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XII. Are there only the split - off bonds activated during 
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H. Langfelderovd and O. HodCtr 

DEPARTMENT OF INORGANIC CHEMISTRY, SLOVAK TECHNICAL UNIVERSITY, 812 37 
BRATISLAVA, CZECHOSLOVAKIA 

(Received September 5, 1989) 

The study of the thermal dehydration of the compounds CuX2.nH20, where X" were for- 
mate, salicylate or phtalate anions, was performed, including the observations of structural 
changes of compounds during their decomposition. It is shown that the dehydration of cop- 
per(II) formate tetra- and dihydrates is accompanied by significant changes in the bonding of 
the formato groups and remaining water molecules. Two structurally different modifications 
of Cu(HCOO)2.2H20 were prepared, the structure differences are clearly demonstrated in 
their decomposition stoichiometry. The dehydration of copper formate hydrates was found 
to be controlled by chemical reaction on the phase boundary. The dehydration of the copper 
salicylate tetrahydrate and copper phtalate monohydrate is accompanied by the structural 
changes of the whole compounds, as well, however these processes are diffusion or nuclea- 
tion controlled. 

T h e r m a l  d e c o m p o s i t i o n  reac t ions  of  coord ina t ion  compounds  are  in the 
fac t  l igand subs t i tu t ion  reac t ions  in the solid state,  the leaving l igand being 
subs t i tu t ed  by  original ly ou te r  shell  anions  or  molecules .  Ano the r  possibil i ty 

is tha t  the  l igands,  not  r e l eased  in the reac t ion ,  enhance  the n u m b e r  of  
f o r m e d  coo rd ina t i on  bonds .  Such p rocesses  need  in many  cases the 

r e c o n s t r u c t i o n  of  the  whole  ne twork  of the  chemica l  bonds  and  the course  

of  the d e c o m p o s i t i o n  reac t ions  is d e p e n d e n t  on the  overal l  s t ruc tu res  of  the 
coord ina t ion  c o m p o u n d s  [1, 2]. 

T h e  d e h y d r a t i o n  of  severa l  Cu( I I )  aquacomplexes  with he t e rogeneous  
c o o r d i n a t i o n  spheres ,  as occur  in some hydra tes  of  c o p p e r ( I I )  carboxyla tes  
was widely  s tud ied  and  c o m p a r e d  with the same reac t ions  of  o ther  cent ra l  
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atoms carboxylates [3-7]. The study of mutually isomorphous compounds 
M(HCOO)2.2H20, where M stands for divalent atoms of the first transition 
row [3] showed that the lowest thermal stability, measured as the starting 
temperature of the decomposition and it's activation energy, can be at- 
tributed to the Cu(II) compound. Because these data were related to the 
bond strength of the M - OH2 bonds [3], we collected the known crystal 
structure data on these compounds. As it can be seen (Table 1), although the 
correlations between the M - OH2 distances and decomposition tempera- 
tures and activation energies hold for other studied central atoms, they fail 
for the Cu(HCOO)2.2H20. We think that the bond distances central atom - 
leaving ligands would be the dominant factors only in the cases when no 
other changes in the compound's structure would take place. The dehydra- 
tion of several divalent transition metals salicylates was studied, as well [6]. 
However, the established array of their thermal stability was different from 
that found for analogous formates. 

Table 1 The data on the thermal dehydration of compounds M(HCOO)2.2H20 [3] in comparison 
with the bond distances M-OH2 

M(ll) E*, kJ mo1-1 r(M-OH2)~ pm Ref. 
Mn d 5 106.8 221.6 216.8 8 
Fe d 6 108.4 208.4 215.3 9 
C o  d 7 111.8 206 207 10 
Ni d 8 117.5 204.2 205.9 11 
Cu d 9 103.2 197.4 204.4 12 
Zn d 1~ 102.4 210.3 205.0 13 

In this contribution we want to demonstrate that the heating of the com- 
pounds leads to the activation of the whole chemical bonds network, which 
may be reflected in the completely changed structural situation in the 
product. This was the aim of the present study of the thermal dehydration of 
the hydrated copper formate, salicylate and phtalate. 

Experimental 

Chemicals: CuSO4.5H20 p. a., NH3(aq) p. a., C6H4OHCOONa p. a., 

C6H4(COOH)2 p. a. 
Syntheses: The investigated complexes were prepared according to the 
known methods: Cu(HCOO)2.4H20 [15], fl-Cu(HCOO)2.2H20 [4], 
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Cu(C6H4OHCOO)2.4H20 [16], Cu(C6H4OHCOO)2.2H20 [17] and 
Cu{C6H4(COO)2}.H20 [18]. All other compounds were prepared via regu- 
lated thermal decomposition of the listed ones. 
Analytical methods: Copper(II)  content in the prepared compounds was 
determined complexometrically against murexide indicator. The water con- 
tent was ascertained from the thermal decomposition curves. The elemental 
analysis gave the carbon and hydrogen contents. The analytical compositions 
of the studied compounds are shown in the Table 2. 

Table 2 Chemical analysis of the prepared compounds 

Compound % Cu % C % H % H20 

calc. exp. calc. exp. caic. exp. ealc. exp. 
Cu(HCOO)2.4H20 28.16 28.20 10.64 10.38 4.48 4.80 31.94 31.58 

a-Cu(HCOO)2.2H20 33.51 33.56 12.66 12.44 3.19 3.06 19.00 18.80 

fl-Cu(HCOO)z.2H20 33.51 33.52 12.66 12.71 3.19 3.22 19.00 18.50 

a-Cu(HCOO)2 41.37 41.40 15.62 15.50 1.31 1.41 

fl-Cu(HCOO)2 41.37 41.29 15.62 15.70 1.31 1.39 

Cu(sal)2.4H20 a 15.50 15.59 40.99 41.25 4.43 4.50 
Cu(phtal) .H20 b 25.86 25.50 39.08 39.10 3.28 3.31 

Cu(phtal).0.5H20 26.85 26.84 38.95 38.90 2.98 2.94 

Cu(phtal) 27.91 27.90 42.17 42.08 1.77 1.80 
a 

salicylate anion C 6 H 4 O H C O O -  

phta la te  anion C6H4(COO)22- 

17.00 17.50 

7.33 7.20 

3.80 3.50 

Apparatus:  The thermal decomposition of the compounds was studied with 
an OD 102 derivatograph (MOM Budapest).  Ceramic crucibles with an 
upper diameter of 14 mm were used. The temperature was measured with 
Pt, Pt-Rh thermocouple. The sample weight was 200 rag, the temperature in- 
crease was 2.5 deg min -1. X-ray powder patterns of the compounds were 
gained on the Czechoslovak goniometer GON - 2 with CuKa radiation and 
Ni filter. 
Infrared spectra were taken on Specord 75 - IR spectrophotometer in the 
region 400 - 1700 cm -1, the electronic spectra were measured on Specord M 
- 40 between 11.000 and 35.000 cm -1 or Unicam SP 700 (7.000 - 18.000 cm -1) 
was used. Both types of measurements were done using nujol suspension 
technique. In some cases magnetic moments at room temperature were 
measured, using Guy method and CuSO4.5H20 ,as standard. Diamagnetic 
corrections have been computed by means of Pascal's constants. The values 
of effective magnetic moments were calculated according to the equation 
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l~eff = x ' M  T. 

The specific surface of samples, sieved to various mesh sizes were measured 
using the B.E.T. method on Sartorius thermobalances. Measurements of the 
thermal properties of studied compounds and the evaluation of kinetic 
parameters. 

All samples, before measurements, were finely powdered and sieved to a 
mesh size of 0.18. Activation parameters for the studied reactions were 
evaluated from the TG curves using the Coats - Redfern [14] and ~kvfira- 
~estfik [19] methods. For the method [14] least squares procedure was used, 
the reaction order n was choosen from 5 values (0, 1/3, 1/2, 2/3 and 1) ac- 
cording to the criterion of the best linearity. 

Results and discussion 

Two well defined hydrates of copper formate are known - the tetra- and 
dihydrate. In the compound Cu(HCOO)2.4H20, there are only two water 
molecules coordinated to the central atom, remaining two being placed be- 
tween copper formate sheets together with both coordinated water 
molecules [20]. Under  experimental conditions, used in this work, the 
tetrahydrate decomposes in the first step into the dihydrate (Fig. 1). Ac- 
cording to the X-ray (Fig. 2) powder patterns, the last compound has the 
same crystal structure as it was found for crystalline Cu(HCOO)z.2H20 in 
[12]. This crystal structure consists from two types of coordination 
polyhedra. The first of them is formed by oxygen atoms from six different 
formato groups, the other by four water molecules, placed in the equatorial 
plane and two oxygen atoms from bridging formate groups in the axial posi- 
tions. Considering the structures of both compounds, we have to assume 
serious changes in the network of the chemical bonds. Because the formato 
groups have in the reactant anti - anti [20] and in the product anti - syn (one 
half) or anti - anti (the second half) configuration [12] it is obvious that in 
the studied reaction are not involved only the originally uncoordinated 
water molecules, but at least one half of the chemical bonds Cu - OH2 and 
Cu - O (formate) should be reconstructed. According to the X-ray powder 
patterns of the decomposition intermediates (Table 3) the tetrahydrate is in 
the reaction mixture present even after lost of more that 1 mole H20  per 1 
mole of complex, the dihydrate appears in the reaction mixture at the very 
beginning of the decomposition. However, the powder diffractograms of the 
dehydration intermediates couldn't be completely indexed when considering 
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Fig. 1 Thermal decomposition of the copper formate hydrates: Cu(HCOO)2.4H20 (. 
a-Cu(HCOO)2.2H20 ( - - - )  and fl-Cu(HCOO)2.2H20 ( . . . . .  ) 

the presence of both hydrates, nor when considering the presence of the 
"royal blue" Cu(HCOO)2, which is the only product of decomposition of the 
Cu(HCOO)2.4H20 in vacuo [5]. It can be therefore assumed that during the 
dehydration a new phase is formed, which couldn't be identified till now. 

When preparing the Cu(HCOO)2.2HzO according to [4] from a solution, 
the gained product differed from that obtained through dehydration of 
Cu(HCOO)2.4H20 in its powder pattern (Fig. 3) and infrared spectrum 
(Fig. 4). The compound, labelled as/5-Cu(HCOO)z.2H20 is thermodynami- 
cally less stable than the product of the thermal dehydration of 
Cu(HCOO)2.4HzO, labelled as a-form. The greenish-blue/5-form changes 
into the light blue a-Cu(HCOO)z.2H20 in few days at the room tempera- 
ture. The differences in the powder patterns of the both compounds (Figs 2 
and 3) indicate different interplanar distances and different occupation of 
the diffraction planes. On the basis of the IR spectra of both compounds 
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Fig. 2 The X-ray powder patterns of a. a-Cu(HCOO)z, b. a-Cu(HCOO)2.2H20 and 
c. Cu(I-ICOO)z.4H20 
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Fig. 3 The X-ray powder patterns of a. fl-Cu(HCOO)2, b. fl-Cu(HCOO)2.2H20 
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Fig. 5 The thermal decomposition of the Cu(sal)2.4HzO 
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Table 3 The X-ray powder patterns of the intermediates of the dehydration of the Cu(HCOO)2.4H20 

Cu(HCOO)2.3.7H20 Cu(HCOO)2.2.96H20 
20 Ir, % 20 It, % 

14.2 86 T 14.4 43 T 
14.65 25 
15.45 100 T 15.4 17 T 
17.0 28 17.0 32 
18.0 100 T,D 18.0 90 T,D 
18.95 67 T,D 18.95 81 T,D 
19.40 91 T,D 19.40 80 T,D 
21.00 65 D 21.0 100 D 
27.3 46 T 
22.6 42 T 
24.1 21 T 
24.4 38 T,D 24.4 23 T,D 

Cu(HCOO)2.2.SH20 
20 lr~ % 

17.0 
18.0 98 T,D 
18.70 77 T,D 
19.40 87 T,D 
21.0 100 D 

24.3 23 T,D 
24.9 22 T,D 

25.1 22 D 
26.0 18 D 26.0 34 D 26.0 44 D 
26.7 30 D 26.7 35 D 26.7 40 D 

Abbreviations T: Cu(HCOO)zAH20, D: a-Cu(HCOO)z.2H20 

(Fig. 4) different coordina t ion  of  fo rmato  groups  to the central  a tom can be 

suggested,  because the most p r o n o u n c e d  differences were found for Vl (CO) 

vibration in the region 1320-1380 cm -1, which is especially sensitive to the 

mode  of H C O O -  coordinat ion [21]. The coordinat ion polyhedra  of  Cu(I I )  

are in both compounds  nearly equally deformed  Vmax (d-d)  being 12.900 

cm -1 for the a - fo rm and 12.800 cm -1 for the fl-form, respectively. 

The  dehydra t ion  of the copper  formate  hydrates was studied from the 

view point  of its s toichiometry and kinetics. The data  on the decompos i t ion  

tempera tures  and stoichiometries are given below: 

Cu(HCOO)2 .4H20  20~ a - C u ( H C O O ) 2 ( H 2 0 ) 2  (1) 

a - C u ( H C O O ) 2 ( H 2 0 ) 2  5-~4~ a - C u ( H C O O ) 2  (2) 

I te f f  = 1.99 B.M. tueff = 1.96 B.M. 

J.. Thermal Anal., 36, 1990 
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fl-Cu(HCOO)2.2H20 22~ Cu(HCOO)2.1.5H20 

/~eff = 1.96 B.M. l~eff = 1.93 B.M. 

Cu(HCOO)2.1.SH20 61"~ fl-Cu(HCOO)2 

(3) 

(4) 

,Ueff = 1.72 B.M. 

The structural differences between both forms of Cu(HCOO)2.2H20 are 
reflected in their decomposition stoichiometry (Fig. 1) as well as in the 
structures of the reaction products. The influence of the preparation mode 
of the copper formate dihydrates on the stoichiometries of their thermal 
decomposition is mentioned in [4], as well, but without consideration of the 
possible structure differences between them. Although the composition of 
the product of the reaction (3) would suggest a dimeric structure, the 
electronic spectrum of this compound and it's room temperature magnetic 
moment do not allow to consider the copper acetate type structure. 

From the literature, three modifications of the anhydrous copper formate 
are known, but only the crystal structure of the a-Cu(HCOO)2 (the royal 
blue modification) is known [22]. In this compound is the Cu(II) pentacoor- 
dinated, all HCOO- have anti-syn configuration. Therefore, during the 
dehydration of the a-Cu(HCOO)2(H20)2 the bonds Cu-O (formate) have to 
be activated and reconstructed, too. 

The kinetic evaluation of the studied dehydration reactions of the cop- 
per(II) formate hydrates (Table 4) showed that the reactions are controlled 
by the chemical reaction on the phase boundary. The influence of the 
particle's size on the activation parameters was studied for 
Cu(HCOO)2.4H20 (Table 5). According to these results, the activation 
parameters are not influenced by the size of the decomposed particles. The 
values of activation energies and preexponential factors, established for the 
dehydration of the Cu(II) formate hydrates are relatively low (Table 4). Al- 
though the activation energies, found for the first decomposition step of the 
a- and fl-Cu(HCOO)2.2H20 are quite near to each other, the values of the 
preexponential factors are considerably different. This would mean that the 
reactions are entropy controlled and the structure changes, accompanying 
the dehydration are different for the both forms of Cu(HCOO)2.2H20. 
These findings are in good correlation with the results given above. 

Tt~nnd AnaL, 36 1090 
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Table 5 The size of decomposed particles of the Cu(HCOO)z.4H20 and the activation energy of the 
dehydration 

Fraction Specific Mean radius E*, n E*, Mechanism 

size, surface, of 
pores 

mm m2/g /zm ILl mol-l[14] kJ mol-l[19l 

0.40-0.18 4.47 3.81 77.3_+3.8 2/3 73.5__.1.7 R3 
0.18-0.15 4.74 3.80 79.6-+2.5 2/3 69.4-+2.1 R3 

The copper(II) salicylate is known in tetrahydrated, dihydrated and an- 
hydrous forms. In the tetrahydrate, there are two water molecules coor- 
dinated to the Cu(II), the next two are in the crystal structure hold by an 
extended system of hydrogen bonds [16]. The structure of the copper(H) 
salicylate dihydrate is of OD type, copper(II) atom being pentacoordinated 
[17]. Although the structure and bonding situation in the Cu(sal)2.4H20 
seems to be analogous with the copper(II) formate tetrahydrate, the course 
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Fig. 6 The X-ray powder patterns of the a. Cu(sal)2.4H20, b. Cu(sal)2.3.37I-I20, 
c. Cu(sal)2.2.SH20 and Cu(sal)2.2H20 
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of its thermal decomposition is quite different. To the contrary with the 
literature data [16], the heating of this compound leads to its anhydrous 
form (Fig. 5), the release of the last portions of water is connected with the 
partial decomposit ion of the compound.  This reaction stoichiometry is 
probably due to the overall lowering of the crystal stability, caused by the 
break-down of the original hydrogen bonds network. The compound 
Cu(sal).2H20 can be prepared from the tetrahydrate by a slow dehydration 
at the room temperature.  The powder diffraetograms of the partially decom- 
posed Cu(sal)2.4H20 (Fig. 6) show the complete absence of the tetrahydrate 
at the ratio H20  : Cu(II) = 3.37 : 1, which is completely different picture 
than observed for the dehydration of the Cu(HCOO)2.4H20. 

DTA 

/I \ 

o 

o 

rJ 
�9 ~ -Ic I 

)o 150 200 250 
Teml:~rature ~~ 

Fig. 7 The thermal decomposition of the Cu(phtal).HzO 

According to the kinetic data (Table 4) is the reaction rate diffusion con- 
trolled. The activation parameters found for the dehydrat ion of the 
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Cu(sal)2.4H20 are markedly higher than those found for copper(II) formate 
tetrahydrate. 
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Fig. $ The X-ray powder patterns of the a. Cu(phtal).H20, b. Cu(phtal)z.0.SH20 arid c. 
Cu(phtal) 

Hexacoordinated atom Cu(II) occurs in the compound Cu(phta- 
late).H20, where the water molecules and phtalate groups form bridges be- 
tween two erystallographically unequivalent Cu(II) atoms [18]. The 
decomposition stoichiometry (Fig. 7), found at isothermal [7] conditions, as 
well as at dynamic conditions, used in this work is the same. The inter- 
mediate of the decomposition - Cu(phtalate).0.5H20 - is according to it's X- 
ray powder patterns (Fig. 8) and electronic spectra a new individuum. 
Although the powder patterns of Cu(phtalate) monohydrate, hemihydrate 
and of anhydrate are very similar, indicating only slight changes in the crys- 
tal structures, the electronic spectra of them indicate substantial changes in 
the symmetries of the coordination polyhedra in the first decomposition 
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step. In the electronic spectrum of the Cu(phtalate). H 2 0  there is an ab- 
sorption maximum, corresponding to the d-d transitions, centered at 14.800 
cm "1 with an intense shoulder at -12.500 cm -1. The energetically higher ab- 
sorption band was preserved in the electronic, spectrum of the hemihydrates 
as well, but the low-energy shoulder was shifted to the 11.900 cm -1. More 
over a new band appeared in the spectrum, centered at -26.500 cm -1. This 
may indicate the presence of the units [Cu2(H20] 4+, which absorb at these 
wavelengths, according to [23]. The anhydrous copper(II)  phtalate exhibits 
absorption bands at 25.000, 14.700 and 11.900 cm -1, the low energy shoulder 
being more intensive than at hemihydrate. The results of the X-ray powder 
analysis and electronic spectra of all three compounds show that although 
the changes in the crystal structures of the compounds are not that expres- 
sive as found for formates and salicylates, they are accompanied by marked 
changes in the symmetries of coordination polyhedra. This would mean that 
again other, not only the broken chemical bonds should be activated during 
the heating. However, in this case as well as at the dehydration of the 
Cu(sal)2.4H20 we can not be sure whether these bonds are released and 
newly formed during the process or not. 

The kinetic evaluation of both the decomposition reactions of the 
Cu(phtalate) .H20 gave results, indicating that the diffusion (the first 
decomposition step) or nucleation (the second step) are the rate controlling 
mechanism, respectively (Table 4). The value of the activation energy for the 
formation of the hemihydrate is in good agreement with the data [7], we 
have found lower activation energy for the second decomposition step as in 
[7] (Table 4). 

Concluding we can say that the studied dehydration reactions are con- 
nected with more or less expressive changes in the crystal structures, sym- 
metries of coordination polyhedra and binding modes of the nonvolatile 
ligands. Consequently all chemical bonds, present in the decomposed com- 
pound are activated during the process and the decomposition stoichiometry 
as well as the activation parameters depend on the structure of the whole 
compound and can not be correlated with the strength or other charac- 
teristics of the split bonds only. 
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Zusammenfassung --Es wurde die thermische Dehydratation der Verbindungen 
CuX2.nH20 mit dem Formiat-, Salicylat- und Phthalatanion als X" unter gleichzeitiger 
Beobachtung eventueller Strukturver/inderungen dieser Verbindungen w~ihrend der 
Dehydratation untersueht. Es wird gezeigt, dass die Dehydratation yon Kupfer(II)-formiat 
Tetra- bzw. Dihydrat yon einer eindeutigen Ver~inderung der Bindungsverh/iltnisse der For- 
miatgruppen und der verbleibcnden Wassermolekiile begleitet wird. Es wurden zwei struk- 
turell verschiedene Modifikationen von Cu(HCOO)2.2H20 hergestellt, die 
Strukturunterschiede zeigen sich deutlich in der St6chiometrie ihrer Zersetzung. Die 
Dehydratation yon Kupferformiathydraten wird dureh die chemische Reaktion an der 
Phasengrenze kontrolliert. Die Dehydratation yon Kupfersalieylat Tetrahydrat und Kup- 
ferphthalat Monohydrat wird yon einer Strukturver/inderung des ganzen Molekiiles 
begleitet, unabh~ingig davon, ob der Vorgang durch die Diffusion odor Kembildung bes- 
timmt wird. 
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