
Introduction

The metal carboxylates are potential precursors for

the manufacture of new inorganic materials and cata-

lysts e.g., the iron(III) oxalate salts are being used in

the synthesis of nanocrystalline metallic oxides [1–3]

and molecular magnetic materials [4–7]. Besides, the

ferric oxalate salt undergoes interesting photochemi-

cal redox reaction at ambient temperature, which

forms the basis of chemical actinometry [8]. A similar

behavior is expected in its other dicarboxylates. The

iron(III) metal ion forms tris-chelate complex with

dicarboxylate anions like oxalate ions which crystal-

lizes as trihydrate salt. The trioxalato ferrate salts are

also found in nature in minguzitte mineral.

The knowledge of the formation of thermal de-

composition products from various precursors is very

important in the materials synthesis. Thermal analysis

techniques are important tool in such investigations.

Therefore, it would be interesting to investigate the ther-

mal behavior of the iron(III) dicarboxylate complexes

having different structures. The thermal decomposition

kinetics of metal carboxylate salts shows that the uni-

molecular decomposition processes are generally as-

sisted by electron releasing substituents [9]. However,

the thermal decomposition behaviors of metal di-

carboxylate complexes are relatively less explored.

Therefore, we herein report synthesis and characteriza-

tion as well as the kinetics of dehydration and thermal

decomposition of tris(dicarboxylato)iron(III) com-

plexes. We have chosen four structurally different di-

carboxylates viz., oxalate, malonate, maleate and

phthalate dianions that form hydrated anionic trischelate

complexes with iron(III) as shown in Scheme 1.
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Experimental

AR grade dicarboxylic acids viz., oxalic acid, malonic

acid, maleic acid, phthalic acid, FeCl3⋅6H2O and BaCl2
salt were used. The solutions for metal estimation were

prepared by NaOH–NaNO3 fusion method. C, H analy-

ses were carried out on Elementar Vario-III. The IR

spectra were recorded on a Perkin-Elmer 1600 FTIR

spectrophotometer with KBr pellets, electronic spectra

were recorded on a Shimadzu 1601 spectrophotometer

in aqueous solutions. Magnetic susceptibility were mea-

sured on a PARC-155 vibrating sample magnetometer

at 300 K. Thermogravimetry/differential thermal analy-

sis (TG/DTA) experiments were carried out on a

Stanton Redcroft Thermobalance Model STA-780 un-

der a dynamic air atmosphere.

Preparation of barium salts of the dicarboxylic acids

2.9 g ( 0.023 mol) were prepared by the neutralization

of dicarboxylic acids with (5 N) NaOH solution and

were added to the aqueous solution of barium chlo-

ride 5.0 g (0.02 mol) with constant stirring at room

temperature. The reaction mixture was left for half an

hour. The barium salts of dicarboxylates, that sepa-

rated out were collected by filtration.

Preparation of iron(III) complexes

All iron(III) complexes were prepared by adopting the

literature method for the preparation of potassium

trioxalatoferrate(III) [10]. The FeCl3⋅6H2O (2.7 g,

10 mmol), barium dicarboxylate (4.5–6.0 g, 20 mmol)

and potassium salt of corresponding dicarboxylic acid

(3.3 g, 20 mmol) (prepared by neutralizing acid with

5 M KOH) were taken in 60 mL distilled water. The

reaction mixture was digested on water bath for one

hour and was filtered in hot. The volume of the filtrate

was reduced by slow evaporation at reduced pressure

to ca. 10 mL. The light yellowish green crystals were

obtained which were collected by filtration, washed

with cold water and were recrystallized from wa-

ter-ethanol mixture. Compounds were dried over

CaCl2. (Yield ca. 3.4–5.0 g, 70%.)

Thermal studies

The TG/DTA experiments were carried out under dy-

namic air environment for which the air flow rate was

maintained at 50 mL min–1. Programmed temperature

regime with a heating rate of 10 K min–1 was applied.

In all TG/DTA runs 10 mg of microcrystalline com-

plexes were taken in alumina boats. Alumina was also

used as reference material for the DTA scans. The

sample temperature traces are straight lines, suggest-

ing negligible effect of self-heating due to exothermic

processes. IR spectra of the residue after heating upto

800 K were recorded in KBr. The kinetic parameters

were calculated using a series of BASIC programs.

Results and discussion

The tris-chelate complexes:

K3[Fe(C2O4)3]⋅3H2O (1)

K3[Fe(OOCCH2COO)3]⋅3H2O (2)

K3[Fe(OOCCH=CHCOO)3]⋅3H2O (3)

K3[Fe(OOC–1,2–(C6H4)–COO)3]⋅3H2O (4)

were prepared by the reaction of the barium and potas-

sium salts of the dicarboxylates with aqueous

FeCl3⋅6H2O. The direct reaction between the potas-

sium dicarboxylate or the dicarboxylic acids with fer-

ric chloride do not proceed well and instead gives

their simple ferric salts. However the chelation is fa-

cilitated by the presence of Ba2+ ions although the

mechanism is not certain. All these complexes crystal-

lize as trihydrate salts as seen from their elemental

analyses. Their spectral and magnetic susceptibility

data are summarized in Table 1.

IR spectra

All these complexes exhibit a strong band between

1600–1700 cm–1 characteristic of the COO– group.

Compared to corresponding barium or potassium salts

this band, in complexes 1–4, is observed shifted

(~70 cm–1) towards higher frequency which is indicative

of formation the coordination complexes. In the barium

and potassium salts the two C–O bonds in a –COO–

group are equivalent. Thus they give rise to νas(COO–)

and νsym(COO–) vibrations whose frequencies lie close

to ca. 1600 cm–1. But upon η1-coordination the equiva-

lence of the two C–O bonds is lost. Thus they get de-

coupled upon coordination. The resulting νstr(C=O) in

the η1-O-coordinated –COO– groups (Str. I) appear at

higher frequency [11, 12]. In all these complexes the

band at ca. 1400 cm–1 gains intensity upon complexation

and a new strong band appears around 1100 cm–1, while

the band around 1350 cm–1 simultaneously diminishes in

intensity and generally disappears. The appearance of

these strong bands is suggestive of the coupling of
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ν(C–O) and ν(C–C) vibrations upon coordination of the

carboxylate unit.

Electronic spectra

The UV-Visible absorption spectra of iron(III) com-

plexes with carboxylic acid exhibit characteristic bands

in the region 260–290 nm having tails in the visible re-

gion. Band may be identified with the coordinatively

bound carboxylate groups that arises from n→π* and

π→π* transitions in the COO– groups. The presence of

the low intensity bands in ultraviolet absorption spec-

trum in aqueous solution is the characteristics of a

coordinatively bonded carboxylate groups.

Thermal studies

The TG/DTA plots of complexes:

K3[Fe(C2O4)3]⋅3H2O (1)

K3[Fe(OOCCH2COO)3]⋅3H2O (2)

K3[Fe(OOCCH=CHCOO)3]⋅3H2O (3)

K3[Fe(OOC–1,2–(C6H4)–COO)3]⋅3H2O (4)

are shown in Fig. 1 and their important characteristics

are summarized in Table 2. All complexes undergo a

three-step dehydration/decomposition. The oxalate and

malonate complexes, 1 and 2, respectively, seem to

follow similar pathway wherein initial dehydration

step is followed by the loss of a CO2 molecule in the

second step. In the third step the malonate complex un-

dergo bimolecular decomposition leading to simulta-

neous removal of a CO and CO2 molecules. The de-

composition processes in maleate and phthalate

complexes, 3 and 4, follow altogether different path-

ways than that in complex 1 and 2. The maleate com-

plex 3 looses a CO2 molecule along with three water

molecules in the very first step. In the subsequent sec-

ond and third steps, it looses two maleic anhydride

molecules along with the loss of oxygen and

biacetylene. Patron et al. reported the decomposition

of malic acid complex (NH4)[Fe(C4H4O5)(OH)2]

⋅0.5H2O from 273–873 K under static air [2, 13]. They

have also observed a three-step decomposition with

formation of anhydrous maleates, malonates and oxo-

acetates. The phthalate complex, 4 undergoes dehydra-

tion at higher temperature than complexes 1–3. The

loss of two water molecules is accompanied with si-

multaneous removal of a phthalic anhydride molecule.

This complex subsequently looses the third water mol-

ecule and another phthalic anhydride gradually over

503–673 K, which is accelerated between 673–790 K.

The IR spectra of the residues formed by heating upto

800 K, when recorded in KBr after cooling, showed

strong carboxylate bands between 1650–1700 cm–1 in

case of 1 and 2 while that of 3 and 4 showed a strong

CO3

2– band at 1060 cm–1. Carp et al. have reported for-

mation of iron oxide in the thermal decomposition of

iron(II)/copper(II) oxalate mixed salts precipitate in

this temperature range [14]. It is likely that copper ions

present in the sample have catalyzed the process. The

tris-chelate complexes seem to be more stable than

simple iron(II) carboxylate salts.

DTA of all four complexes are shown in Fig. 1.

The initial dehydration processes are seen as endo-

thermic troughs. The step-3, redox decompositions to

bischelate complexes (in case of 1 and 2) or removal

of anhydrides (in case of 3 and 4) are observed as exo-

thermic peaks. These are in agreement with the ener-

getic nature of the assigned processes.

The Freeman and Carrol method [15] was used to

evaluate the kinetic parameters. The steep parts of the

TG curves were used for these calculations. The temper-

ature regions used for the calculations of kinetic param-

eters for different steps are given in Table 3. The plots of

Δln(dw/dt)/Δln(wr) vs. Δ(1/T)/Δln(wr) (where

Δln(dw/dt)=ln(dw/dt)T–ln( / )d d T10
w t ; Δ(1/T)=

(1/T)–(1/T10); Δln(wr)=ln(wr)T–ln( )wr T10
for different

stages of thermal decompositions are given in Fig. 2.

The frequency factors (lnA) for the decomposition pro-

cesses were calculated using following relationship.
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Fig. 1 TG and DTA plots of compounds 1–4
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ln[(dα/dt)/(1–α)n ]=lnA–Ea/RT (1)

where dα/dt=(dα/dT)*φ; α is fraction decomposed, φ
the heating rate. n is the order of decomposition reac-

tion whose values were obtained from plots in Fig. 2.

The Ti, T10, Tf and Tp (initial temperature, tem-

perature for 10% mass loss, temperature for maxi-

mum mass loss for the step and temperature for maxi-

mum rate of mass loss respectively, Fig. 3) have been

used as the main criteria to indicate the thermal stabil-

ity of the complexes. All the three water molecules in

malonate complex 2 are lost more readily in a single

step. While in other complexes successive removal of

one and then two water molecules takes place. Com-

plexes 1 and 2 undergo redox decomposition forming

bis-chelate iron complexes. The process occurs more

readily in 2 than in 1. These reduced ferrous bis-che-

lates are thermally quite stable upto 800 K. The

maleic and phthalic acid complexes 3 and 4 possess a

very high tendency to remove cyclic anhydride. Com-

plex 3 particularly decomposes to metal carbonate

much readily below 800 K. While in phthalate com-

plex the process occurs at much higher temperature

(1015 K). The dehydrated oxalate complex, 1 (i.e. af-

ter step 1–2) is rather a stable product than corre-

sponding dehydrated malonato complex, 2 (step 2–2)

as the subsequent third step in 1 is observed at much

higher temperature than in 2.
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Fig. 2 Plots of Δln(dw/dt)/Δln(wr) vs. Δ(1/T)/Δln(wr) for compounds 1–4



The dα/dT vs. T plots all decomposition steps are

shown in Fig. 3. These have been used for determining

the mechanistic models of the thermal process [16]. The

models that gave best linear fit for plots of

ln[ϕ(d(α)/dT)/F(α)] vs. 1/RT (Fig. 4) (where F(α) is

such that (d(α)/dt)=k*F(α)) are used to evaluate kinetic

parameters. The model along with Ea and lnA are also

given in Table 3. The assigned models show very high

degree of correlation between ln[ϕ(d(α)/dT)/F(α)] and

1/RT, as reflected in the near unity values of their re-

spective correlation coefficients (Table 3). The mecha-

nistic models invariably gave higher values of Ea and

lnA than the Freeman and Carrol method [17]. It may be

due to the differing perception of the course of the reac-

tion in the two methods. While the mechanistic models

are based on nucleation and growth of the reaction cen-

ters, the Freeman and Carrol method presumes that reac-

tion occurs uniformly throughout the sample. The first

two steps in all compounds generally follow F1 or F2

pathways. But the third step follows D3 mechanism in 1

and R 3 in 2–4. Iron maleate and phthalate salts also

adopt similar mechanistic pathways [18].

The activation thermodynamic parameters namely

enthalpy (H#), entropy (S#) and free energy (G#) were

448 J. Therm. Anal. Cal., 81, 2005
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Fig. 3 Plots of dα/dt vs. T of complexes 1–4



evaluated using standard equations and the values ob-

tained are listed in Table 4.

Conclusions

In conclusion it could be said that tris-chelated oxa-

late and malonate complexes of iron(III) undergo

rapid dehydration at lower temperature while at

higher temperature (above 540 K) they undergo dis-

sociation forming bis chelate iron(III) complexes.

The tris-chelated malonate and maleate complexes

dehydrate with almost equal ease but the latter is

much less stable to decomposition and yields FeCO3

below 760 K. The cis-dicarboxylate complexes 3

and 4 are highly prone to loss of cyclic anhydrides.

Iron oxides has not been formed with any of these

tris(dicarboxylato)iron(III) precursors up to 800 K as
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Table 4 Decomposition rate constant and thermodynamic parameters for the thermal decomposition process at TP (i.e. tempera-
ture at highest rate of decomposition)

Complex Step Tp k⋅10–2 ΔH#/kJ mol–1 ΔS#/J K–1 mol–1 ΔG#/kJ mol–1

1
1-1
1-2
1-3

425
575
627

1.150
2.091
0.935

145.2
377.9
236.7

56.59
374.64
87.53

121.1
162.5
181.8

2
2-1
2-2
2-3

372
410
544

0.930
0.913
1.411

90.5
69.7

172.7

–42.28
–116.53

32.16

106.3
117.5
155.2

3
3-1
3-2
3-3

344
511
709

2.330
1.649
1.052

167.4
207.8
320.8

209.36
123.22
163.19

95.4
144.9
205.3

4
4-1
4-2
4-3

415*
462
749

0.640
0.876
3.103

249.0
94.6

323.3

310.31
–83.10
150.24

120.2
133.0
210.8

*calculated for T=415 K

Fig. 4 Plots of ln[ϕ(dα/dT)/F(α)] vs. 1/RT for the mechanistic models giving best linear fit for complexes 1–4



confirmed from the IR of the residues. The dehydra-

tion steps generally followed the first or second order

pathways while the third decomposition steps fol-

lowed either three dimensional diffusion or contract-

ing volume pathways.
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