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Abstract  

The thermal behaviour of complexes of the type M(Hlm)2ac~ (Him = imidazole, ac = ace- 
tate, M = Co, Ni, Cu) is different. Comparable to the thermal degradation of Ni(acac)2(HIm)2 
[10] the Ni(Hlm)2ac2 loss acetic acid by formation of Ni(Im)2. All nitrogen ligands are splitt off 
from the copper complex by formation of stable basic copper acetate. The cobalt compound eli- 
minated acetic acid partially while acetate and imidazolate bridging species are obtained. 

The thermal behaviour of the acetate complexes of pyrazole and the bulky 3,5-dimethylpyra- 
zole is quite similar. In a first step pyrazoliumaeetate is removed. 

The crystal structure of Ni(HPz)4ae2 is determined by X-ray diffraction: monocline, space 
group C 2/c. 

The water molecule represents the centre of two N-H.--O-H...O-bridges. The system of H- 
bridges in the compound relieves the proton transfer, indicated by the elimination of pyrazolium 
acetate. 

Keywords: crystal structure, imidazole and pyrazole acetate compounds, TG-DTG-DTA 

Introduction 

Metal carboxylates containing heterocycles and especially copper(II) com- 
plexes have been studied in an extensive way because of their interesting mag- 
netic and spectroscopic behaviour [1]. Moreover, the imidazole addition 
compounds of copper and cobalt carboxylates may form biochemical models for 
copper proteins or carboxy peptidases respectively [2] and they are also impor- 
tant in the field of pharmacology [3]. 

The interest that we show for metal carboxylates with such coordinated het- 
erocycles as imidazoles and pyrazoles, which have a trapped atom that is similar 
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to both pyridine and pyrrole, is due to the fact that these compounds are latent 
accelerators for epoxy resins. Imidazole (Him) and pyrazole (HPz) and their 
derivatives are efficient accelerators for the homopolymerization of epoxy res- 
ins [4]. But dative bond blocks the heterocycle in such a way that it is possible 
to achieve a good distribution of the latent accelerator in the resin. After this, a 
raise in temperature allows to set free the desired amount of heterocycles. An 
optimum setup of the polymer can be obtained in this way. This is decisive for 
the material properties of the products. In addition to this, modern technology 
can be used without any problem in order to process epoxy resins. This includes 
prepreg processes and unitary systems [5]. 

The first investigations made by us have shown that the thermal degradations 
of the imidazole 1,3-diketonates of cobalt, nickel and copper are topochemical 
reactions and that the process of these reactions largely depends on chelate ani- 
ons (e.g. on acetylacetonate or benzoylacetonate) and on the crystal structure 
marked by these anions [6]. In addition to this, we were able to show that the 
thermal decomposition within the substance goes on in a way similar to the deg- 
radation process in protic solvents or in epoxy resins themselves. Then, we di- 
rected our attention to the thermal behaviour of the heterocyclic addition 
compounds of the metal acetates of cobalt, nickel and copper. Investigations 
with regard to polymer chemistry have shown rather quickly that the accelerat- 
ing action and thus the thermal degradation are metal specific in this case. 

E x p e r i m e n t a l  

The preparation of complex compounds has been done according to the fol- 
lowing reference guidelines: I [7, 8], II [9], IIIb [10], VII [7, 11], VIII [12], 
IX [13], XI [I4a]. Compound lIIa has been obtained in an analytically pure way 
in the form of light-blue crystals by the dissolution of equimolar amounts of Ia 
and IIa in ethanol and subsequent concentration. All newly prepared com- 
pounds present correct data of analysis. 

The thermobalance designed by this Institute and the DTA measurement 
setup have been described in earlier papers [6a, 15]. 

The determination of crystallographic structure and the collection of data for 
Villa was done on a blue and irregular crystal with the help of an Enraf-Non- 
ions CAD4 diffractometer using MoK~ radiation (~ = 71.069 pm, graphite 
monochromator) at room temperature. An X-ray intensity of up to | = 27 ~ 
has been measured by means of ~-2| scanning. Correction according to 
Lorentz and correction of polarization was carried out [16]. No absorption cor- 
rection was done. Patterson synthesis (SHELXS-86 [17]) has yielded the posi- 
tion of the heavy atom and of most non-hydrogen atoms. The remaining 
non-hydrogen atoms have been established by means of differential Fourier syn- 
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cally according to the full matric LSQ process [16]. Hydrogen atoms have been 
localized using differential Fourier synthesis and they have been included in the 
improvement in an isotropic way. The final R-value has converged at 0.033 
(Rw = 0.042). 

Results and discussion 

The thermal degradation of metal acetate imidazole addition compounds 
M (Hlm) xaC2 

The acetates of cobalt, nickel and copper each form the binary addition com- 
pounds of M(HIm)2ac2 I [19]. The complex compounds of M(HIm)6ac~ II are 
known of cobalt and nickel in addition to this. In these complexes, six imidazole 
molecules surround the central atom in an octahedral way [9]. The structure of 
the tetraimidazole addition compound Cu(HIm)4ac2 IIIb has been established as 
well [10]. A marked hydrogen bond system appears in all these complex com- 
pounds. 

The acetate acts as a single-count chelate ligand in the tetrahedral complex 
Co(Hlmhacz Ic [7] and as a binary chelate ligand in Ni(Hlmhac~ Ia (~tur = 3.1 
B.M.), which obviously has an octahedral form. The acetato ligand is in a cen- 
tral position in the copper complex of Cu(Hlmhac2 Ib [8]. Both of the oxygen 
atoms enter into reciprocal action with the central atom in this case as well. The 
(4+2)-coordination which characterizes copper is taken into account by differ- 
ing Cu-O distances (i.e. Cu-O = 129.1 or 279.9 pm respectively). The hydro- 
gen bond system is analogous in all cases [7, 8] and it is comparable to the 
respective system of the corresponding acetyl acetate complexes 
Ni(acach(Hlmh IVa or to Co(acac)2(HIm)2 IVb [6b] respectively (intermolecu- 
lar hydrogen bridges between imidazole and acetato- or acetylacetonato li- 
gands). 

In this context, it is not surprising that IVa and Ia show a similar thermal be- 
haviour (Eqs (1) and (2)). But thermally induced proton migration from imid- 
azole to the acetate in Ia does not comprise one step as in the case of IVa but 
two steps. The amount of acetic acid split off allows the conclusion that there is 
a multinuclear mechanism (Fig. 1)*. 

Ni(aeae)2(HIm)2 - 2 Haeae Nilm2 
26o~ (1) 

IVa V 

Equations (1) through (14) show the Am values [%] found without brackets and those obtained by 
calculation in brackets below the arrows. Temperature data refer to the initial temperature of 
DTG--eurvcs, i. e. to the temperature of completed thermal degradation. 
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Ni(Hlm)2ac2 - 0.75 Hac - 1.25 Hae Nilm2 (2)  
180~ 250~ 

l a  V 

The formation of the polymer compound V [20] makes it also possible to un- 
derstand the thermal degradation of compound Ni(HIm)6ac2 IIa (Eq. (3)) and of 
complex compound Ni(HIm)4ac2 Ilia (Eq. (4)). The latter can be obtained from 
Ia and IIa by means of ligand redistribution. 

- H2lmac 

- H21mac - 2 Him 
Ni(HIm)ate2 22.0 (21.9) "Ni(HIm)a(Im)ae" 45.0 (45.1) ' Nilm2 (3) 

l l a  190~ 270~ V 

- H:Imac - Hzlmac 

Ni(HIm),ae2 28.5 (28.5) 28.5 (28.5) Nilm2 (4) 

I l l a  185~ 255~ V 

Equations (3) and (4) show that one mol each of imidazole and acetic acid is 
split off probably under the form of the H2Imac 'imidazolium acetate' addition 
compound roughly at the same temperature in the first step during the thermal 
degradation of compounds IIa and Ilia. [The same applies to H2Melmac 
(Eqs (9) and (10)), H2Me2Pyac (Eq. (11)), and H2Pzac (Eqs (12) and (13)).] A 
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molecule of this salt is released once more in the second step and two more 
molecules of imidazole are set free in addition to this in order to preserve diimi- 
dazolate V in the case of compound IIa. 

T/~ 
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Fig. 2 Thermal degradation of Cu(Hlm)2ae2 Ib 

The thermal behaviour of complexes Cu(HIm)2ac2 Ib (Fig. 2) and 
Cu(Hlm)4ac2 IIIb has quite a different outlook. Both compounds split off all 
constituents containing nitrogen during a first step (Eqs (5) and (6)) and form 
an alkaline and extremely stable copper acetate with the composition of 
Cu(OH)2-3Cuac2. The formation of hydroxo groups might be explained by the 
formation of N-acetylimidazole [Im--C(O)CH3]. No detection was made to find 
Im--C(O)CH3 in gaseous decomposition products. Air humidity might transfer 
the compound into imidazole and acetic acid. As it is known of verdigris, alka- 
line copper acetate transforms into mixed copper oxide acetates while splitting 
of acetic acid [21]. The following transformation is done releasing acetic anhy- 
dride in analogy to copper(II) acetate at increased temperatures. 

- 3 Him 

2Cu(Hlrn)2ae2 -"Im--C(O)CH3" 

49.4 (49.8) 

Ib 290~ 

- 7 Him 

2Cu(Hlm)4ae2 -"Im--C(O)CH3" 

1/2Cu(OH)2.3Cuae2 - Hae CuO.Cuac2 (5) 

9.1 (9.4) 

39o~ 

l/2Cu(OH)2"3Cuac2 - Har 

6 4 . 5  ( 6 4 . 6 )  6 . 5  ( 6 . 6 )  

l l lb 285~ 385~ 

CuO.Cuar (6) 
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Fig. 3 Thermal degradation of Co(Hlm)2ac2 le 

Ib shows a characteristic difference to Cu(acac)2(HIm)2 with regard to ther- 
mal degradation. In the latter case, acetylacetone is eliminated in the first step 
in analogy to IVa [6a]. Complex compound Co(HIm)2ac2 Ic also shows a spe- 
cific behaviour during thermal degradation (Fig. 3). One mol of acetic acid is 
split off for every two mols of cobalt complex in a first step. This leads to a blue 
cobalt complex IV which has a tetrahedral coordination. VI is insoluble in all 
known solvents and it is very accessible in a preparative way. Two molecules of 
imidazole as well as one molecule of imidazolium acetate are split off for every 
dimer unit at a temperature in a range of more than 150~ in a second degrada- 
tion step (Eq. (7)). 

- Him 

- Hae - H2Imae 
2Co(Hlm)2ao2 9.3 (9.6) Co2(Hlm)3(lm)ae3 30.8 (31.3) ' 2"Co(lm)ae" (7) 

le  175~ Vl 330~ 

The 'imidazolato-cobalt(II) acetate' coordination polymer obtainable in this 
way decomposes into cobalt(II) oxide at a temperature up to 460~ N-acetyl 
imidazole should be eliminated formally in this process. But the wide peak in 
the DIG diagram (Fig. 3) shows that this process is by far more complex. 

Thermal behaviour is accompanied by the oxidation of the central atom in 
the case of complex Co(HIm)6ac2 IIb surrounded by 6 molecules of imidazole 
in an octahedral way. This feature is encountered often for cobalt(II) complexes 
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in a nitrogen rich environment and it is also found for compound Co(HPz)4ac2 
VIIIc (section 3) which contains pyrazole. An imidazolato-cobalt(III) oxide is 
the decomposition product which remains at a temperature of between 350 and 
400~ (24.3%). 

Coordination compounds of the type 1,2 M(HMelm)2ac2 (VII) will be 
formed only if imidazole is replaced by the more bulky 2-methyl imidazole 
(HMelm). Heterocycles substituted with methyl show very much the same be- 
haviour towards the corresponding metal halogenides [22]. 

The thermal behaviour of copper compound VIIb (Eq. (8)) and of cobalt 
compound Vile (Eq. (9)) corresponds to those of imidazole complexes Ib and 
Ic (Eqs (5) and (7)). 

-3 HMelm 

-Melm-C(O)CH3 - Hac 
2Cu(HMelm)2ae2 53.4(53.0) l/2Cu(OH)2.3Cuae2 811 (8.7) ' CuO.Cuae2 (8)  

Vl lb  3 IO~ 360~ 

-HMelm 

- Hae -H2Melmae 
2Co(HMelm)2ae2 8.3(8.8)' Co2(HMelm)3(Melm)ae3 32.5(32.8) ' 2"Co(Mehn)ae" (9) 

Vllbr  140~ 340~ 

But the structural analysis of VIIb has shown a cis-arrangement of ligands 
[11] in contrast to trans-Cu(HIm)2ac2 Ib [8]. Equations (5) and (8) show that 
both present the same thermal splitting pattern. This leads to the conclusion that 
the elimination process is controlled by thermodynamics. 

The thermal behaviour of Ni(HMelm)2ac2 VIIa (Eq. 10) appears to be very 
much different in comparison with Ia (Eq. 1). 

- H2Melmac - Melm-~(O)CH3 
Ni(HMelm)2ae2 41.2(41.6) "Ni(Melm)ae" 37.5(37.0) NiO (10) 

Vl la  310~ 360~ 

The reasons leading to the different thermal behaviour of Ni(HMelm)2ac2 
(VIIa) and Ni(Hlmhac2 (Ia) are not of a trivial nature. It might be due to differ- 
ences in the hydrogen bonding system which might allow thermally induced 
proton migration to proceed only from a single 2-methyl imidazole ligand to a 
single acetato ligand in the case of VIIa. 
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The thermal decomposition of metal acetate pyrazole addition compounds 
M(HPz) xaC2 

The M(HPz)4ac2 1,4 complexes of nickel VIIIa, copper VIIIb and cobalt VI- 
IIc are the only ones known for pyrazole (HPz) [12] while the 1,2 complexes of 
Ni(HMe2Pz)2ac2 IXa Cu(HMe2Pz)zac2 IXb [ 13], and Co(HMe2Pz)3ac2 IXc can 
be prepared with the help of the more bulky 3,5-dimethyl pyrazole (HMe2Pz). 

The compounds belonging to the IX type and nickel complex VIIa show a 
comparable thermal behaviour. '3,5-dimethyl pyrazolium acetate' is eliminated 
in every first stage of decomposition (Eq. (11)). 

- H2Me,2Pzae - Me~Pz-C(O)CH3 MO 
M(HMe2Pz)2ac2 ' "M(Me2Pz)ac" (I I) I) 

IX 

IXa: 1) 43.0 (42.3); 230~ 
IXb: 1) 41.5 (41.8); 190~ 
I X c :  Co(HMe2Pz)3 ac2 : 1) 34.0 (33.5); 190~ 

In addition, the separation of N-acetyl-3,5-dimethyl pyrazole [Me2Pz- 
C(O)CH3] allows the conservation of the metal oxides. Stoichiometry suggests 
the additional decomposition of 1 mol of HMeff'z only in the case of cobalt 
compound IXc. 
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Fig. 4 Thermal  degradation of  Ni(HPz)4ac2 H20 V i l l a  
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Compounds Villa and VIIIb present only small differences with regard to 
their thermal degradation (Fig. 4). Two clearly separated degradation stages 
have been found for Villa. They can be interpreted in accordance with 
Eq. (12). The first stage includes the separation of two molecules of pyra- 
zolium acetate and of one water molecule. Several energetic processes can be 
assigned to this stage as it is expressed in the DTA curve (Fig. 4). Xa is very 
stable from a thermal point of view. (The thermochemical reaction can be used 
for the preparative obtention of binary pyrazolato nickel Xa [12]) and it only de- 
composes into metallic nickel above a temperature of 380~ This is in analogy 
to imidazolate complex V [6a]. Complex Xb is also obtainable according to the 
acetate method [ 12]. But the release of pyrazolium acetate from VIIIb is char- 
acterized by a total of 3 individual steps at a temperature range above 150~ 
(Eq. (13)). 

- 2 H2Pzae 

- H20 - 2 " P z "  

Ni(HPz)4ae2(Hg)) 57.6(57.0) Ni(Pz)2 29.2(29.8) 

Vil la  180~ Xa 410~ 

Ni (12) 

- 2 HzPzae 
Cu(HPz)4ae2 230oc 290oc 335oC Cu(Pz)2 (13) 

Vll lb  Xb 

A particular behaviour appears in the case of complex compound VIIIc. it is 
not astonishing that VIIIc (CoN, Ch chromophor) undergoes a process of oxida- 
tion in the course of thermal treatment if you take into account the fact that co- 
balt(III) compounds have a strong tendency for combining when the nitrogen 
content in the coordination sphere is !,gh. The complex decomposes into pyra- 
zolato-cobalt(III) oxide in a single stage at approximately 340~ (of. the thermal 
degradation of IIc). 

The structurally known complex compound Ni(HPz)4CI2 XI [14] shows a 
characteristic difference to acetate complex Villa. All imidazole is eliminated 
thermally in 2 separate stages (Eq. (14)). The fact that the chloride ion presents 
an essentially weaker alkaline and in this way also a by far weaker proton ac- 
cepter in comparison to the acetate is especially important for this different be- 
haviour. 

- 3 HPz - HPz 
Ni(HPz)4C12 49.5(50.7) Ni(HPz)Clz 16.8(16.9) NiCl: (14) 

Xl 250~ 355~ 

J. Thermal Anal., 42, 1994 



452 D(7)RING et al.: LATENT COORDINATION COMPOUNDS 

An X-ray structure analysis has been carried out for VIIIa in order show the 
structural differences which should be important for the characteristics of the 
thermal degradation processes. 

The crystal structural analysis of complex Ni(HPz)4ac2.H20 

Suitable crystals of the Villa compound have been obtained from a mix of 
ethanol and water. Tables 1 and 2 show crystal data and information on struc- 
ture determination. The Villa complex is centrally symmetrical, while the 
nickel atom has an octahedral coordination geometry and is situated at the cen- 
tre of symmetry (Fig. 5). For this reason, the opposite pyrazole rings are 
twisted by 180 ~ with regard to one another. This is in analogy to the correspond- 
ing XI complex (Fig. 6) [14]. In addition to this, the pyrazole rings of com- 
plexes Villa and XI have quite comparable Ni-N distances and bonding 
lengths, cf. Fig. 6 and Table 3. 

Table 1 Crystallographic dates Villa 

Morphology of crystals blue, irregular 

Formula C 16H2~O4NsNi.H20 

Molweight M, = 467.1 g/tool 

Crystal system monoklin 

Space group C2/e (Nr. 15) 

Lattice 

a 1214.7(2) pm 

b 1440.7(1) pm 

e 1207.3(1) pm 

~3 91.71(1) ~ 

Volume of elementary cell V = 0.2111(1) nm -3 

Density (ealc.) Dc = 1.47 gem -1 

Formula units Z = 4 

Absorption coefficient bt = 9.6 cm -I (MoK~) 

|  27 ~ 

Reflexes independence of symmetry 3648 (aus 3936) 

observed reflexes with 2968 

Quantity of improved parameters 178 

R 0.033 

Rw 0.042 

Density of residual electrons 0.31 epm -3 
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Table 2 Atomeoordinates (.104) and parameter U (pro2-10 -l) for the ~quivalente isotrope 
temperature factor exp(-8x2Usin20 / X 2) for Ni(Hpz)4ae2.H20 Villa 

Atom x y z U~ 
Ni 2500 2500 0 29(4) 

O(i) 3152(1) 1165(1) 26(1) 45(2) 
0(2) 3554(1) 460(1) -1541(1) 65(3) 
0(3) 5000 796(1) 2500 47(3) 
N(1) 4022(1) 2986(1) 608(1) 36(2) 
N(2) 4787(1) 2430(1) 1179(1) 40(3) 
N (3) 2972(1) 2828(1 ) -1626(1) 35(2) 
N(4) 3444(1) 2215(1) -2301(1) 40(2) 
C(1) 3414(1) 467(1) -525(1) 37(3) 
C(2) 3568(2) -434(1) 110(2) 49(4) 
C(3) 5702(1) 2897(1) 1368(1) 49(4) 
C(4) 5535(2) 3796(1) 1070(2) 56(4) 
C(5) 4485(2) 3819(1) 603(2) 50(4) 
(2(6) 3785(2) 2624(1) -3224(1) 52(2) 
C(7) 3520(2) 3539(1) -3157(1) 53(4) 
C(8) 3010(2) 3635(1) -2158(1) 46(3) 

C4" 

C6" C5" , ~ ~ 3 "  

C 3 ~ ~  C5 
C4 

Fig. 5 Molecule structure of Ni(HPz)4ae2 H20 with marking of the atoms [18] 
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H. ..H 

"""Ni'"'" 209,7(3)pm 

x<, I I 2 /  

Fig. 6 Schematie representation of the molecule structure of Ni(I-IPz)4Cl2 [141 

Table 3 Selected bonding distances Ipml and -angles I~ of Villa with * marked atoms 
representing symmetry elements 

Ni-0(1) 208.0(1 ) N(2)-C(3) 133.7(3 ) 
Ni-O(1)* 208.1(1) N(3)-N(4) 134.2(2) 
Ni-N(1) 208.9(1) N(3)-C(8) 133.0(2) 
Ni-N(1)* 208.9(1) N(4)-C(6) 133.7(2) 
Ni-N(3) 211.5(1) C(1)-C(2) 151.6(2) 
Ni-N(3)* 211.5(1) C(3)--C(4) 135.7(3) 
O(1)---C(1) 125.3(2) C(4)--C(5) 138.0(3) 
O(2)-42(1) 124.4(2) C(6)--C(7) 136.0(3) 
N(1)-N(2) 134.1(2) C(7)-C(8) 137.9(3) 
N(1)--C(5) 132.5(2) 

O(1)-Ni--O(1)* 180.0(0) Ni-N(3)-N(4) 123.3(1) 

O(1)-Ni-N(1) 88.4(1)  Ni-N(3)-C(8) 131.1(1) 
O(1)-Ni-N(1)* 91.6(1) N(4)-N(3)--C(8) 105.1(1) 
O(1)-Ni-N(3) 96 .2(1)  N(3)-N(4)--C(6) 111.4(2) 

O(1)-Ni-N(3)* 83.8(1) O(1)--42(1)-O(2) 125.1(2) 
N(1)-Ni-N(1)* 180.0(1) O(1)-C(1)-C(2) 116.7(2) 
N(1)-Ni-N(3) 89 .4(1)  O(2)-C(1)-C(2) 118.3(2) 
N(1)-Ni-N(3)* 90.6(1) N(2)-C(3)-C(4) 107.2(2) 
Ni-O(1)-C(1) 146.9(1) C(3)-C(4)--C(5) 105.1(2) 
Ni-N(1)-N(2) 123.0(1) N(1)--C(5)-C(4) 111.3(2) 
Ni-N(1)-C(5) 132.3(1) N(4)-C(6)-C(7) 107.3(2) 
N(2)-N(1)-42(5) 104.7(1) C(6)-42(7)--C(8) 105.3(2) 
N(1)-N(2)-C(3) 111.7(2) N(3)--C(8)--C(7) 110.9(2) 
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The essential difference between the two structures lies in their respective 
hydrogen bond systems. Intramolecular N-H..-CI hydrogen bridges (320 pm) 
appear in compound XI. In accordance with XI, coordination compound Villa 
presents a monoclinic lattice space group C2/c and also 4 formula units for 
every elementary cell. But one molecule of water is found for every formula 
unit in addition to this. It is fixed by means of intermolecular hydrogen bridges. 
In this way, a spatial hydrogen bond system is set up with the help of N--H...O- 
H.--O (2) bridges (292.0 and 280.0 pm respectively). It includes the two acetate 
groups and 2 pyrazole groups each in the complex molecule (Fig. 7). 

Fig. 7 Sight of Ni(HPz)4ae2 H20 to illustrate the system of the H-bridges 

This means that the replacement of chloride by acetate and the addition of 
one water molecule transform the intramolecular structure element N- 
H.--CI...H-N in the crystal lattice of XI into the intermolecular group N - H - O -  
H.--O...C containing six atoms in the crystal lattice of Villa (Fig. 7). The 
thermochemical consequences of these different structural elements have been 
shown in section 3 (Eqs (12) and (14)) and they shall be discussed in the fol- 
lowing part. 

J. ~erma/ AnaL, 42, 1994 
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Discussion 

The thermal degradation of pyrazole and of the 3,5-dimethyl pyrazole metal 
acetates VIII and IX is determined by kinetic factors to a large extent. This 
means that the process depends on reaction patterns which are set by the respec- 
tive structural factors. This appears in a particularly characteristic way in the 
example of compound Villa (Eq. (12)). The water molecule acts as a mediator 
allowing several elimination processes (shown in Fig. 4) within a limited tem- 
perature interval. No proton transfer occurs in XI but pyrazole is split off 
(Eq. (14)). In contrast to this, a thermally induced proton transfer occurs from 
pyrazole to the acetato ligand in compound Villa. This finally leads to the 
elimination of pyrazolium acetate (Eq. (12)). The transfer of protons from the 
pyrazole molecules which do not have hydrogen bridges does not seem to pre- 
sent any problem either. The uncoordinated NH modules of the heterocycle in 
the crystal are arranged in such a way as to allow the formation of new hydrogen 
bridges (Fig. 7) and an additional transfer of protons after the separation of one 
molecule of pyrazolium acetate. For this reason, the same thermal degradation 
is observed when water is not available as a proton mediator. But is includes 
several individual steps and covers a temperature range that is by far larger 
(Eq. (13)). 

The sublimation of the pyrazolium acetates seems to be favoured by their 
comparatively high volatility. It also presents the first reaction step in the de- 
composition of the acetate complexes with 3,5-dimethyl pyrazole (IX) 
(Eq. (11)). The intermediate products 'M(Me2Pz)ac' are obtained since these 
results only in complexes including 2 or respectively 3 coordinated heterocycles 
because of steric hindrance. These intermediates can decompose into metal ox- 
ide while formally eliminating N-acetyl-3,5-dimethyl pyrazole. The release of 
N-acetyl derivatives is mainly observed when only pyrazolate or imidazolate 
and acetate respectively are linked with the central atom at increased tempera- 
tures. This separation should be preceded by a nucleophilic attack on the acetate 
made by pyrazolate or imidazolate respectively. The electrophilic tendency of 
carbon in the acetate ligand increases as the negative charge is transferred more 
and more to the central atom. Two factors act in favour of an increased electro- 
philic tendency and they coincide especially in the 'M(Pz)ac' or 'M(Im)ac' 
compounds which have been partially decomposed by thermal processes. On 
the one hand, this is the binary function of the acetate (chelate or bridge) and, 
on the other hand, it is the small number of ligands on the central atom. 

Topochemical factors determine the thermal degradation of the metal ace- 
tates containing imidazole and 2-methyl imidazole and belonging to types I, II, 
III and VII only to a limited extent. In spite of similar structures, we find dif- 
ferent thermochemical reactions (Fig. 1 through 3) depending on the metal in 
compounds M(HIm)2ac2 Ia-Ic. The complexes of I form a space lattice by 
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means of intermolecular hydrogen bridges [10, 8]. It is similar to the lattice of 
the corresponding acetylacetonate compounds IV [6b]. In this way, the analo- 
gous thermal behaviour of Ia and IV seems logical. Compounds IIa and Ilia 
contain more imidazole and their thermal degradation includes the separation of 
imidazolium acetate and imidazole by formation of V. This can also be ex- 
plained since the acetate is fixed by means of several intermolecular N-  
H...O.-.C hydrogen bridges in both complex compounds [9, 10]. This allows a 
transfer of protons to the acetate or, respectively, by way of the acetate and thus 
the separation of imidazolium acetate within the solid body. 

In a way different to the nickel compounds, the copper complexes Ib, IIIb 
and VIIb containing imidazole or methyl imidazole respectively, split off the 
heterocycles containing nitrogen and form alkaline copper acetates in a first 
stage although they have a different structural setup [7, 8, 11]. 

In contrast to this, the thermolysis of the copper complexes VIIIb and IXb 
containing pyrazole or dimethyl pyrazole respectively follow a different reac- 
tion process which is obviously determined by the special tendency to form 
products including pyrazolato ligands such as Cu(Me2Pz)ac or Cu(Pz)2. 

Cobalt compound Ic eliminates acetic acid in a first step, thus forming a tet- 
rahedral species VI which obviously seems to be bridged by acetate and imida- 
zolate. The fact that no acetic acid but rather imidazole and imidazolium acetate 
are set free in the next decomposition stage of VI is due to the stability of these 
bridges. This is in agreement with the thermal degradation of Co(ac)2.4H20 
which also splits off one molecule of acetic acid for every two molecules of co- 
balt acetate at approximately 130~ and forms a tetrahedral cobalt complex 
bridged by means of hydroxy and acetate groups [23]. The fact that it also ap- 
pears in the decomposition pattern of VIIc (Eq. (9)) indicates the particular sta- 
bility of the type of structure represented by VI. We would like to point out at 
this place that proton migration must always occur in the case of the thermal 
separation of acetic acid or imidazolium and pyrazolium acetate respectively. 
Imidazole and pyrazole act as a NH-acid species [6a] and acetate as an acceptor 
of protons. Proton acceptor strength is greater in single-count than in binary 
function. The transfer of protons from the heterocycle may fail to occur when 
the acetate has a strong binary linkage (bridge function as e.g. in compound 
VI). 

The variation of central atom and nitrogen heterocycle has shown that the 
thermal behaviour of metal acetates containing imidazole and pyrazole presents 
great differences which are due to the relative domination of kinetic and ther- 
modynamic factors. In this way, neutral compounds having the same 
stoichiometric composition can release either acetic acid or imidazole under 
similar thermal conditions, the latter being the predominant product. This 
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makes it possible to achieve acid or alkaline thermal latence and it presents in- 
teresting aspects for application in polymerization accelerators. 
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Zusammenfassung - -  Komplexverbindungen des Typs M(HIm)~c2 ( H i m  = Imidazol, a c  = 

Ace.tat, M = Co, Ni, Cu) zcigen ein diffcrenziertes thermisches Vcrhalten. Dcr thcrmische Ab- 
baudcr Nickclvcrbindung r analog dem Ni(acac)2(Hlm)2 [10] unter Frcisctzung yon Essig- 
s~ure und Bildung yon Ni(Im)2. Dcr Kupfcrkomplcx spaltct a rc  stickstoffhaltigen Liganden unter 
Ausbildung stabiler basischer Kupfcracctate ab. Die Cobaltverbindung elininicrt thcrmisch tcil- 
wcise Essigs~urc, sodafi stabile acetat- bzw. imidazolatverbr~cktr Species r 
Die Pyrazol- bzw. die stcrisch anspruchsvollen 3,5-Dimcthylpyrazol-komplexr zeigen ein unter- 
einander verglcichbares Vcrhalten, wobei in einem erstcn Schritt jewcils Pyrazoliumacctat frci- 
gesetzt wird. 
Die Kristalstruktur yon Ni(HPz)4ac2 wurde durch R6ntgcnbcugung bestimmt: monoklin, Raum- 
gruppr C2/c. 
Die Vcrbindung bcsitzt tin ausgeprfigtcs Wasserstoffbrfickcnsystcm mit einvm Wasscrmolekfil als 
Zentrum zweier N-H...O-H...O-Brficken, wodurch der leichte Protoncntransfcr unter Abspal- 
tung von Pyrazoliumacetat vcrst~ndlich wild. 
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