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The thermal decomposition of the malonates of biva!cnt transition metals (Mn, 
Fe, Co, Ni, Cu and Zn) was investigated by mainly TG-DTA, X-ray diffraction 
analysis and evolved gas analysis in atmospheres of N,, CO, and 0, and in the air. 
it was shown that CO2 has an inhibiting effect on the decomposition whereas O2 
and air have the accckating effects on the basii of N,. The decomposition of the 
salts investigated can be classified into three groups from solid decomposition 
products: Mn and Zn malonates gave the metal oxides including l-I.5 moles of 
elementary carbon, while Cu and Ni malonatcs gave the metals with l-l.5 moles of 
the carbon- Fe and Co malonatcs in the last group gave once &he metal oxides with 
14.5 moles of the carbon and the oxides produced were subsequently reduced to the 
metals by the carbon. A possible reaction mechanism for the malonatcs was discussed 
and compared with those of the corresponding oxalatcs and succinatcs. 

rZItbough many investigations have been carried out on the thermal dccomposi- 
tion of metal dicarboxylatcs, particu!arly, of metal oxaIatts, no systematic attempt 
has been made on the thermal decomposition of metal malonatcs. In continuation of 
our previous study’ on the thermal dehydration of i&dent transition metal donate 
dihydratts, this paper deals with the infiuencc of a systematic change of metal ions 
and that of ambient atmospheres on the thermal decomposition of the anhydrous 
salts. 
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FXPERhfESiiAL 

The preparations and elemental analysis of the metzd malonatc dihydratcs’ 
and the procedures of TG .DTA’, evolved _@s analysis and X-ray powder diffraction 
analysis2 were described in preceding papers. 

The TG nnd DTA curves of the malonates over the room temperature to 

1300 K in atmospheres of nitrogen, c;trbon dioxide and oxygen and in the air are 
shown in Fig,. l-4. The solid lines denote TG curyes and the broken lines denote 
DTA cu~\;es_ Table I summarizes the number of decomposition staze (n), the initial 
temperature ofdt-omposition (7;), the peak temperature of DTA (T,), the weight-loss 
(4w) and the products at each decomposition step. The products were determined 
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Fi& 3. TC;-D’I’A cues of transition metal malonzuc hydrates in a flowing osygcn armos~huc. 
--. TG: and _ _ . _, DTA. 

Fig. 4. I%-DTA CULVCS of transition metal malorme hydrous in a stak zir aunosphav. -. TG; 
and . . . .p DTA. 

by appropriate combinations of TG, X-rzy difiraction analysis, evolved 2s anziysis 
and combustion analysis for elementary carbon. 

The solid products obtained indiczted cenain characteristics of the decomposi- 
tion reactions, which can be surnmarkd as follows: (i) Mn malonate released first 
about I I3 molss of CO1 per moIe of the salt and ws then decomposed to a mixture 
of equivalent moles of MnO and elementary carbon in nitrogen and in carbon dioxide, 
whereas $ decomposed directly to Ma,O, in oxygen or in the zir exapt for the 
preliminaj stage with a small weight loss (l-Z%)_ (ii) Fe donate showed two 
stages of decomposition conesponding to the formations (Fe0 i- C) and (Fc -L 
I/2 C). respectively. in nitrogen but the tatter stage did not occur in carbon dioxide. 
In oxygea or in the air, it decomposed directly to Fez03- (iii) Co malonate decomposed 
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TABLE 1 

THERYAL ASALYSS DATA OF A!!iROU! METAL MAUBXATES IS YARIDUS ATWKPHERES 
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490 31.2 
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TABLE 2 

CmzK-r) II 02 2 8-3 36 16 
-_ 

throufi the stages of (Co0 f lj2 C) and (Co -i_ l/3 C) in nitrQgen.Thedecomposition 
manner in carbon dioxide was similar to that in nitrogen except that a considerable 
weight increase occurred above 690 K. It decomposed directly to Co203 in oxygen 
and in the air. (iv) Ni malonate decomposed in one step to (Ni +- C) in nitrogen and 
in carbon dioxide, and it was also found that an increase in weight occun-ed in the 
latter atmosphere above 700 K. The product in oxygen and in the air was NiO. 
(Y) Cu malonate decomposed in one step to (Cu i i/2 C) in nitrogen and in carbon 
dioxide, whereas it decomposed to CuO in oxygen and in the air. (vi) Zn rnalonatc 
released first l/2-1/3 COz and then decomposed to ZnO in all the atmospheres 
although I-5 moles of carbon were included under the decomposition in nitrogen and 
in carbon dioxide. 

The gaseous decomposition products were determined by gas chromatography. 
CO* prcdominatcd in the total gaseous products for all the salts except for Co 
malonate which evolved predominantly CO_ The ratios of COJCO given in Table 2 
varied with the metals, and the ratios for Mn, Ni, Cu and Zn malanatcs w-cre. much 
greater than those for the corresponding oxah&~, of which the vahres were about 
unity’_ The evolved gases contained Hz, Oz. CH4, II?O, HCOOCH3 and HCOOC,H, 
in small portions and the ratios of these gases also varied with the metals, i.e.. Mn 
and Zn malonates giving the metal oxides as a solid product were likely to evolve 
hydrogen-rich substances such as Hx and CH,, whereas Ni and Cu malonates giving 
the metals evolved O2 and Hz0 in abundance. 

Although methyl aatate has been described on the decomposition of Ni 
malonate by Galwey et aL4. we found methyl formate instead. At the decomposition 
temperatures of the salts, however, organic substanas with a high molecular weight 
would be’dccomposed to CO*. CH,. H,O etc._ due to the catalytic action of a nascent 
metal or metal oxide residue, which may lead to difficulty in their detection 

D-ON 

Eflects of umbient atmosphere on &composition prodkc~s 

It is considered to be reasonable that the solid produd formed in oAysn or in 
the air was MO or M203 and that no elementary carbon was formed in these atmos- 
pheres, because the following three reactions arc thermodynamically posiblc at the 
d&on&&ion temptures of the malonates. 



M ‘- I/2 02 + MO 
2 &MO + 1!2 o* + hi& 
c .i- 0, - co, 

(M =- Ni, Cu. Zn) 
(M -:- Mn, Fe, Co) 

In the absence of oxygen or at very low partial pressure of oxygen. whether the 
solid product is M or MO may depend on AC values of Reactions (1) and (2) and 
partial pressures of CO and CO1, because partial pressures of the other gass were 
found to bc very low from the gas chromatography. 

:%f -I- co2 -= MO $- co (1) 
2 .MO fC=2MfCOz (2) 

The experimental rcsuits showed that the malonatcs of Mn and Zn which have Iarge 
I;cgztiyc values of AC, of MO produced the metal oxides, and the ma?onatcs of Ni 
and Cu which hake small negative vaiues of AG, produced the metals, and the malo- 
natcs of Fe and Co which have the medium values produced the metal oxides once 
and then the metals by Reaction (2). Reaction (2) is considered to depend on the 
partial prsurc of C02. in fact, Reaction (2) for Fe malonate did not occur in carbon 
dioxide. Although Reaction (2) for Co malonate occurred even in carbon dioxide, the 
reaction temperature was somewhat higher than that in nitrogen and an increase in 
weight, probably, due to re-oxidation of Co to Co0 was subsequently followed. 

The decomposition residues in nitrogen and in carbon dioxide mntained some 
e1emcntax-y carbon, of which the amount, in general, was found to be smaller than those 
in the case of the corresponding succinates which have two me:hylene groups. The 
amount of carbon seems to depend somewhat on dG, of MO and on the action 
scheme, al:hou_& a rurthcr investigation of many other metals is n ecessary to clarify 
these dependences. 

lfie disproportionation of carbon dioxide represented by Reaction (3) is 
thermodynamically favorable, but Buttress et al.’ found in the study of the thermal 
decomposition of uwnyl oxalate in nitrogen that, at a temperature below 970 K, 
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Fis_ 5. ~~lab IWUBXI initii decomposition tanpaaturc (T3 of anhpirous mndk ITXUJ 
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the rate of the disproportionation is very low and even on the metal oxide catiysts, 
there is little reaction below 770 K’. It may be suggested, therefo.re, that most of the 
C and COz formed were produced directly from the decomposition of the salts_ 

2co+co1+c (3) 

-F,Beers of ambient atmosphere on decornposiiion tempwafures 

Figure 5 shows the plots of the initial decomposition temperatures of the 
malonates a@nst atomic number in various atmospheres. It was found that Ti 

dccmsed in the order of carbon dioxide, nitrogen, air and oxygen fk iill the saIts 
except for 2x1 malonate. in the case of which the variance was small in comparison 
with possible expcrimenti error. It is expected from the rule Qf chemical equilibrium 
that the decomposition rcaAons are depre_ssed in czrbon dioxide’, muse the main 
gaseous product was found to be COz. The reason for the accelerating effect of oxygen 
on the decomposition is not yet clear. However, oxygen is well known to react 
violently and exothermally wiLh carbon monoxide formed by the decomposition_ 
which leads to elevating the temperature of a part of the sample and removing carbor! 

monoxide from the surface of the sample_ These eff’ of oxygen seem to decrease 
decomposition temperature. 
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Fig 7. Knftarcd spectra (KBr disk) of the products at the initial decomposition SW in carbon 
dioxide- (2) Mn malonaxe; (b) Zn irtabnatc 
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The T, variances with the metals arc the same in dl the atmospheres as _sern in 
Fig. 5, which may sigSest that the decomposition of each malonate is initiated by a 
similar process in all the atmospheres used. 

Decomposirion mechanism of metal mahares 
The thermal stabilities which were cvajuated from Ti values, were compared 

among the oxa!ates, malonates and succinates. As is shown in Fig. 6, it was found 
that the maJonates decompose at the lowest temperatures among the corresponding 
three dicarboxylates and that the variance of Ti with the metals for the malonates is 
considerably smaJ1 compared with those for the other dicarboxylates, i.e., the metals 
make a poor contribution to t .*; initiation of the decomposition in the case of the 
malonates. The plots of Ti of the malonates against AC, of MO did not show a 
particular relation, which is different with the cases for oxaJates* and succinates’ of 
which the decomposition mechanisms have been described in the previous papers. 

Shishido and Om.sawara’ propsed a decomposition mechanism for alkali and 
alkaline earth metal malonates. The mechanism is based on the fact that a hydrogen 
atom in the methylene group which lies between two electron-attracting carboxyl 
groups behaves .as a proton, which possibly brins about the decarbonation and the 
formation of the peculiar imermediate including the C -7 C bond. 

We found that Mn and Zn malonates release 1/3-J/2 CO2 at the initial decom- 
position stages and that the products at this stage give the infnred spectra indicating 
the formation of the C = C bond, which is well-known to show an characteristic 

band around 1200 cm- ‘_ The spectra of the intermediates for Mn and Zn malonates 
are &en in Fig. 7. The resu!ts obtained in the present study do not seem to be 
contradictory to the mechanism proposed by Shishido and Ogasawara. 

fncrct2se in H-eight ufler ~ornpfele decomposirion 

After the complete decomposition for Fe, Co and Ni malonates in nitrogen, a 
distinct increase in wei@ was observed in the range of 830-130, 960-1300 and 
960-l 300 K, resmively, as can be seen on the TG curves in Fi_e. 1. A similar behavior 
was observed more distinctly on the decomposition of Co, Ni and Cu malouates in 
carbon dioxide (Fig 2). These phenomena could not be seen on the decomposition 
in oxyScn and in the air. This behavior scarccJy appeared in the literature on the 
decompsition of metal carboxylates. It would be possible to assume that a trace of 
oxygen in nitrogen and in carbon dioxide, which were used as a flowing gas, oxidized 
the produced metals or that carbon dioxide itself oxidizd the produced metals, 
because the metals produced showed such a strong pyropholicity as they burned in 
the air even nar room temperature. The increase in weight needs to be investigated 
further. 
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