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Solid state dehydration of the hydrated Ca(II), Co01), Ni(II) and Cu(lI) salts of furan-2- 
carboxylic acid (furoic acid) and subsequent decarboxylation of the corresponding anhydrous 
salts have been studied by simultaneous TG, DTA and DTG techniques. The order of thermal 
stability of the hydrated and the anhydrous compounds have been determined from the analysis 
of the TG, DTA and DTG traces for the dehydration of the hydrated salts and for the 
decarboxylation of the anhydrous compounds. Thermal parameters such as activation energy, 
enthalpy change and order of reaction for the different stages of each process have been 
computed by standard methods. An attempt has been made to account for the observed trend in 
the thermal stability of the anhydrous salts towards decarbo~ylation. A mechanism of thermal 
deca.rboxylation of calcium furoate has also been proposed. 

Kinetic and mechanistic aspects of thermal decarboxylation in the solid state is a 
scantily studied area though the corresponding aspects of similar processes 
occurring in solution have been investigated in great details. Again, many organic 
and metalloorganic compounds with partial ionic character, on being gradually 
heated, undergo definite chemical changes prior to melting and yield products 
which are very difficult to obtain through conventional synthetic procedures. An 
interesting class of metallo-organic compounds with pronounced ionic character 
are the metal carboxylatcs. Thermal decomposition study of such compounds 
become particularly interesting when such species contain different types of bonds 
with varying thermal stability. In these compounds the difference in bond energies 
originate from electron shifting, difference in electronegativity or due to steric 
factor. Because of the difference in the temperature co-efficients of the different 
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types of bonds present in such compounds when they are graduallyheated, the bond 
with lowest energy is first broken while the stabler bonds are broken subsequently 
often generating products of varied and interesting character. 

All the above considerations led us to undertake a systematic study of solid state 
thermal decarboxylation of metal carboxylates emphasizing its kinetic, mechanistic 
and product isolation aspects. Some very interesting results, which justify our 
contention, have already been obtained and were described elsewhere [1, 2, 16]. 

Experimental 

Preparation of the compounds 

Furoic acid (fur H2) used was of  L.R.B.D.H. grade which was recrystallized twice 
from hot water. The Ca(II), Co(II), Ni(II) and Cu(II) salts of furoic acid were 
prepared by reacting a slight excess of the respective carbonates or basic carbonates 
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Fig. 1.2 Thermal  curves o f  Co(fur) 2 �9 3H20 

with a hot aqueous solution of the acid, filtering off the excess carbonate and 
evaporating the solution to crystallisation. The solids were filtered off, washed with 
cold water and dried over fused calcium chloride for seventy two hours. 

Measurements and calculations 

Simultaneous TG, DTG and DTA determinations of the hydrated salts were 
carried out with a Paulik-Paulik-Erdey type MOM derivatograph with dry air as 
the atmospheric gas. These TG, DTG and DTA traces are presented in Figs 1.1-1.4. 
Details of thermal and other measurements (such as IR, elemental analysis etc.) 
and procedures adopted for the evaluation of kinetic parameters Such as, order of 
reaction, activation energy and enthalpy change accompanying the dehydration 
and decarboxylation processes have been described elsewhere [1, 2]. Results of 
elemental analysis are given in Table 1. 
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Fig. 1.3 Thermal curves of Ni(fur)2.2.5H20 

Table 1 Results of elemental analysis 

Compound 
Found (Calcd.), % 

M C H 

Ca(fur)2-H~O 14.35 (14.28) 42.73 (42.85) 2.80 (2.85) 
Co(fur)2" 3H20 17.40 (17.58) 35.80 (35.83) 3.62 (3.58) 
Ni(fur)~. 2.5H20 18.53 (18.02) 36.79 (36.84) 3.30 (3.37) 
Cu(fur)2' 1-I20 20.10 (20.92) 39.19 (39.53) 2.59 (2.63) 

R e s u l t s  and d i s c u s s i o n  

Dehydration processes 

The  compounds (Co(fur)2 �9 3 H 2 0  (B), N i ( F u r ) 2  �9 2 . 5 H 2 0  (C) a n d  Cu(fur)2 " H 2 0  

(D) are completely dehydrated within the temperature range of 70-200 ~ while 
Ca(fur)2"H20 (A) requires a much higher temperature range (314-364 ~ for its 
complete dehydration. Careful analysis of the TG and DTA traces of the 
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Fig. 1.4 Thermal curves of Cu(fur)2, HzO 

dehydration stage indicated that compounds (A), (B) and (D) lost their water 
molecules in a single step, while (C) lost its water molecules in two separate steps. 
These dehydration reactions are presented in Table 2. 

Initiation (h), peak (tp) and completion (to) temperatures of the dehydraton of 
each compound were obtained from the relevant DTG traces and are given in Table 
2 along with the corresponding weight losses calculated from the TG curves. 
Enthalpy change (dH) accompanying dehydration of each species [3], order of 
reaction for each dehydration reaction [4, 5] and activation energy (EAct) of each 

such process [4] were determined by standard methods and the lnln wo-  w( vs. 0 
w - w f  

plots are presented in Fig. 2. The results obtained are included in Table 2. 
In most cases the anhydrous species generated after complete dehydration of the 

hydrated compounds were isolated and the IR spectra Of these compounds as well 
as those of the corresponding hydrated varieties were recorded as halocarbon mulls. 
Completion of the dehydration process was ascertained by the disappearance of the 
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3550-3300 cm -1 band [due to v(O--H)] in the IR spectra of the dehydrated 
varieties. 

Decarboxylation processes 

All the anhydrous furoates exhibit considerable thermal stability and undergo 
decarboxylation within the temperature range 222-617 ~ The TG traces exhibit a 
two-stage decarboxylation process in which the first break in each case corresponds 
to an unusual composition. The first break is followed by the second and final break 
leading to the oxide end product. This observation is also reflected in the 
corresponding DTA traces which exhibit two distinctly separate stages in the cases 
of cobalt and copper furoates. Cobalt furoate exhibits a small endotherm followed 
by a large exotherm (Fig. 1.2) while the DTA of copper furoate (Fig. 1.4) shows a 
small exotherm followed by a large exotherm. Calcium and nickel furoates show a 
single exotherm in their respective DTA traces (Figs 1. I, 1.3). The corresponding 
DTG traces for calcium, cobalt and nickel furoates (Figs 1.2, 1.3) are of similar 
nature--a large endotherm followed by a rather fiat plateau. The DTG trace for 
copper furoate (Fig. 1.4) exhibits a very small endotherm followed by a big 
endotherm and a plateau. The small endotherm or exotherm in the DTA traces 
corresponding to the first decarboxylation stage of cobalt and copper furoates 
respectively may be due to absorption or evolution of heat during the first stage of 
the decarboxylation process leading to the formation of the unstable intermediate 
product. The large exotherm may be attributed to the net heat change involved in 
the second stage of decarboxylation (for cobalt and copper furoates) comprising of 
the heat evolved due to the decomposition of the intermediate product into the 
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metal oxide and other gaseous products as well as the heat change due to secondary 
reactions amongst the different gaseous products. The single large exotherm 
observed in the DTA traces of the decarboxylation stage of calcium and nickel 
furoates may, however, be attributed to the net heat change involved in the overall 
decarboxylation process. That both the stages of thermal decomposition taking 
place after dehydration are manifestations of the decarboxylation process is 
indicated by the evolution of carbon dioxide through the entire course of reaction. 
Initiation, peak and completion temperatures for the two-stage decarboxylation 
processes of the anhydrous furoates along with the corresponding weight losses are 
given in Table 3. The final products left in the crucible were found to be mainly the 
oxides of the metals for cobalt, nickel and copper furoates and carbonate for the 
calcium salt. All these end products were identified by chemical analysis and 
recording of their X-ray diffraction patterns. The order of reaction for the 
decarboxylation processes was found to be unity. Applying the same methods used 
in the dehydration process, activation energy of the decarboxylation processes for 

W 0 -- W {  
both the stages were evaluated from the l n l n ~  vs. 0 plots given in Fig. 3. 

Enthalpy change accompanying each decarboxylation process was measured from 
the corresponding DTA traces and these are presented in Table 3. Initiation (tl), 
peak (tp) and completion temperatures (to) of the first-stage of thermal 
decarboxylation of the metal furoates and the negative heat of formation ( -  AH~) 
of the corresponding metal oxides [6] are given in Table 4. 

The variation of initiation, peak and completion temperatures of thermal 
decomposition with the negative heat of formation of the metal oxides, which 
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Initiation Peak Completion AH~ of oxides [I4] 
Compound 

temp., ~ temp., ~ temp., ~ kcal/mole 

Co(fur)2 254 340 368 - 57.2 
Ni(fur) 2 238 309 331 - 58.4 
Cu(fur)2 222 275 288 - 37.1 

provides a relative measure of the strength of M---O bond in the metal furoates (the 
metal oxides being the stable end-products in all the cases studied), is very close to 
the expected behaviour of gradual increase from Cu(II) to Ni(II). 

Values of initiation temperatures of the different metal furoates along with the 1/r 
values [7] for the corresponding metal ions are included in Table 5. This behaviour is 
close to the general behaviour of gradual decrease of the stability of metal salts from 
Co(II) to Cu(II) with the decrease in ionic radii, the Ni(II) salt showing a departure 
from this general trend. 

The single-step dehydration of cobalt furoate trihydrate indicate that all the 
water molecules in the compound are similarly bound. A single endotherm in each 
of the DTA and DTG traces definitely points to the same conclusion. A two-step 
dehydration of nickel furoate, 2.5H20 is indicative of the fact that 1.5 molecules of 
water are bound rather loosely and are lost in the first stage of dehydration and the 
last water molecule, which is bound more strongly, is lost in the second stage 
at a higher temperature. In the single-stage dehydration of calcium furoate 
monohydrate, cobalt furoate trihydrate and copper furoate monohydrate 
and the first-stage dehydration of nickel furoate, 2.5HzO represented by the 
equations in Table 2, the activation energies are in the order: 
Ca(II) > Ni(II) > Co(II) > Cu(II). The enthalpy change in the dehydration 
processes for the corresponding stages follow the order: Co(II)> 
Ni(II)>Cu(II)>Ca(II). It may be concluded from the DTG peak tem- 

Table 5 

Initiation 
Compound temp., ~ 1/r ~-1 [15] 

Co(fur)2 254 1.351 
Ni(fur)2 238 1.428 
Cu(fur)2 222 1.369 

J. Thermal Anal. 32, 1987 



GHOSH et al.: SOLID STATE THERMAL DECOMPOSITION 611 

peratures that the thermal stabilities of the hydrates follow the order 
Ca(II) > Ni(II) > Co(II) > Cu(II). 

In the first stage of decarboxylation of the anhydrous metal furoates (Table 3), 
the activation energies follow the order: Cu(II) > Ca(II) > Ni(II) > Co(II). The 
overall enthalpy change for the decarboxylation processes, however, follow the 
order Cu(II)>Ca(II)>Co(II)>Ni(II). From DTG peak temuerature it may be 
concluded that the thermal stabilities of the anhydrous metal furoates follow the 
order Ca(II) > Co(II) > Ni(II) > Cu(II). 

Earlier workers [8-12] examining the thermal stability of other compounds of the 
same metal ions in the solid state noticed the stability order Co(II) > Ni(II) > Cu(II) 
which was just the reverse of the Irging-Williams order, Cu(II) > Ni(II) > Co(II), 
for the stability of metal complexes in solution [13]. Thus the thermal stability order 
found in our study is in conformity with the observations made by other workers. 
Such a reversal of the stability order on switching over from solution to the solid 
state probably occurs due to the interplay of high magnitude intramolecular bonds 
which becomes operative only in the solid state [14, 15]. It is quite possible that the 
observed stability order reflects the order of variation of the intermolecular forces 
operative in the solid compounds due to the close packing of the constituents in 
their crystal lattices. 

Probable mechanism of  decarboxylation 

Solid and gaseous products of decarboxylation of the anhydrous salts were 
collected and characterized by a method described in details elsewhere [2]. The 
experiment was performed separately in dry air and dry nitrogen atmospheres and 
same products were identified in both the cases. Apart from the solid residue of 
oxide or carbonate, another solid substance was obtained as a white sublimate. 2-2'- 
bifuran was found to be the major constituent of this white residue which contained 
a small amount of 2-4'-bifuran. Among the gaseous products we were able to detect 
the presence of furan, carbon dioxide and carbon monoxide. Unavailability of a 
GC-Mass instrument did not allow us to identify and estimate each and every 
product. However, from the nature of the products we have identified, it appears 
that under the experimental conditions used in this study, the reaction proceeds 
through a free radical mechanism in which a furan-free radical is generated by the 
homolytic fission of the furan ring carbon-carboxyl-carbon bond leading to the 
subsequent formation of bifuran by the coupling of the two free radicals and 
generation of furan by abstraction of a hydrogen by one furan free radical from 
another. 

J. Thermal Anal. 32, 1987 
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Zusammenfassung - -  Die Dehydratisierun~ in fester Phase der hydratisierten Salze yon Ca(lI), Co(II), 
Ni(II) und Cu(lI) mit Furan-2-carboxyls~iure und die darauffolgende Decarboxylierung der ent- 
sprechenden wasserfreien Salze wurde mittels simultan ausgefiihrter TG, DTA and DTG untersucht. 
Die Reihenfolge der thermischen Stabilit/it der hydratisierten und wasserfreien Verbindungen wurde aus 
dem Verlauf der TG-, DTA- und DTG-Kurven ermittelt. Die thermischen Parameter (Aktiwerungs- 
energie, Enthalpiever~nderung, Reaktionsordnung) wurden fiir die verschiedenen Schritte eines jeden 
Prozesses nach Standardmethoden berechnet. Es wurde ein Versuch zur Erklfirung des beobachteten 
Trends in tier Thermostabilitiit der wasserfreien Salze gegeniiber Decarboxylierung unternommen und 
ein Mechanismus fiir die themische Decarboxylierung yon Calciumfuorat in Vorschlag gebracht. 

Pe3mMe - -  COBMemenHbIM MeTO~IOM TF, ]ITA n ~ T F  n3yqena TBepgoTe.rIbaa~I gern~paTanna 
rK~lparos coJ~e~ 2-qbypanKap6onoeo~ r~CnOTU C )lsyxBa~eaTaUMrl ra~buneM, ro6ao~bXOM, HnreJieM rl 
Mean, a Tarxe ~aerap6orcnaupoaaaHe nx 6eaaoamax coaefi. Ha OCHOBe npose~eanoro riccae~oaanna 
ycTaHonnen nop~Ior TepMOyCTOfiqHBOCTIt KaK rnjlpaToa, Tar n 6e3aOJIHbIX COJlefi. ~[IJIR pa3JIlftlHbIX 
cTa,Rrl~ Kax~oro upouecca O6tUerlpl, lH~lTblMH MeTOaaMtl ~I, IJIH BblqHCJlenbl 3HepFHR agTanattna, 
H3MeHenrie 3HTa.rlbRHH H nopaAor peaxmm. HpennpHHaTa nonmTga O61,aCHHTb na6mo/taeMy~o 
Ten~aeaumo TepMOyCTOHLIHBOCTI 'I 6e3Bo/mI, lx co.qefi c Hx ~teKap6oKerxanpoBaarIeM. ~rla Ka..rlblII.teBOfi 
coJm 2-~ypanKap6onoBofi KnCaOTbI npe~ox<en MexaHH3M TepMHqeeKovO aegap6ogcHaapoBaHna. 
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