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ABSTRACT 

Thermal pyridine dissociation reactions of the bis-pyridine adducts of bis( N-alkyl-sub- 
stituted-salicylideneaminato)nickel(II), abbreviated as Ni( N-R-X-salam),py, (R = Me; X = 
5-MeO, 5-Me, H, 5-F, 5-Cl, 5-Br, 5-NO,: X = H; R = Et, n-Pr, i-Pr, n-Bu, i-Bu, n-pentyl, 

n-hexyl, n-heptyl, cyclohexyl), were characterized by means of TG, DSC, and isothermal 
weight-loss measurements. These adducts dissociated 2 moles of pyridine per mole of the 
adduct at one stage in the temperature range 350-470 K; the depyridination reactions for the 
adducts including R = i-Pr or i-Bu gave rise to pseudo-tetrahedral parent complexes and 
those for the remaining adducts gave square-planar parent complexes. The AH values, heat of 
depyridination, varied in the range 98-165 kJ mole-‘, depending on the nature of R and X. 
Kinetic analyses revealed that for all the adducts the reactions followed the contracting-disc 
equation. The logarithmic values of the rate constants at 350 K linearly decreased with an 
increase in AH values, indicating that kinetic bond stability could be correlated with 
thermodynamic bond stability with respect to the Ni(II)-pyridine linkage. It was also shown 
that on substituting X on the aryl rings the Ni(II)-pyridine bond strength was influenced 
predominantly by the electronic effect of X, and on substituting R on the imine nitrogen 
atoms the bond strength was influenced predominantly by the steric effect of R. 

INTRODUCTION 

The bond stability of metal-ligand linkage in the coordination com- 
pounds has often been discussed in terms of the initial temperature of the 
thermal ligand dissociation reaction observed in thermoanalytical curves 
such as TG or DTA/DSC [ 11. Although the bond stability expressed with 
such an initial temperature reflects the kinetic features of the reaction, it 
does not necessarily reflect the thermodynamic feature of the bond stability. 
In fact, several works dealing with both kinetic and thermodynamic bond 
stabilities have suggested that the initial temperature does not always corre- 

0040-6031/83/$03.00 0 1983 Elsevier Science Publishers B.V. 



308 

spond to the thermodynamic bond stability [2-41. Since the observed initial 
temperature on the thermoanalytical curve is to be affected by the experi- 
mental conditions and the reaction mechanism, the kinetic bond stability 

Fig. 1. Ni( N-R-X-salam) 2. 

should be described more strictly by using a rate constant at a normalized, 
definite temperature. Then, it is thought to be significant to examine the 
relation between the kinetic bond stability denoted in this manner and the 
thermodynamic bond stability. 

In the present work, thermal analysis has been carried out on the thermal 
pyridine dissociation reactions in the solid phase of a series of adduct 
complexes, bis(pyridine)bis( N-alkyl-substituted-salicylidene- 
aminato)nickel(II) shown in Fig. 1, abbreviated hereafter as Ni( N-R-X- 
salam) 2pyZ. The reaction rates and the heats of reaction are discussed in 
connection with both the kinetic and thermodynamic bond stabilities for the 
linkage between the central Ni(I1) ion and pyridine. 

EXPERIMENTAL 

The pyridine adducts, Ni( N-R-X-salam) 2 py2, were prepared as described 
elsewhere [5] and were identified by means of nickel and pyridine analyses. 

The TG and DSC curves were recorded on a Rigaku Denki 8002 thermal 
analyzer at a heating rate of 10 K min-’ in a flowing nitrogen atmosphere. 
a-Al,O, was used as reference material. The AH value, the heat of dissocia- 
tion of pyridine from the adduct, was determined by measuring the DSC 
peak area following the method of Beech et al. [2]. The instrument was 
calibrated against the heat of transition of potassium nitrate [6]. The data 
listed in Table 1 are given as mean values of more than three measurements, 
and the associated uncertainties are the standard deviations from the mean 
values. The kinetic analyses of the depyridination reactions were carried out 
on the basis of the weight-loss curves; these were recorded under isothermal 
and dynamic (heating rate 1 K mm-‘) conditions on a Sinku Riko TGD- 
3000-RH thermal analyzer in a flowing nitrogen atmosphere. Coats and 
Redfern’s method [7] was employed for the dynamic weight-loss curve 
analyses. A 15-20 mg aliquot of the sample (particle size 200-250 mesh) was 
provided in each run. 
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RESULTS 

The bis-pyridine adducts subjected to the present investigation are listed 
in Table 1. These showed the magnetic moments, p,.t = 3.09-3.31 p8 at 
298 K, as expected for Ni(I1) complexes with octahedral coordination [8]. 
Their electronic spectra were composed of two peaks with the maxima at ca. 
10.0 and 17.0 x lo3 cm-‘; 
‘k 

these could be ascribed, respectively, to the 
zg + ‘Tzg and 3AzR + 3Tl,( F) transitions of the Ni(I1) ion in the octahedral 

crystal field [9]. It was noted that these positions scarcely varied when the 
substituents R and X were different within the series of the present adducts. 

The TG and DSC curves indicated that 1 mole of the respective adducts 
liberated endothermally 2 moles of pyridine at one stage in the temperature 
range 350-470 K and no intermediary formation of a mono-pyridine adduct 
occurred. These findings agree with the thermoanalytical results for Ni( N- 
Bu-X-salam),py, (X = H and Cl) complexes [lo] and for the Ni( N-[R- 
C,H,]salam),py, (R = 4-MeO, 4-Me, H, 4-F, 4-Cl, and 4-Br) complexes [5]. 
The depyridination of these adducts other than 10 and 12 produced the 
diamagnetic parent complexes Ni( N-R-X-salam), with square-planar coordi- 
nation, while that of adducts 10 and 12 gave the paramagnetic parent 
complexes with pseudo-tetrahedral coordination. As for the latter two cases, 
their authentic parent complexes isolated from the solution are also para- 
magnetic with pseudo-tetrahedral coordination [ 111. Thus, the depyridina- 
tion reactions are accompanied by a change in the coordination structure 
around the Ni(II) ion, i.e. from octahedral to square-planar for the former 
and from octahedral to pseudo-tetrahedral for the latter adducts. 

The AH values for the depyridination reactions are listed in Table 1; for 
adducts 11 and 13-15, their AH values could not be determined as the DSC 
peak was overlapped by that due to the melting of the resultant parent 
complex. 

The kinetic analyses for the depyridination reactions carried out on the 
isothermal weight-loss curves for adducts l-7 indicated that the reactions fit 
fairly well the contracting-disc equation 

1 - (1 - (Y)“~ = kt 

where (Y, k, and t denote the molar fraction of the adduct which liberated 
pyridine, the rate constant, and the time, respectively. This is exemplified 
with the results obtained for adduct 3 in Fig. 2. Figure 3 shows the 
Arrhenius plots. The activation energy, E,, and pre-exponential factor, A, 
given in Table 1 are those calculated from the slope and the vertical intercept 
of a straight line in Fig. 3 by means of the least-squares method. The 
dynamic weight-loss curve analyses carried out using the method of Coats 
and Redfern also indicated that the reactions follow the contracting-disc 
equation, as shown in Figs. 4 and 5. Then the E, and A values given in 
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Fig. 2. Contracting-disc rate plots for the depyridination reaction of adduct 3 under isother 
ma1 conditions. 

Table 1 are calculated by using the relationship [7] 

ln[2( 1 - (1 - a)1’2)/T2] = ln[ AR/jIE,( 1 - 2RT/E,)] - E,/RT 

where p is the heating rate, and R is the gas constant. Good agreement i 
seen in both E, and A values which were determined by the above twc 
methods. 

-1. 

2.4. 2.6 2.8 3.0 

103/T 

Fig. 3. Arrhenius plots for the depyridination reactions of adducts 1-7. 
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Fig. 4. Rate plots for the depyridination reactions of adducts 1-7 under dynamic conditions. 

For adducts 8-16, their kinetic parameters are those determined from the 
dynamic data. 

In order to compare the rate constants they should be normalized. The 
values at 350 K are taken here; at this temperature all adducts undergo the 
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Fig. 5. Rate plots for the depyridination reactions of adducts 8-16 under dynamic conditions. 
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depyridination reaction. The logarithmic values of k,,, given in Table 1 are 
calculated from the E, and A values determined under dynamic conditions. 
It is seen from Table 1 that not only the initial temperature but also the 
maximum temperature in- the DSC curves can be related to the log k,,, 
values. 

DISCUSSION 

Thermodynamic and kinetic bond stabilities 

Although a large number of transition-metal compounds have been coor- 
dinated with the volatile, neutral molecular ligand, only a few kinetic and/or 
thermodynamic data on the thermal dissociation of the volatile ligand have 
so far been reported. Beech et al. [2] have shown that in the reaction 

NIX 2 py4 (solid) + NiX,py,(solid) + 2 py(gas) (X = Cl, Br, and I) 

the AH values fall in the range loo-143 kJ mole-‘, the AH values, 98- 165 
kJ mole-‘, found for the present adducts are in a similar range. 

It may be considered that in practice the AH values determined in the 
present investigation are the mean values of the enthaIpy change over the 
temperature range of the DSC peak for the depyridination reaction 

Ni(N-R-X-salam),py,(solid)-Ni( N-R-X-salam),(solid) + 2 py(gas) 

In order to describe precisely the thermodynamic Ni(II)-pyridine bond 
stability, the AH, value, enthalpy change in the following gas phase reaction, 
should be adopted 

Ni( N-R-X-salam), (gas) + 2 py(gas)-Ni( N-R-X-salam),py, (gas) 

The A Hf value is related to the AH value as 

AH, = -AH + [AH,,,(Ni(N-R-X-salam),py,) 

-A H,,,(Ni( N-R-X-salam),)] 

where A Hsub represents the enthalpy of sublimation for the respective 
compounds. Actually the A Hsub values could not be easily determined. 
However, it is probable that in a series of complexes with analogous ligands 
the differences in the AH,,, values do not vary much with different ligands 
[2]. If this assumption is accepted, the AH values may be takenas a measure 
of the thermodynamic bond stability of the Ni(II)-pyridine bonding. 

As shown in Fig. 6, the plots of AH vs. -log k350 indicate that AH 
increases linearly’as - log k350 increases, i.e., the thermodynamic characteris- 
tic is closely related to the reaction rate. The relation obtained here is 
thought to be further supported by the fact that the same reaction scheme, 
i.e. contracting-disc equation, is ‘adopted for the reactions of all the com- 
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Fig. 6. The relationship between AH and -log kJso values. 

plexes investigated here. The reaction rates of the thermal ligand dissociation 
of the coordination compounds are not always determined only by the 
process of their metal-ligand bond cleavage, but are often determined by the 
diffusion process of the liberated gaseous ligands. Therefore, without taking 
into account kinetic analyses data, the initial temperatures of the reactions 
observed in TG or DTA/DSC curves should not be related to the 
metal-ligand bond stabilities. 

Effect of the nature of substituents X and R on the Ni(II)-pyridine bonding 

Previously, we have reported that in the Ni( N-(Y,-C,H,)salam),py, com- 
plexes electron-withdrawing Y increases the Lewis acidity of the Ni(I1) and 
hence increases the activation energies for the thermal depyridination reac- 
tions [5]. As Table 1 shows, this tendency is also observed in the present 
adduct complexes on substituting X on the aryl rings. For adducts l-7 the 
AH values correlate linearly with Hammett’s para-substitution constant up of 
X [ 121, as shown in Fig. 7. The electron-releasing methyl group decreases the 
AH value, while the electron-withdrawing nitro group increases it. Similar 
plots against a,,, values gave a rather scattered relation. These facts indicate 
that the substituents transmit their electronic effects predominantly via the 
phenolato oxygen atoms to Ni(I1). Unfortunately, there is no thermody- 
namic data in solution with which the present data for the solid state could 
be compared. The - log k,,, values also increase linearly with an increase in 
the up values, as seen in Fig. 6. The Ni(II)-pyridine bonding in the present 
adducts is generally considered to occur through the u-donation of pyridine 
to the Ni(I1) and the r-electron back-donation from the Ni(I1) to pyridine. A 
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OP 

Fig. 7. Plots of AH and -log k,,, g a ainst Hammett’s up values for adducts l-7. 

positive slope in the AH vs. up plots suggests that the Ni(II)-pyridine bond 
stability is dominated by the u-donation, i.e. the electron-withdrawing sub- 
stituent X reduces the electron density on the Ni(I1) and facilitates the 
u-electron donation of pyridine. 

It is seen from Table 1 that the changes in the -log k,,, values for 
adducts 3 and 8-16, including a series of N-alkyl substituents R, are so large 
that these changes cannot be ascribed only to the electronic effects of R. 
Moreover, a noticeable relation was not seen between the -log k350 values 
and the inductive substitution constants of R [ 131. It is observed that a 
decrease in the electron-donating property of R rather causes an increase in 
the -log kj5,, values. Therefore, alkyl groups in the adducts seem to exert 
their steric effects toward pyridine coordination. Adducts 10 and 12 having 
a-branched R are different from the remaining adducts; upon pyrolyses they 
gave rise to the tetrahedral parent complexes. In the AH vs. -log k,,, plots 
in Fig. 5, their plots deviate from a straight line. The - log /c,,~ values for 10 
and 12 are larger than those for 9 and 11 with the normal alkyl chain groups. 
It is of interest to refer to the solution equilibrium data by Schumann et al 
[14]: in toluene solution the adduct formation constants for 10 and 12 are 
larger than those for 8, 9 and 11. 
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