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The kinetics of reactions of nickel(D) with 2-(4- 
dimethylaminophenilazo)pyridine (DPAP) in meth- 
anol, dimethylformamide and dimethylsulphoxide 
and with 4-(2-pyridylazo)resorcinol (PAR) and l-(2- 
pyridylazo)2-naphthol (PAN) in dimethylsulphoxide 
have been investigated. The rate constants kt (25 “C) 
for Nirr-DPAP reaction in the solvents used are 3.6 X 
IO3 M-’ set-r, 4.4 X lo3 M-’ set-r and 7.9 X IO2 
M-r set-’ respectively. The rate constants kt (25 “C) 
for Nil’-PAR and Nirr-PAN reactions are 8.0 X lo2 
M-r set-’ and 0.6 X 1 O2 M-r set-’ respectively. 
The low value of kt for Nil’--Pm and b/i”-PAR 
reactions in dimethylsulphoxide is interpreted assum- 
ing that the process is governed by a sterically con- 
trolled mechanism. The values of activation para- 
meters AH’ and AS* for the reactions investigated are 
correlated through an isokinetic relationship. 

Introduction 

The kinetics of complexation of nickel(H) in water 
have been widely studied [l, 21. The mechanism 
generally accepted for these reactions involves rapid 
formation of an outer-sphere complex between the 
two reacting species, followed by the rate-limiting 
replacement of a water molecule in the inner coordi- 
nation sphere by the ligand, as illustrated below 

Ke 
Ni(H,O)i’ t LF--=t (H20)5Ni(H20)2+****L 

(H20)5Ni(H20)2+****L --% (H20)5NiL2’ t 

H2O (1) 

Reaction (1) has been written for a special case of a 
neutral monodentate ligand; when the incoming 
ligand is multidentate, additional steps leading to ring 
closure must be considered. Usually, however, the 
release of a first water molecule remains the rate 
limiting step of the complexation reaction [2]. If the 
concentration of the outer-sphere complex is small 
the rate constant for the complex formation kf is 
given by the expression: 

kr = Ke X kr (2) 

where k, is equal to the rate constant for the solvent 
exchange k,, and Ke can be estimated through the 
following theoretical equation derived independently 
by Fuoss [3] and Eigen [4] : 

4nNa3 
Ke=- e -U(a)/kT 

3000 

D(a) =$ _ 
z, z2 e2 

D(1 +Ku) 

(3) 

a represents the minimum approach distance between 
the two particles and all the other symbols have their 
usual meaning. Although values of observed rate 
constants kr for substitution reactions in water are 
usually in good agreement with those evaluated by 
the product Ke X k,, equation (2) is often inade- 
quate to predict the values of rate constants in 
nonaqueous solvents [5-8 ] . This is particularly 
relevant for multidentate ligands which can produce 
steric retardation [7, 91 in one of the two steps of 
ring formation or (and) can enhance their reactivity 
through an extra-electron interaction [ 10, 111 during 
the formation of the outer-sphere complex. 

In the present work I report the results of a kinetic 
investigation of the reaction of nickel(H) with 2-(4- 
dimethylaminophenylazo)pyridine (DPAP) in meth- 
anol, dimethylformamide and dimethylsulphoxide 
and with 4-(2-pyridylazo)resorcinol (PAR) and l-(2- 
pyridylazo)2-naphthol (PAN) in dimethylsulphoxide 
at various temperatures. The ligands used are all 
capable to exert either steric or electronic effects 
upon coordination with the solvated nickel(H) ion. 
They are all potentially bidentate [ 12, 131 and 
probably coordinate through one of the nitrogens in 
the azo-linkage and the pyridine nitrogen; no acid- 
base equilibrium associated with the ligands should be 
involved in the kinetics and spectral changes on 
complexation reaction are large. 

Experimental 

Solvents 
Dimethylsulphoxide 

hydride under reduced 
was distilled from calcium 
pressure. Methanol was dis- 
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tilled from magnesium methoxide. Dimethylfor- 
mamide was dried over anhydrous calcium sulphate 
and then distilled under reduced pressure. The sol- 
vents were kept over molecular sieves. Their water 
content, as determined by Karl Fischer titration, was 
cu. 0.01%. 

Reagents and Solutions 
Solutions of nickel(I1) were prepared in glove bags 

filled with dry nitrogen by dissolving the anhydrous 
NiC104 in the appropriate solvent. The anhydrous 
nickel perchlorate was obtained on heating the corre- 
sponding hexahydrate salt for 24 h in vacua over 
Pz05. In order to avoid decomposition [ 141 and 
possible formation of basic salts the temperature of 
heating did not exceed 90 “C. All nickel solutions 
were standardized by EDTA titration. The water 
content of the solutions (Karl Fischer titration) was 
similar to that of the pure solvents. 

The ligands DPAP (Sigma), PAR and PAN (Fluka) 
were reagent grade and were used without further 
purification. 

Instruments and Experimental Procedure 
Visible and ultraviolet spectra were recorded with 

an Optica CF 4 recording spectrophotometer 
equipped with a thermostatted cell compartment 
(+0.053. The equilibrium constant for the formation 
of the 1: 1 complex between Ni” and DPAP in DMSO 
at 25 “C was determined spectrophotometrically by 
recording the absorbance of a solution of DPAP and 
that of a series of solutions containing a fixed amount 
of DPAP and a variable amount of Ni*’ in the range 
520-560 rnp. The concentration of Ni*’ was in all 
cases much larger than that of the ligand. By plotting 
the optical density OD of the Ni-DPAP mixtures 
against (OD - OD,)/[Ni”], where OD, represents 
the absorbance of the ligand alone, a straight line was 
obtained from the slope of which (-l/K) the 
equilibrium constant was evaluated. 

Kinetic measurements were made with a Durrum- 
Gibson Model 110 stopped-flow spectrophotometer 
equipped with a Kel-F flow system. All kinetic runs 
were performed under pseudo-first-order conditions 

M. 

Results and Discussion 

DPAP 
Reaction of Ni*’ with DPAP proceeds according 

to the scheme (4) 

kf 
NiSz’ t DPAP v Ni&DPAP*’ + 2s 

k, 
(4) 

The complex absorbs at 560 rnp whereas the free 
ligand has a maximum of absorption at 430 rnp. 
Complexation reactions were studied by recording 
variations of absorbance as a function of time in the 
range 520-560 rnp. Ionic strength was maintained 
constant by adding NaN03; its value was 0.3 for the 
kinetic runs performed in DMSO and DMF and 0.1 
for the kinetic runs performed in MeOH; this lower 
limit was imposed by the limited solubility of NaNO, 
in MeOH. Kinetic data are in agreement with the rate 
law: 

d [Ni&DPAP*‘] 
- 

dt 
= kf [NiSz’] [DPAP] - 

kd [Ni&DPAP*‘] (5) 

When the nickel concentration is much larger than 
that of DPAP 

k ,,bsd = kf [Nisi’] + k,j (6) 

The term kd is negligible when the solvent is meth- 
anol or dimethylformamide. 

TABLE I. Rate Constants and Activation Parameters for Reaction of Nickel(U) with PAR and PAN in Dimethylsulphoxide. 

Ligand Temp, 103[Ni2+]M k,bd, set-’ IO-*kf, IV-’ set-’ lo-*kf (25”), M-” WC-’ 
“C 

AH*, kcal/mol AS*, eu 

25 I .09-10.90 0.70-10.20 7.85 +_ 0.61 

PAR 35 1.09-13.08 1.90-21 .OO 15.8 f 0.91 7.99 10.8 + 1.6 -9 + 4 
47 1.09-13.08 3.10-39.00 29.5 ? 0.91 

25 1.09-10.90 0.05-0.62 0.58 f 0.02 

PAN 36 2.18-13.08 0.28-1.64 1.24 t 0.08 0.56 13.0 i 0.8 -7 * 3 
44 1.09-13.08 0.29-3.05 2.29 f 0.20 
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Figure 1. Observed pseudo-first-order rate constants plotted 
against nickel ion concentration for reactions of Ni*+ with 
DPAP in the solvents DMSO, DMF, and MeOH at various 
temperatures. 

The equilibrium constant Kr for reaction (4) in 
DMSO at 25 “c was evaluated from the ratio gra- 
dientintercept of the plot of kousd against [Ni”] 
(Fig. 1). This value (1.36 X lo3 M-‘)was compared 
with that obtained independently by spectrophoto- 
metry (1.43 X lo3 W’). The satisfactory agreement 
between the two values is evidence that the process 
monitored is that of reaction (4). The values of kd 
and kt obtained by least-squares analysis from inter- 
cepts and gradients of plots of Fig. 1 are presented in 
Table I together with those of the activation para- 
meters AH and AS* associated with the reactions. 

PAR and PAN 
Ni*+ reacts with PAN according to scheme (5) and 

with PAR according to scheme (6) 

kf 
Ni(DMS0):’ + PANt----- 

k, 
Ni(DMSO)+PAN*’ t 

2DMS0 (5) 

kr 
Ni(DMS0):’ t H ,PAR- I 

kd 

Ni(DMS0)4H_,PAR+ + 2DMS0 (6) 
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In equation (6) H1 PAR- represents the ligand which 
has lost the o-phenolic proton*. The complex with 
PAN absorbs at 560 rnp whereas the free ligand has a 
maximum of absorption at 465 rnp; the complex with 
PAR absorbs at 525 rnp and the uncomplexed ligand 
absorbs at 390 ml_c. The kinetics of complexation in 
the solvent DMSO were studied by recording the 
change of absorbance at 525 rnp for NiH-lPARt and 
at 560 rnp for NiPAN*’ as a function of time. All the 
kinetic runs were performed at a constant ionic 
strength of 0.3 M. 

*The statement that PAR is present in solution as the 

monoanion is based on both conductometric and spectral 

evidence. Conductivity measurements indicate large 1: 1 

dissociation in DMSO solutions of PAR; furthermore no 

spectral change associated with proton removal is observed 

on addition of a large amount of piperidine to the ligand in 

DMSO. The absence of a significant orlho-phenolic dissocia- 
tion has been attributed to the presence of a strong hydrogen 
bond between this group and the nitrogen of the azo- 
linkage [ 131. 
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Kinetic data are consistent with the rate law 

d [Ni(DMSO&,L] 
= kr [Ni(DMS0)6] [L] (7) 

dt 

where charges are omitted for simplicity and L repre- 
sents either HIPAR or PAN. 

Under pseudo-first-order conditions, with [Ni*‘] 
>> [L], observed rate constants were in each case 
equal to kf [Ni*+] . Linearity of the plots of kobsd, 
against nickel(H) concentration (Fig. 2) confirms that 
the reactions are first-order with respect to the 
ligands. Spectroscopic measurements on the reaction 
product indicate that it is a 1: 1 bidentate complex. 
The values of kr and those of the activation para- 
meters for the reactions were obtained as above and 
are listed in Table II. 

The rate constants for complexation are strongly 
dependent on the nature of the solvent. This is a 
quite obvious result because the dependence on the 
nature of the solvent is the main requirement for 
the validity of the mechanism [I] proposed to 
describe complexation reactions and it is in agree- 
ment with the results of other investigations [5, 6, 
15-171 . One test of the Eigen-Wilkins mechanism is 
to compare the values of the observed rate constants 
kf with those calculated from equation (2). Table I11 
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Figure 2. Observed pseudo-first-order rate constants plotted against nickel ion concentration for the reactions a) Ni*+ + PAR, b) 

Ni*+ + PAN in DMSO at various temperatures. 
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. The abnormally low values of kr for reaction of 
Ni(I1) with PAR and PAN can be interpreted 
assuming that these reactions are sterically controlled; 
this assumption is supported by the fact that ring 
closure for both reactions implies the breaking of the 
strong hydrogen bond [13] between the ortho- 
phenolic proton and the azo-nitrogen. It is of interest 
that the value of kr for reaction of Ni(I1) with PAN is 
comparable with that observed for reaction of Ni(I1) 
with 2,2’-bipyridine for which a S.C.S. mechanism 
has been recognized [7,9]. 

Coetzee et al. [lo, 1 l] on discussing values of 
reactivity larger than predicted on the basis of 
equation (2) showed that the Fuoss relationship used 
to calculate the value of K,, does not lead to correct 
results if specific interactions occur between the inner 
and the outer coordination sphere; in particular, 
multidentate ligands containing pyridine rings form 
outer-sphere complexes of higher stability than 
predicted by equation (3). Such an explanation can 
be applied to the reactions of DPAP with Ni(I1) in 
MeOH and DMF, where the observed rate constants 
kf are higher than expected. This assumption is not in 
contrast with the finding that the values of kf for 
reactions of Ni(I1) with PAR and PAN are abnormally 
low, even if these ligands are capable, as well as 
DPAP, of extra interaction with the metal ion. In 
fact, the net value of kf reflects the effect of two op- 
posing factors [ 1 l] : steric inhibition of complexation 
and enhanced stabilization of outer-sphere complex. 
For PAR and PAN the steric inhibition of reaction, 
reflected in the low value of kf, is the dominant 
factor in the rate of complexation. For the more 
flexible ligand DPAP [ 161, steric factors play* proba- 

*The absence of steric factors in the kinetics of Ni(l1) with 
DPAD has recently been shown by Bennett0 and Imani [ 161 

who studied this reaction in a series of solvents. 
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TABLE III. Comparison of the Values of the Observed Rate Constants kf(obsd) with Those Calculated from Equation (2).* 

Reaction 102kf(obdj, M--l xc 
-1 102(K; X k,,), M-’ se,-’ 

Ni(DMSO)i+ + PAN 0.5 7.5b 

Ni(DMSO)z+ + PAR 8.0 345.0b 

Ni(DMSO)g+ + DPAP 7.9 7.5b 

Ni(DMF)z+ + DPAP 44.2 7.7e 

Ni(MeOH)z+ + DPAP 36.3 l.Od 

* the minimum distance of approach between the nickel(H) and the ligand has been chosen in each case equal to 6 A. 

a Value of k,, from ref. 18. b Value of k,, from ref. 19. c Value of k,, from ref. 20. 

bly a minor role and the enhanced stability of the 
outer-sphere complex leads to values of kr in MeOH 
and DMF larger than expected. Again a compensation 
effect can be invoked to explain the agreement 
between the observed and the calculated value of 
kr for DPAP in DMSO. Owing to the bulkiness of the 
solvent molecules the complexation process is 
sterically hindered more extensively than in MeOH 
and DMF. 

Activation parameter AH* range from 12 to 16 
kcal/mol; the variation of the activation enthalpy 
throughout the series of reactions is largely compen- 
sated by corresponding variations of the activation 
entropy AS’. The values of AH* and those of AS’ 

I I I I I I 
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Figure 3. Plot of enthalpy of activation against entropy of 
activation for solvent exchange and PAN and DPAP substitu- 

tion at nickel ion in various solvents. 

Reaction Ref. 

1 Ni(DMSOg + + DMSO 18 

2 Ni(DMF)z+ + DMF 19 

3 Ni(DMSO)z+ + PAN this work 

4 Ni(DMF)z’ + DPAP this work 

5 Ni(MeOH)z+ + MeOH 20 

6 Ni(DMSO)z+ + DPAP this work 

7 Ni(MeOH)z++ DPAP this work 

are roughly correlated through an isokinetic relation- 
ship (Fig. 3). This is a fairly typical manifestation of 
the “compensation law [22]” and has been fre- 
quently observed in processes dominated by solv- 
ation changes. In the case of metal ion complexation 
it has been interpreted in terms of a concerted 
mechanism [SC] (the so-called salvent modified disso- 
ciative process) where the changes in the activation 
parameters are related to the transfer of solvent and 
ligand molecules between the strongly ordered region 
adjacent to the metal ion, the highly disordered 
region outside and the relatively ordered region of the 
“bulk solvent”. However the investigations of 
Coetzee et al. [ 10, 1 l] on the presence of steric and 
electronic effects in the complexation process suggest 
that besides the solvent structure other effects need 
to be considered to describe the coordination 
reactions of Ni(II). 
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