kinetic parameters.

Polymeric bimetallic oxalate complexes of the general formula,
{AIMIMITT(C204)3]} <, (A: organic cation, M!! and M!!!: di-/tri-valent transition
metal ions, C>04: oxaate ligand) have been important topics in the field of
molecular magnetism.” Thermal decomposition of a ferromagnetic material of
this family, {N(n-C4Hg)4[Mn!!Cr!!/(C504)3]}.. results in a spinel compound,
Mn 5Crq1 504 a ~ 500 °C.8 Recently, thermal decomposition of the molecular
ferrimagnetic material { N(n-C4Hg)4[Fe'lFe!ll(Co04)3]} .. Was reported.910 |t was
seen that thermal decomposition leads to the formation of nano-sized ferrites.
These results suggested that {A[M!IM!(C204)3]}.. type molecular materials
may be suitable single-molecular precursors for the synthesis of metal oxides via
the therma decomposition route. Moreover, the synthesis of these molecular
materialsis quite easy and economic, and the desired metal oxides could be pre-
pared from such homo/heterometallic complexes at relatively low temperatures.

In light of the above, it was thought worthy to undertake a systematic study
of the kinetics of the solid state thermal decomposition reaction of {N(n-
-C4Ho)4[Fe'IFE!(C204)3]} o to gain a comprehensive understanding of the pro-
cess. The thermal decomposition of oxalate-based complexes is usually compli-
cated and proceeds stepwise through a series of intermediate reactions.11 In the
present study, two different isoconversional methods, namely, an improved
iterative method (to obtain a more accurate value for the activation energy of the
reaction)12 and a model-free method (to obtain reliable and consistent kinetic
information from the non-isothermal data)13 were employed to analyse the ther-
mogravimetry results, as well as to estimate the kinetic parameters of the thermal
decomposition of { N(n-C4Hg)4[Fe!/'Felll(C204)3]} ». The kinetic parameters of a
solid state thermal decomposition reaction have a physical meaning and could be
used to study the solid state reaction mechanism vis-a-vis the reaction model.
Modern kinetics investigation procedure using multi-heating rates for multi-step
reactions are also used to determine the correct reaction mechanism function.14
The variation of the activation energies with the extent of the reactions are dis-
cussed to revea the complexity of the multi-step reactions observed for this
material.
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THERMAL DECOMPOSITION OF A MOLECULAR MATERIAL 525

EXPERIMENTAL

The precursor material {N(n-C4qHg)s[Fe''FE"'(C,04)5]} ., (BuFeFe) was prepared in a
one-pot reaction according to a reported procedure.’> The powdery deep green coloured
sampl e thus obtained was used for the thermogravimetric (TG) study. The measurements were
performed using an STA 449C Thermogravimetric analyzer (Netzsch, Germany) under a dry
air atmosphere. The sample mass used for TG study was ~ 4 mg. UHP nitrogen (99.999 %)
was used as protective gas in the instrument. All the kinetic parameters, namely, the activation
energy, the pre-exponential factor, and the reaction model calculations, were performed using
aprogram compiled in MATLAB.

RESULTS AND DISCUSSION

The thermal decomposition of BuFeFe was monitored by TG at three dif-
ferent heating rates (f) 5, 10 and 20 K min—1. The TG curves of BuFeFe obtained
at three different heating rates are shown in Fig. 1, from which different thermal
decomposition steps can be seen. Thus, a very gradual loss of mass (m) for the
three different heating rates commences at around 315 K. The thermal decompo-
sition proceeds with rapid mass loss through three linear steps, indicating dif-
ferent stages of solid state reaction of BuFeFe. These linear steps, which appear
in heating rate dependent temperature ranges, are indicated by arrows in Fig. 1,
and denoted as Step-1, Step-11 and Step-111, respectively, in Tablel. It can be seen
that the temperature range (AT) corresponding to the different steps were shifted
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Fig. 1. Thermogravimetric profile of { N(n-C4Hg)4[Fe''Fe!'(C,0,)3]} .. obtained at a heating
rate of 10 K min'1. The arrows indicate the different steps of the thermal decomposition. Inset
represents the TG profiles of { N(n-C4Hg)[Fe!'F&!'/(C,04)3]} .. obtained under three
different heating rates: a) 5, b) 10 and ¢) 20 K min'L,
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526 BHATTACHARJEE et al.

towards higher temperatures with increasing heating rate. For example, in case of
Step-1, the loss of mass continues until <587 K for =5 K min1, until 598 K
for #=10 K min~1 and until 612 K for #= 20 K min—l. The AT and m values
corresponding to the different steps under different heating rates, along with the
residual mass at 800 K in each case of heating rate are compared in Table |. Step-
| corresponds to the largest mass loss in the TG profile. Thus, BuFeFe undergoes
successive solid state reactions in three steps. Thermal decomposition becomes
complete at ~723, 718 and 685 K for heating rate 5, 10 and 20 K min—1, respec-
tively, with very similar residual masses. It was reported earlier that the decom-
position of BuFeFe proceeds through a few intermediate phases and finaly re-
sults in the formation of a powdery deep red product, which is nothing but the
nano-sized ferrite particles (hematite and magnetite).9.10

TABLE |. The temperature range of the different steps and the corresponding mass loss values
during the thermal decomposition of { N(n-C4Hg).4[Fe''Fe'(C,0,)3]}.. and associated residual
mass values estimated under different heating rates; £ = heating rate, AT = temperature range,
m = loss of mass

B K minl Step-| Step-11 Step-111 Residual
AT/ K m/ % AT/ K m/ % AT/ K m/ % mass, %
5 315-587 52 587-625 12 625-723 9 27
10 315-598 54 598-633 11 633-718 9 26
20 315612 54 612-648 11 648-685 10 25

Presently, the therma decomposition mechanism of BuFeFe is analyzed
considering the first two steps of the TG profile only, as it is impractical to
consider Step-I11. To describe the kinetics of thermal decomposition of BuFeFe
reliably, isoconversional methods were used. In the isoconversional method, the
reaction rate at constant extent of conversion is assumed to be a function of tem-
perature only.16 Two simplifying assumptions are used in this regard: i) the tem-
perature at any point in the solid remains same and ii) the controlling step in the
reaction rate does not alter throughout the transformation of a chemica pro-
cess.17 Under non-isothermal conditions where the temperature varies linearly
with time, i.e., the linear heating rate = dT/dt = const., the kinetic equation of
solid state thermal decomposition is frequently described by the well-known dif-
ferential rate equation:18

2= Al (a) exp(— %) )

where o = (mi—my)/(mi—mx) is the extent of reaction, i.e, the fraction of the
material that had reacted in timet, m; and m¢ are the initial and final masses in the
particular decomposition step of interest, m is the mass at any instant of the
reaction in this step, do/dT is the rate of conversion (in K-1), A is the pre-
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THERMAL DECOMPOSITION OF A MOLECULAR MATERIAL 527

exponential Arrhenius factor (in min1), f(a) is the differential conversion
function depending on the mechanism of akinetic reaction,1® E* is the activation
energy (in kJ mol—1) and R is the universa gas constant (in kJ mol-1 K-1). The
variations of the extent of reaction (a) with temperature during the thermal
decomposition of BuFeFe during Step-1 and Step-11 are illustrated in Fig. 2.
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Fig. 2. Variation of the extent of conversion () with temperature during the thermal
decomposition of { N(n-C4Hg)4[Fe'Fe'!'(C,0,)4]} .. for Step-1 (a) and Step-11 (b) under
different heating rates: i) 5, i) 10 and iii) 20 K min.

The iterative procedure is used to calculate the activation energy, approxi-
mating the exact value of activation energy, according to the following equa
tions:12

B _jn PR E 2
h(X)Toii 9(@)Ey Ry
and
Bi _, 0.0048AE; A,E,
In H(x) =In o(a)R 1'0516—RT0,J 3

here h(x) is expressed as:20
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x4 +18x3 + 88x2 + 96X
x4 + 20x3 +120x2 + 240x +120

h(x) =

and H(X) is expressed as;14
exp(—x)h(x) / x2

H(x)=
(x) 0.0048exp(—1.0516X)

where x=E, / RT,; . In performing the iterative procedure, the following steps
are often used: Step 1 — the initial value of the activation energy (E,); is esti-
mated by fitting Eq. (2) or (3) with the assumption h(x) = 1 or H(X) = 1. Gene-
raI ly, the conventional isoconversional methods stop calculating at this step; Step
—using E;, = (E;)1, h(x) and H(x) are calculated and a new value of Ej, =
= (Ea)z is calculated from the fit of the plot In[£ /h(\)T2;] vs. 1/ Ty with
Eq. (2) or of the plot In[4; /H(x)T 1 vs. 1/ T, with Eq. (3) Step3—repet|t|on
of Step 2 replacing (EJ,)1 with (Ei,)z resulting in E,, = (E)zand so on until
the absolute difference [(Ep)i — (Eg)i-1] becomes less than 0.1 kJ mol—1. The
last value of (E); thus obtained is considered to be the most accurate estimate
of the activation energy (E;,) of athermal reaction. The thus obtained E,, va-
lues for the present thermogravimetric data, based on Egs. (2) and (3), are listed
inTablell.
In the model-free isoconversional method for non-isothermal thermogravi-
metry experiments, the activation energy E;, can be evaluated at any particular
value of o by minimizing the following objective function:13,14

(4)

©)

| (6. Toi ) B
Q(Ey) = (6)
Zl,zl | (Eo T )
where | (Ef,, Ty, ), the temperature integral, is given as:
Ta,i *
(ETes)- | exp[— ;“_JdT ©

There are several methods and popular approximations to evaluate this tem-
perature integral. However, the approximation as adopted by Cai et al.2! is proved
to be superior to any of the other approximations and is the most suitable solution
for the evaluation of the activation energy, E,,, and other kinetic parameters
from non-isothermal kinetic analyses. According to this approximation, the
temperature integral is given as:21

By
T, . +0.66691 .
J Eo _ RTog,i a Ea
exp| — dT =— exp| — (8)
RT o | Eo |5 ea003 Rlaj
o, i
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*

T £ RT2. RTi +0.66691 .
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a

The minimization procedure was repeated for each value of « from 0.1 to 0.9
for Step-l1 and Step-11 (taking the data from Fig. 2) to determine the dependency
of Ejon o during Step-l and Step-1l of the thermogravimetry profile. The
E/, values thus obtained for Step-1 and Step-I1 are presented in Table Il. The
activation energy ( E;,) values obtained by the three different methods are shown
as a function of « in Fig. 3 for Step-1 and Step-ll. It is noticeable that the E,
values thus calculated by the three different methods (Egs. (2), (3) and (6)) are
remarkably similar.
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Fig. 3. Dependence of the activation energy on the extent of conversion () during the thermal
decomposition of { N(n-C,Hg)4[Fe'Fe''(C,0,)4]} .. obtained using different isoconversional
methods: a) Step-1 and b) Step-11. The arrows indicate the scales used.

From Fig. 3, it is clear that in case of Step-I of the thermal reaction, the E,
value increased exponentially (E;, = a(1-e%%), a and b being two fit parameters)
for o < 0.4 and beyond that, E;, increased linearly with increasing o. Thus, at
around a = 0.4, the rate of reaction became almost saturated. However, the
reaction was triggered at o = 0.5, resulting in the linear E;, vs. a variation for the
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THERMAL DECOMPOSITION OF A MOLECULAR MATERIAL 531

remaining values of a. On the other hand, for Step-1l of thermal reaction, the
variation of E;, vs. a (Fig. 3b) was quite different from that observed for Step-l.
Here, the E;, value increased with increasing a until a = 0.6 and beyond that, the
E;, value decreased with increasing a. The variation E,, with a observed for
Step-11 could be well-fitted with a Gaussian type distribution function, as shown
by the dotted curve in Fig. 3. These different Ey, vs. a variations, being either
intra-step or inter-step thermal decomposition reactions, are the manifestations of
different reaction rate control mechanismsinvolved along these steps.

The integral form of the reaction model describing the reaction mecha
nism16.18 js given by:

o(e) = [[f ()] " dex
0

Some of the frequently used reaction mechanisms operating in solid-state
reactions are given in the literature.22 The equation which is mostly used to
estimate the correct reaction mechanism, i.e., the g(o) function, is:14

Ing(a):{In%—%ﬂne;xﬂnh(x)}—lnﬂi 9
R x2

where the symbols have their usual meaning. The values of o corresponding to
the multiple heating rates at the same temperature along the « vs. T plots (Fig. 2)
were used to generate a plot of In g(a) vs. In 3. For the determination of the
correct mechanism function, the slope of the straight line In g(a) vs. In 4, using
linear regression, should be equal to —1.0000 and the square of the linear corre-
lation coefficient, R2, should be close to unity.14 While finding the most probable
reaction mechanism function g(«) involved in the present thermal decomposition
reactions appearing in Step-1 and Step-I1, 35 types of mechanism functions given
in literature?2 were used. Incidentally, a number of g(a) functions satisfied the
conditions specified above when a particular temperature was used. To remove
the confusion, different temperature values were used to arrive at a conclusion
about the most probable reaction mechanism function. The most probable reac-
tion mechanism functions, g(a), obtained for the solid state reactions corres-
ponding to Step-1 and Step-11 of the thermal decomposition profile of BuFeFe
according to Eq. (9) are g(a) = In & and g(a) = (1— a)~2 — 1, respectively. Thus,
Step-l of the TG profile corresponds to “nucleation” as the rate-controlling
mechanism, whereas Step-11 of the profile corresponds to “chemical reaction” .22

Using the estimated value of the activation energy and the most probable
reaction model, the value of the pre-exponential or frequency factor (A) can be
evaluated from the following equation:23.24
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B

A=—— ) exp(Xp) (10)
where xp = E,/ RT, (Tp is the peak temperature on the corresponding diffe-
rential thermogravimetric curve), f'(ap) is the first derivative of the kinetic model
function. The A values are thus determined for Step-1 and Step-11 of the TG pro-
file of BuFeFe for different values of a under different heating rates. The vari-
ations of A with o under different heating rates are shown in Fig. 4. The effect of
heating rate on the A values was found not to be remarkable. However, the
dependence of A on the a values were quite noticeable and were different for
Step-1 and Step-11. For Step-I, the variation of A(a) was similar to that observed
for the variation of E,, but for Step-11, the values of A(«) increased linearly up to
a =~ 0.5 and then become nearly independent of a, in contrast to the correspond-
ing Ey (o) variation in the same temperature region. The average values of A
estimated for the different heating rates are presented in Table Il as a function of

1018_

~C- B =5K/min @
| e 86
—

(b)

Fig. 4. Dependence of the frequency factor (A/ min'1) on the extent of conversion (o) during the
thermal decomposition of { N(n-C4Hg)[F€''F&''(C504)3]} ... @ Step-1 and b) Step-I1.
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THERMAL DECOMPOSITION OF A MOLECULAR MATERIAL 533

the a values. The rate of reaction for the decomposition of BuFeFe varied in the
range of 1031012 min-1 and 10121018 min-1 for Step-l1 and Step-11, respecti-
vely. Thus, for both steps of the reaction, the A values varied by an order of 109
and 106 for Step-1 and Step-1, respectively. This indicates that the reaction rate
cannot be assumed to be a constant for the studied non-isothermal decomposition
process. Interestingly, from Table I1, it could be seen that the greatest number of
A values were grouped about the order of 1015 min-1 in Step-11 within a narrow
E;, range, while for Step-I, the A values were distributed over a wide range of
E;, values. The values of A in solid state reactions are expected to be in a wide
range.22 Low factors often indicate a surface reaction. If the reactions are not
dependent on the surface area, alow A value indicates a “tight” complex, while a
higher A value indicates a “loose” complex. Accordingly, in the present case,
Step-1 may involve loose and tight complexes, whereas Step-11 involves a tight
complex only.

Considering the mass loss values during the different thermal decomposi-
tions of BuFeFe, observed in the thermogravimetry profile, the reaction path-
way(s) as well as the reaction product(s) at the end of the successive reaction
step(s) of the thermal decomposition have already been reported by the authors.®
The thermal decomposition process of BuFeFe was proposed as follows:

Reaction pathway for Step-1:

2{N(n-C4Hg)4[Fe''Fe'll(C204)3]} .. — [FE'FEN(C204)3 5] +
+ FepO3(s) + 2(n-C4Hg)3N(g) + 2C4Hg(g) + (3+2x)CO2(g) + 3CO(g)+ H2(9)
Reaction pathway for Step-11 and Step-I11:
6[FellFe!!l(C,04)34] — 3Fe03(S) + 2Fe304(s) + (19-12X)COx(q) + 17CO(g)

where g and s denote gaseous and solid substances, respectively and x is a
positive number (< 3). The observed mass loss values compare well with the
calculated mass loss values following the proposed reaction pathways. Thus, the
proposed reaction pathways indicate the formation of either Fe304 (magnetite) or
FeoO3 (hematite) or a mixture of both as the end-product of the thermal decom-
position of the molecular magnetic precursor BuFeFe. The formation of the pro-
posed end products was supplemented by IR and powder XRD studies and con-
firmed by magnetic studies.9 Incidentally, at present the authors have studied the
reaction kinetics of Step-l1 and Step-11. An attempt to continue the calculation of
kinetic parameters to Step-111 was avoided because of practical difficulties as
Step-111 corresponds to very small mass loss, which, if considered, would have
introduced an erroneous result due to the large error associated with the o(T)
values.

Along the above-stated step-wise reaction pathways, during Step-1 of the
thermal decompoasition, the bimetallic 3-dimensional network structure of { N(n-
C4Ho)4[Fe''Felll(Co04)3} o is disrupted completely. Here the organic cationic
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part, N(n-C4Hg)4*, decomposes giving rise to various gaseous substances, while
the 2-dimensional Fe'll-oxalate—Fe!! anionic layers are partially degraded giving
rise to FexOs. It is apparent that the former process may require a lower acti-
vation energy than the latter and will be completed faster due to the limited
abundance. The partial decomposition of the Felll-oxalate-Fe!! anionic layers
may be due to scission of the metal—oxalate linkages. In this way, the initia
exponential growth in the Ej vs. a plot for Step-1 may be due to the decom-
position of N(n-C4Hg)4™, while the steady linear E;, vs. « variation in the later
part of Step-I may be due to decomposition of the bimetallic network and for-
mation of metal oxides. The reaction mechanism responsible for this step of the
thermal decomposition was resolved to be nucleation given by g(a) = In @, an
accel eratory rate equation.22

The early stage of Step-11 supposedly favours the gradual decomposition of
the bimetallic network and formation of metal oxides, giving rise to a steady
growth in the E,, vs. a variation. It should be noted that the activation energy
required for the linear part of the EJ, vs. a plot in Step-l and those for the initial
growth part of the Ej, vs. o plot in Step-ll lie in the same range. The Gaussian
type variation of E;, with « is certainly the manifestation of a reaction control
mechanism owing to the residual amount of reactants, i.e., the remaining amount
of thermally degradable molecules as well as the in situ degraded gaseous pro-
ducts. It should be noted that the thermal decomposition of iron oxalate to hema-
tite in an air atmosphere and to magnetite in presence of CO/CO> mixture was
reported by other workers.2> The thermal decomposition initially started in air
atmosphere leading to the formation of hematite along with a profuse amount of
CO> and subsequently, on further heating, it might have led to the formation of
magnetite.26 The reaction mechanism responsible for Step-11 of thermal decom-
position observed in the present study was resolved to be a chemical reaction
type.22

CONCLUSIONS

The present study demonstrates the kinetics of solid state reaction of the
thermal decomposition of {N(n-C4Hg)a[Fe!!Fe!l(C204)3} ., at multiple heating
rates. The thermal decomposition proceeds through three different steps, indi-
cating three reaction mechanisms. The reaction mechanism responsible for Step-I
of the thermal decomposition was resolved to be nucleation whereas Step-11 is of
a chemical reaction type. Calculation of kinetic parameters for Step-111 was
avoided due to practical difficulties. Step-wise reaction pathways leading to fer-
rites were proposed. The rates of the reactions were in the range of 103-1012 and
10121018 min-1 for Step-1 and Step-11, respectively.

It would be of interest to know the nature of the dependence of the reaction
kinetics and the reaction mechanism on the sample environment. The identi-
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THERMAL DECOMPOSITION OF A MOLECULAR MATERIAL 535

fication of the various reaction products at the end of each step of the TG profile
is necessary and thereby the complete reaction pathway. These studies require an
in situ FT-IR study and evolved gas analysis (EGA), which subjects of our pre-
sent interest. These results would provide insight into the mechanism of external
control of the solid state thermal reactions in order to yield interesting ferrite
material s using molecular complex precursors through the thermal decomposition
route.

H3BOI

TEPMAJTHA JTEKOMITIO3HULIUJA MOJIEKYJIAPHOT MATEPHJAJIA
{N(N-C4Hg)4[Fel'Fel'(C,04)31}.. IO ®PEPUTA: UCITUTUBAIGE PEAKITUOHE KUHETHUKE

ASHIS BHATTACHARJEEi, DEBASIS R0Y1, MADHUSUDAN ROY” 1 ARUNABHA ADHIKARI®

! pepartment of Physics, Visva-Bharati University, Santiniketan, India, ZApplied Material Science
Division, Saha Institute of Nuclear Physics, Kolkata, India n 3 Department of Physics, West Bengal State
University, Barasat, India

TepManHa A€KOMIO3MLMja MoJeKynapHor npekypcopa, {M-C4Hg)s[FellFelll(C,04)3},
K0ja ce OfBUja y BULIE CTyNieBa, UCIUTHBAHA je HEU30TEPMCKUM TE€PMOIPaBUMETPHjCKUM
(TT) mepemnma y Temnepatypckom oncery o 300 go =800 K npu pasnuyutum dp3uHama
rpejama (5, 10 u 20 K min!). Tepmanua nexoMmnosuuuja KoMmIuiekca Ha Hasu okcanaTa ce
OIIBHja CTYNHEBUTO Kpo3 HU3 peakuuja. KopuirheweM nBe pa3nuyuTe M30KOHBEP3UOHE Me-
ToZe, TayHUje, yHanpeheHe urepatuBHe MeTofe U MeToje Oe3 mogena ofmpeheHu cy kuHe-
THUUKY NapaMETpU: €HEpr¥ja akTUBauuje W Op3WHAa peakuHje, U HajBEPOBAaTHHjH PEAKLMOHU
MexaHHU3aM TepMasHe JeKoMIIo3uLyje. Pa3nuyuTH peaklMOHU MyTeBU KOjU Pe3yiTyjy y pas-
JIMYUTHM CTYIHBEBUMa T€PMOIpaBUMETPHjCKUX Npoduiaa cy Takohe pasmaTpaHd KODHIL-
hemeM paHMjUX eKClIepUMEHTATHUX pe3yJiTata UCTUX ayTopa.

(ITpumiseno 19. maja 2012)
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