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ABSTRACT 

The correct thermal decomposition mechanism of Cu(C,H,O,)-3 H,O and Co(C,H,O,). 
2.5 H,O was established using simultaneous thermal analysis (TG, DTG, DTA) and mass 
spectrometry (MS) under inert gas atmosphere (Ar). The reaction mechanism was found to be 
endothermic and radical in nature for the M(C,H,O,) decomposition. Mass spectrometry 
proved the primary gaseous decomposition products to be H,O and C,H,Oi-, the tartrate 
diradical. This diradical itself showed a characteristic degradation scheme towards smaller 

and more stable molecules like H,O, CO, and CO. The formation of the metals Cu and Co 
could be proved by X-ray and TG experiments. 

INTRODUCTION 

Thermal analysis- thermogravimetry (TG), differential thermogravimetry 
(DTG), and differential thermoanalysis (DTA)-and mass spectrometry 
(MS) are widespread and helpful instruments in the hands of the chemist to 
reveal the energetics of phase transitions and chemical reactions, the thermal 
stabilities of educts and products as well as the nature and consistency of 
gaseous reaction products. Of itself thermal analysis provides only weak 
clues pertaining to reaction mechanisms, especially for the gaseous reaction 
products of thermal decomposition reactions. This is the principal shortcom- 
ing of the method but can be overcome by the use of a combined TA and 
MS thermoanalyzer, which allows combined and simultaneous monitoring of 
discrete TG, DTG, DTA and MS signals and curves and their correlation 
with temperature. 

In this paper we will report on simultaneous TA and MS experiments 
made on two d-element (M”) tartrate hydrate salts, Cu(C,H,O,) - 3 H,O 
and Co(C,H,O,) a2.5 H,O. The thermal behaviour of these and similar 
compounds has been reported repeatedly [l-7]. The experimental results 
published by these authors always contained the statement that the decom- 
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position mechanism was a two-step mechanism, the first step being an 
endothermic dehydration reaction, whereas the second step was an ex- 
othermic reaction yielding the transition metal oxides. This type of reaction 
mechanism, for the second step, was not found to be true. We repeatedly 
found, under the standard condition of an inert gas atmosphere (in this case 
Ar), that the second step was endothermic, yielding the metals, especially for 
the copper salt reaction, which we examined first in the course of our 

hydrogen bonding and hydrate water reactivity programme. To confirm the 
reproducibility of this reaction scheme we also proved it for the Co com- 
pound, which was found to be analogous. In both cases the metallic 
character of the residue was pointed out by weight loss and X-ray analysis. 
These experiments will be continued for other d-element (M2’) tartrate 
hydrate salts. Efforts are also made to prepare these compounds in the form 
of single crystals, as only such crystals guarantee a sufficient exclusion of 
impurities and homogeneous material. 

By this, the endothermic tartrate decomposition and the metallic residue, 
we decided to confirm the decomposition mechanism by means of mass 
spectrometry. This method in fact enabled us to monitor reproducibly the 
C,H,O, particle, most probably the diradical, to be the first particle to be 
eliminated from the tartrate in the course of the endothermic reaction down 
to the metal, a type of metal formation by means of a dicarboxylic acid salt 
decomposition, which could be proved for Ni oxalate by Dollimore [8]. 
Discrete fragments of the tartrate diradical apparently appearing synchro- 
nously and monitored by simultaneous MS confirmed the reaction mecha- 

nism, which will be discussed later. 
A reference search pertaining to the instrumentation of previous workers 

[9] confirmed that these authors either worked in air or in an “inert gas” 
atmosphere not pure enough to exclude oxidation of the metal formed in the 
course of the tartrate decomposition reaction. 

EXPERIMENTAL 

The compounds in question, Cu(C,H,O,) - 3 H,O and Co(C,H,O,) * 

2.5 H,O, were prepared in the form of single crystals, ca. 2 mm in diameter, 
by the gel-growth method in U-tubes. The sodium silicate gel used was 
prepared from a commercial sodium silicate solution with a Na,O : SiO, ratio 
of 1:2.85, having a H,O content of 63% (wt. W). The gel was precipitated by 
acetic acid. 

The TG, DTG- and DTA thermoanalytic experiments were carried out on 
a Netzsch STA 429 thermoanalyzer. The mass spectrometric results were 
obtained simultaneously with the TA results employing a Balzers QMG 511 
quadrupole mass spectrometer. A constant molecular beam directed into the 
high vacuum of the mass spectrometer of low6 mbar was kept upright by the 
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use of a heated Pt capillary tube with an inner diameter of 0.15 mm and a 
length of 120 mm, and an input orifice of 0.1 mm. The capillary tube was 
situated directly above the sample, as an integrated part of a special furnace 
for combined TA and MS experiments. As the instrumentation of our mass 
spectrometer allows monitoring either a mass scan up to m/e = 5 I1 or a 
continuous scan of the maxima of 12 selected masses (m/e), both attempts 
were made to secure the mechanism. The 12 masses represent the most 
intensive masses recorded in the course of the overall scan. The instrumen- 
tation of our mass spectrometer is similar to that described by Eppler and 
Selhofer [lo] and Yuen et al. [ 1 I]. 

The accompanying X-ray experiments were carried out on a Guinier-heat- 
ing camera (h = CuK,, ) and a Guinier camera system 621 (Huber/Rimst- 
ing) (X = CuK,,). The heating camera was built for open-system experi- 
ments (air) so that on the heating photographs only the diffraction patterns 
of CuO and Co,O, showed up and not those of the metals Cu and Co. Due 
to their thermal instability with the loss of H,O in normal air and in a dry 
inert gas atmosphere (T = 298 K), the compounds were not ground for 
thermoanalytical treatment in order to reduce their surface. 

RESULTS AND DISCUSSION 

The results of the simultaneous TG, DTG, DTA and MS thermal decom- 
position experiments are shown in Figs. 1 and 2 for Cu(C,H,O,) ~3 H,O 
and Co(C,H,O,) - 2.5 H,O, respectively. The curves in Figs. la and 2a show 
the TA experimental results whereas Figs. lb and 2b show the corresponding 
and simultaneous MS curves. The TG, DTG, and DTA curves in Figs. la 
and 2a show that the thermal decomposition reactions of both the Cu and 
the Co compounds take place in the two endothermic reaction steps as 
described below, i.e., under inert and pure Ar atmosphere conditions. 

Cu(C,H,O,) - 3 H,O (s) 297-:3 K Cu(C,H,O,) (s) + 3 H,O (g) (step 1) 

CW,H,O,) (s) 5oo-z3 KC~ (s) + [C,H,OQ’ (g) + fragments (g)] (step 2) 

Co(C,H,O,) ~2.5 H,O (s) 313-z3 KCo(C4H40e) (s) + 2.5 H,O (g) (step 1) 

wGH406) (4 550-z3 K Co (s) + [C,H,OQ (g) + fragments (g)] (step 2) 

The curves in Figs. lb and 2b show the simultaneously monitored ionic 
currents of the 12 most intensive masses, i.e. m/e. They are formed in the 
course of the thermal decomposition reactions of both tartrate hydrate salts 
and are: 



108 

293 323 373 L23 b73 513 573 623 673 723 773 TlKl 

T / \V DTA 

CU~tt6C161~3~0 base lim ,I’ 

______---7 ..i________- -_-- __-__-___,*‘____ 

Atmosphere: Ar. 15 I/h 

Heating fate. SKlmin 

Thermocouple: Pt/PtRh,lO%Rh 

SampltWdght~ 22.3mg 
! ,, 

0 OS 1 1.5 t [hl 

293 323 373 423 473 523 573 623 673 723 773 T IKI 

MS I = doA 

0 QS 1 15 tIhJ 

Fig. 1. Thermal analysis (TG, DTG, DTA) and MS curves for copper tartrate trihydrate, 
Cu(C,H,0,).3 H,O, studied under a purified Ar atmosphere. (a) Thermal analysis (TG, 
DTG and DTA) curves of the copper tartrate trihydrate decomposition reaction between’293 
and 773 K, showing the decomposition steps down to Cu and the TG base line. (b) MS curves 
of the 12 most intensive mass signals of the copper tartrate trihydrate decomposition reaction 
between 293 and 773 K, showing the dehydration and tartrate decomposition reaction as well 

as the tartrate fragmentation. 

m/e 14 = CH,+, 18=H,O+, 28=CO+, 30=CH,O+, 32=0,+, 
42 = C2Hz0+ (H-C = C-OH+), 44 = CO,+, 58 = C,H,O,+ (HO-C = C- 

OH+), 60 = C,H,O,+ (,,,=c<;;) , 74 = C,H,O,+ (‘>w<+ )I, 

0 0+ 

116 = C,H,O,+ , 148 = C,H,O,+ $,‘“E-E”,< 

0 k A ‘6 

The existence of a small tartrate peak in Figs. lb aqd 2b (m/e = 148), 



Atmqhorc: Ar. 15 l/h 

Hoot@ Rob: SKI min .:“” 
Thsrmocwplo: Pt/PtRh.rn%Rh I.,. 

,. ._... ..’ 
Cruciblo: AllO V 
sanplc waiglt: 22.omg 

32 

56 

v 

0 0.5 1 1.5 tll 

B 

t4 5 I=& 

11 

Fig. 2. Thermal analysis (TG, DTG, DTA) and MS curves for cobalt tartrate 2.5hydrate, 
Co(C,H,O,).2.5 H,O, studied under a purified Ar atmosphere. (a) Thermal analysis (TG, 
DTG and DTA) curves of the cobalt tartrate 2.5-hydrate decomposition reaction between 293 
and 773 K, showing the decomposition steps down to Co and the TG base line. (b) MS curves 
of the 12 most intensive mass signals of the cobalt tartrate 2.5hydrate decomposition 
reaction between 293 and 773 K, showing the dehydration and tartrate decomposition 
reaction as well as the tartrate fragmentation. 

induced by the very unstable C,H,Og diradical formed in the course of the 
decomposition reaction of the anhydrous tartrate, shows that this reaction 
follows a radical electron-transfer mechanism. This fact is also indicated and 
proved by X-ray powder diffraction analysis of the TA residues, which 
always show the powder diffraction pattern of the metals. Other monitored 
masses, with the exception of H,O (m/e = 18), also being formed in the 
course of the dehydration reaction (first step), are fragmentation products of 
the unstable tartrate diradical. Unfortunately, especially for the. copper 
compound reaction, we cannot definitely state that these fragments are 
formed exclusively in the furnace or in the ion source, a fact that could not 
even be clarified by changing the ionization voltage. Nevertheless, the results 
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of the Co tartrate hydrate decomposition reaction, which will be discussed 
later, indicate that the fragments should have been formed in the furnace, 
i.e., in the sample. Also, we cannot clearly state, with our experimental data 
and methods, that the monitored tartrate peak (m/e = 148) belongs to an 
open diradical species (I) or to a species built up of a sixmembered ring (II) 
formed by the open structure 

HO 
?\ I 7++ /2 

,,_I” “\,OH 
c-c 

6’ 

. : c-5-p;. 
/ \ 

- o=c 
\ /=O 

O-0 

( I 1 ( II ) 

The existence of species (II) is indicated by its decay products C,H,Oz- , 
m/e = 116 [structure (III)], and O,, m/e = 32. 

.o_~~c,OH 

o=c ’ 
x’ 

‘c-o e 
o-ox - 

oJ-!HC~O + 02 
I I 

H H 

( II ) t ill ) 

Furthermore, species (II) is also indicated by the appearance of the carbene 
CH, (m/e = 14), which can be seen in Figs. lb and 2b and must have been 

formed by cleavage of species (III) and subsequent OH and H migration 

7 7 7 oy-~-~go - *&, - 2 
‘\ ‘i’ 
p 

Sf. - 2 co, + 2CHn 

( Ill 1 

However, the low intensities of the corresponding peaks, m/e = 148, 116 and 
32, make a more detailed discussion of the problem impossible if species (I) 
or (II) prevails. 

Another interesting question comes from the peak m/e = 74. This peak 

HO 

may either result from the symmetrical half-fragment, C,H,O, ( 
H 

>c--c<T ), 
d 

of the tartrate, m/e = 148, or may be an effect from the ion source, namely 
C,H,Oz+. However, this is not very probable because the half-fragment 
diradical is the most plausible source of CH,O, the molecule producing 
CH,O+ , m/e = 30 

HO 
\ k? -co2 

c+c;. - .p _ o=c 
/H 

H’ ‘b 
6 

‘H 

However, the aldehyde molecule may also have been formed in a similar way 
by a bisection reaction from species (III), m/e = 116, and a mechanism 
described by 

o=c~~-~-c=o - 2 .eH_,=, 

* ? ? ? - 

2 CO + 2 CHfl 

( Ill 1 
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The half-fragment of species (III), m/e = 58, has the same mass as the 
dihydroxyacetylene, HO-C E C-OH and may be its source. This type of 
formation, by H migration, of that molecule seems to be more realistic than 

by H, elimination from the 

furnace, especially as no hints 
formation of that molecule. 

H\ /H 
ethylene, /c-c, (m/e = 60) in the 

HO 

OH 

could be found for an exclusive ion source 

The dihydroxyethylene and monohydroxyacetylene molecules, H\ 
HO 

,c=ccH 
OH 

and H-C = C-OH (m/e = 60 and 42), are either formed by CO, elimina- 
tion from the tartrate diradical [species (I)] or by CO elimination from 
species (II). Both reactions take place as both (CO, and CO) show up in 
Figs. lb and 2b. Nevertheless, from the high intensity of the CO, signal, 
clearly seen in Figs. lb and 2b, one must suppose the CO, elimination from 
the tartrate diradical to be more realistic. The acetylene, m/e = 42, is formed 
from the ethylene by H,O elimination. 

Although all masses observed in the course of the thermal decomposition 
reactions of both tartrate hydrates were identical, some characteristic dif- 
ferences do exist between their decomposition reactions, as shown by Figs. 
la and 2a. These results will be reported and discussed separately. 

Cu(C, H,O,) ‘3 H,O 

As indicated in Fig. 1, the copper compound, Cu(C,H,O,) . 3 H,O, is a 
relatively unstable substance. This fact is clearly seen when comparing the 
TG curve with the TG base line. The superposition of both curves reveals a 
significant H,O loss even at room temperature (298 K) which furthermore 
explains why the compound can only be stored for a longer period of time 
under closed system conditions and a H,O-saturated atmosphere. The TG 
base line, which represents the changes in the buoyancy of a given sample, 
was obtained by heating an inert sample under the same experimental 
conditions as the sample in question. 

The decomposition of the copper tartrate hydrate brings about 
Cu(C,H,O,) at 297 K which exists up to 523 K, at which temperature it 
decomposes to Cu (s) and a couple of gaseous reaction products, which are 
formed as described. The decomposition of the Cu tartrate is characterized, 
as shown by the curves in Fig. la, by a two-step mechanism; this can also be 
observed from the MS curves in Fig. 2b. The reaction is endothermic and not 
exothermic, as described by previous authors [l-7]. Such an exothermic 
behaviour is an effect of oxidation in air or not sufficiently purified “inert 
atmosphere”. This endothermic reaction shows a two-peak scheme on the 
DTA curve. The little precursor peak may be interpreted, as indicated by 
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slight changes in the diffraction pattern on the X-ray heating diagram, by a 
preceding solid-solid phase transition that initiates the decomposition reac- 
tion. This special behaviour is the subject of our present DSC and X-ray 
experiments on Cu(C,H,O,) in the temperature region in question. It is 
furthermore interesting that all monitored masses show simultaneously that 
two-peak reaction scheme, in contrast to the Co compound. 

Co(C,H,O,) -2.5 H,O 

As shown by the TG curve and the superposed TG base line in Fig. 2a, 
the Co compound is more stable than the copper compound. This fact is also 
described by Frei et al. [2,7]. It is therefore no longer necessary to take 
similar precautions for the long-time storage than for the Cu compound. 
Nevertheless, the ground material shows significant H,O loss when stored in 
dry air and also when it is taken in the dry Ar atmosphere of the thermobal- 
ante even at room temperature. So, in order to avoid any false interpretation 
of the results, only the crystals were examined. 

The hydrate salt decomposition, as shown in Fig. 2a, begins at about 313 
K, some 15 K later than the copper compound. Exactly as in the case of 
Cu(C,H,O,) - 3 H,O, the dehydration is a one-step reaction down to the 
tartrate, Co(C,H,O,). The tartrate itself is also more stable than the Cu 
tartrate, a fact which is clearly evident when comparing the TG, DTG and 
DTA curves of the corresponding reactions (see Figs. la and 2a). The onset 
of the tartrate decomposition is at about 613 K, at a heating rate of 5 K 
min- ‘. As in the case of Cu tartrate, the ranges of the particular decomposi- 
tion steps observed agree well with those formerly published [2,7]. Neverthe- 
less, the tartrate decomposition is endothermic and not exothermic, as 
described by these authors. 

In contrast to the copper tartrate, the cobalt compound shows some 
peculiarities in the TG, DTG, DTA and MS curves, which indicate that the 
monitored masses are formed in the furnace or in the crucible during the 
reaction and not in the ion source of the mass spectrometer as one could also 
easily suppose. This is because of the non-synchronous reaction scheme and 
appearance of the tartrate fragments in the mass spectrum, which can be well 
correlated with the TG, DTG and DTA curves (see Fig. 2). The first masses 
to be monitored are m/e = 44 (CO: ) and 18 (H,O+). Synchronously to 
these, mass (m/e) 58 shows a small preceding peak. Mass 58 represents the 
acetylene, HO-C - C-OH. Chronologically, the next mass to be monitored 

“7 i” is m/e = 28 of CO, formed by CO elimination from O-F-c-c-c=o , 

I I . 
Ii H 

C,H,O,, m/e = 116. Both molecules, CO and C,H,O,, appear synchro- 
nously on the mass spectrum in Fig. 2b. 
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Of further interest is the fact that the. maxima of m/e = 58, 42 and 14 
coincide with significant minima in the very intensive curves of the masses 
(m/e) = 44, 28 and 18. This fact can be well correlated with shoulders and 
changes of the gradient of the TG, DTG and DTA curves, respectively (see 
Fig. 2a, b). This correlation shows clearly that the masses monitored in the 
mass spectrometer are formed as molecules in the furnace. In the same 
temperature range the decomposition reaction shows some acceleration by 
way of an additional formation of the acetylenes, HO-C s C-OH and 
H-C z C-OH (m/e = 58 and 42), and the carbene, CH, (m/e = 14), whose 
formation has been described herein. In addition to this, the tartrate and its 
half-fragment 

HO 1 Jo 
,;‘-‘.&o 

show up clearly and significantly in Fig. 2b, whereas the formaldehyde, 
CH,O (m/e = 30), is monitored more diffusely than in the course of the 
copper compound decomposition reaction. 

Furthermore, it is interesting to note that the CO: MS curve shows an 
additional peak at 713 K, coinciding with significant DTA and DTG peaks 
in Fig. 2a, which is due to the CO, elimination reaction, possibly from 
CoCO,. The formation of the Co carbonate may be due to a partial 
oxidation of the Co metal by 0, from the six-membered ring tartrate. This 
explains why 0: (m/e = 32) does not show up on the mass spectrum. In 
addition, this may also explain why the residue of the Co compound 
decomposition reaction shows only a rather diffuse X-ray powder diffraction 
pattern, as opposed to that of the copper compound. This process, i.e., the 
partial oxidation of the metal, the formation of the carbonate and its 
decomposition, which causes the low crystallinity of the residue, is a conse- 
quence of the less noble character of Co in comparison to Cu, a fact pointed 
out by Frei and Ederova [7]. 

In summary, we can say that a compilation of all available data-TG, 
DTG, DTA, MS and X-ray-shows unambiguously that both compounds 
follow the same radical decomposition mechanism of the tartrates resulting 
in the metals and not the oxides. Furthermore, in both cases the reaction is 
endothermic, provided that it is examined under an inert atmosphere, so that 
the reaction is not influenced and disturbed by oxidation. A further im- 
portant fact is that the tartrate fragments are formed in the furnace and in 
the crucible, respectively, so that their appearance in the mass spectra 
confirms the mechanism. 
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