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The complexation equilibria of Ni(II) with 4-(2-pyridylazo)resorcinol (PAR) and 4-(2-thiazolyl
azo)resorcinol (TAR) in 30 vo\.% ethanol and with 2-(5-bromo-2-pyridylazo)-5-(diethylamino)
phenol (BrPADAP) in 10 vo\.% ethanol containing 0'1% BRIJ-35 tenside were studied spectra
photometrically. The absorbance data were processed by the SPEFO 8, HALTAFALL SPEFO 
and SQUAD-G programs. The working procedures for the determination of Ni(II) with the 
reagents in pure solutions were optimized and statistically evaluated, and PAR was applied to 
the determination of Ni(JI) in drinking water. 

Some derivatives from the numerous class of heterocyclic azo dyes, combined with 
suitable masking agents and/or separation procedures for increasing selectivity, have 
found application in the analytical practice as highly sensitive spectrophotometric 
reagents for the determination of nickel in vatious materials1 . 4-(2-Pyridylazo)
resorcinol (PAR) has been recommended for use in a number of procedures, e.g., 
in analyses of mineral waters using ion exchangers for the separation of interfering 
metals2, for the determination of nickel in Cu-Ni-Pd alloys3, in tungsten\ in cast 
iron and low-alloy steelsS, in steels after the extraction of the Ni(II)-PAR complex 
into ethyl acetate6 , or in crude oil making use of the extraction of the Ni(II)-PAR
-tetradecyldimethylbenzylammonium bromide ternary complex into chloroform 7,8. 

These procedures rely on the formation of the NiL~- complex in weakly alkaline 
solutions2.6 •8 -10 or Ni(LH)2 complex with undissociated p-OH group of the ligand 
in weakly acid solutions3 - 6 • The equilibria of Ni(n) complexes with this reagent in 
aqueous solutions have been evaluated by graphical analysis of spectrophotometric 
datall . 

4-(2-Thiazolylazo )resorcinol (TAR), a relative of PAR that is easier to synthesize, 
has not been so far used for the determination of Ni(II). It has been found spectro
photometrically12 that solutions of NiH with TAR in 30 vol.% ethanol contain 
complexes with the Ni : L ratios 1 : 1 and 1 ; 2 and, similarly as with PAR, with the 
dissociated or undissociated poOH group. The complexation equilibria of Ni(II) with 
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PAR and TAR respectively have also been studied potentiometricalIy in 50 vol.% 
dioxane13 -15; the extraction of Ni(II) with TAR into isoamyl alcohol has been exa
mined radiometricallyl6. 

2-(5-Bromo-2-pyridylazo)-5-(diethylamino)phenol (BrPADAP) is among newer, 
most sensitive reagents from the class of heterocyclic azo dyes. Its NiL2 complex, 
similarly as its complexes with other metals I7 - 19, exhibits a high molar absorptivity 
at 560 nm, e = 1'26.105 cm2 mmol- 1 (ref.20). This reagent has been recommended 
for the determination of nickel in aluminium alloys and electrolytic waste waters20 

and for the determination of nickel simultaneously with cobalt and copper by 
multicomponent spectrophotometric analysis combined with a computer evaluation 21. 

In the present work, the complexation equilibria of Ni(II) with PAR and TAR are 
studied spectrophotometricalIy and evaluated numerically by means of the SPEFO 8 
program on an Ee 1033 computer; attention is paid particularly to systems with 
excess reagent, where several complexes are simultaneously formed and the con
ventional graphical methods, suitable for the treatment of simple isolated equilibria, 
fail to provide reliable results. The spectrophotometric method combined with 
numerical evaluation by the SQU AD-G program is also applied to the study of the 
complexation equilibria of Ni(II) with BrPADAP in 10 vol.% ethanol containing 
0·1% BRIJ-35 tenside. The optimum conditions for the spectrophotometric determi
nation of Ni(II) with PAR, TAR and BrPADAP are also established. 

EXPERIMENTAL 

Chemicals and Apparatus 

4-(2-Pyridylazo)resorcinol (PAR) (Lachema, Czechoslovakia) and 4-(2-thiazolylazo)resorcinol 
(TAR) (prepared at the Lachema Research Institute for Pure Chemicals Brno) were purified twice 
prior to use. The purification routine, determination of the active component by spectrophoto
metric titration with copper(II) nitrate, and elemental analysis and TLC control of purity of the 
chemicals have been described previously22. 

2-(5-Bromo-2-pyridylazo)-5-(diethylamino)phenol (BrPADAP) (Merck, F.R.G.) was checked 
by elemental analysis. No colour impurities were detected by TLC. 

The complexation equilibria of Ni(I1) with PAR were studied in 30 vo\.% ethanol in which the 
reagent and its nickel complexes are sufficiently soluble over the entire region of pH 1-11 (in 
aqueous solutions, haze appears at cL < 80 J.lmoll- 1 and pH 5- 8). This medium was also used 
for TAR. For BrPADAP. haze appears shortly after mixing even in 30 vo1.% ethanol, particularly 
at pH :s 6. A suitable medium, in which the experiments were performed (similarly as for the 
BrPADAP systems with Zn(II) and Cd(I1), refs I7 ,18), was IOvo1.% ethanol with 0'1% BRIJ-35 
or 0'3% TRITON X-IOO tenside. 

Stock solutions of PAR in water and TAR and BrPADAP in ethanol, prepared by dissolving 
weighed portions of the chemicals in the solvents, were stable for a minimum of four weeks. 

Stock solution of nickel(lI) nitrate, prepared from the chemical of reagent grade purity with an 
addition of HN03 (0'01 moll- t), was standardized chelometrically. 

Ethanol, denatured with 5 vo1.% methanol. was allowed to stand with solid EDTA and redis
tilled prior to use. 
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Polyoxyethylene monododecyl ether, n""" 20, Mr """ 900 (BRIJ-35) (Merck, F.R.G.), 1% stock 
solution was prepared by dissolving a weighed amount of the chemical in water approximately 
50°C hot, allowing to cool down and diluting to volume. The solution was stable for two days at 
room temperature, and a week if stored in a refrigerator I 7 ; later a haze appeared. 

Octylphenol polyethylene glycol ether, n""" 10 (TRITON X-100) of analytical grade (Koch
Light, U.K.), I % stock solution was prepared similarly as with BRIJ-35. 

The acidity of the solutions for the study of the complexation equilibria of Ni2 + with PAR 
and TAR was adjusted with HN03 and NaOH of reagent grade purity. For BrPADAP, which 
is more sensitive to the presence of impurities (metal traces) in the chemicals, HN03 of "supra
pure" grade, NaOH of "special purity" grade (Reakhim, U.S.S.R.), NH3 of reagent grade purity 
additionally purified by isothermal distillation, and water redistilled in a quartz apparatus were 
used for these purposes and for the preparation of buffer solutions. 

The absorbance-pH curves and absorption curves at various pH were measured in the conti
nmms mode holding the ionic strength constant at 1 = 0·1 by neutralizing the starting solution 
(CHNOl = 0·1 moll-I) with sodium hydroxide; the volume changes were either compensated for 
with more concentrated solutions of the components using a glass apparatus for transferring the 
solution to the spectrophotometric ce1l23 -25, or, in a simpler arrangement, minimal volumes of 
concentrated NaOH solution were used for the neutralization of HN03 so that the total volume 
change over the pH region was negligible (below 0'5%). For the other absorbance dependences, the 
constant ionic strength (1 = 0·1) was maintained by adding KN03 recrystallized twice from 
a weakly alkaline medium (pH""" 9). 

The absorption spectra of the solutions were scanned on a Superscan spectrophotometer 
(Varian, Switzerland) interfaced to a HP 9815A computer (Hewlett-Packard, U.S.A.). This 
equipment also allowed for recording the absorbance data for a larger set of wavelengths in 
a numerical form suited to further processing by the SQUAD-G program on an EC 1033 compu
ter. The remaining absorbance dependences were measured on an SF 4A spectrophotometer 
(U.S.S.R.). Cells 10 mm optical path length were used. 

Acidity was measured with a PHM 4d pH-meter (Radiometer, Denmark) equipped with 
a G 202 B glass electrode and a K 401 calomel electrode, calibrated with standard NBS buffers 
at pH 1'68,4'01, 7'00 and 9·18 with an accuracy of ±0'01 at 25°C. The pH values in solutions 
containing 30 vo\.% ethanol or less were not corrected. 

Methods of Complexation Equilibria Study 

The absorbance-pH curves for the Ni(I1)-PAR and Ni(ll)-TAR complexes were evaluated 
by direct and logarithmic graphical analysis via slope-intercept tramformations26 . The obtained 
molar absorptivities and equilibrium constants converted to p = [MLnHz]/[M] [L]n [H]% type 
constants were employed as the input estimates for the numerical processing of the absorbancee 
pH curves at one or several wavelengths (particularly at Amax of the complexes) by means of the 
SPEKTFOT 4 program27 in the SPEFO 8 adaptation25 ,28,29. This program seeks, for each of 
the successively considered complexation models, for combinations of the complex parameters 
such that the sum of squares of differences between the observed and calculated absorbances 
U c, ~:<Aexp - Acalc)2 and the corresponding standard deviation of absorbances a(A) = 

ccc )[ UI(N - p)] (where N is the number of experimental values and p is the number of parame
ters determined) are minimum. Of the models treated. the one can be regarded as correct whose U 
and a(A) values are sufficiently low (comparable with experimental error) and so are the standard 
deviations a(log Pl and aCe) (in the limiting case, not higher than one-third of the parameter 
itself30). The program is capable of handling parameters for as many as four complexes in the 
presence of no more than four other complexes with known parameters than are not varied 
during the calculation. 
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The constants and molar absorptivities so determined then were med to calculate the distri
bution diagrams of the complexes at selected conditions, using the HALTAFALL program31 

in the extended HALTAFALL-SPEFO modification32 ,33. 

The series of absorption spectra of solutions of Ni(ll) with BrPADAP at different concentration 
ratios in dependence on pH were also evaluated by the SQUAD program34 in the modified 
SQUAD-G version35 . This program, which is based on a matrix analysis of the absorbance data 
for several or even a large set of wavelengths, again makes it possible, using the least squares 
method, to select the optimum complexation model from a number of possibilities considered 
and to determine the sets of Ii values and equilibrium constants of the complexes formed. The 
program is capable of handling systems comprising as many as two different metals, two different 
ligands, the OH species and ten complex species .The equilibrium constants of */1 = [(L1)p(L2 )q' 
.(M 1 ).(M2),l [H+f I[LdP [L2lq [Mdr [M2l' type can be determined for a maximum of six 
complexes, the Ii value sets, for all the ten complexes simultaneously. For the systems of Ni(II) 
ions with PAR and TAR, respectively, the absorbance data for the construction of the three-di
mensional plots (response surfaces36 - 38) for the dependence of the total theoretical absorbance 
of the complexes (free of the reagent contribution) on pH and CL were obtained from the known Ii 
and */1 values by means of the HALTAFALL-SPEFO program. The plots enabled the optimum 
conditions for the spectrophotometric determination of Ni(U) to be established. 

RESULTS 

COMPLEXATION EQUILIBRIA OF Ni(II) WITH 4-(2-PYRIDYLAZO)RESORCINOL (PAR) 

Acid-Base Properties of PAR 

The dissociation constants of PAR in 30 vol. % ethanol at I = 0·1 (KN03) deter
mined by graphical and numerical analysis of the absorbance-pH curves along with 
the )'m", and Bm",. values for the individual reagent species are given in Table I. A survey 
of values for various media has been given previously39. 

Absorption Spectra of Ni(II)-PAR Complexes 

The absorption curves of Ni(II)-PAR solutions with excess reagent (cM = 10 !lmol . 
. 1- 1, CL! CM = 2·0) and metal (CL = 20 !lmoll- t, CM! CL = 3'1) in 30 vol. % ethanol 
at pH 2'2-4,6 indicate the transition of the reagent (LH2 and LH-) into com
plex species with two absorption maxima, at 517 and 395 nm, characteristic of proton
ated species. At pH 5·8 -10,0 the latter band vanishes and the former increases and 
shifts to 493 nm, which is related with the deprotonation of the initial complexes at 
the poOH group of the bonded ligand and formation of unprotonated complexes 
(Fig. 1). The fractions of the complexes with M : L = 1 : 1 and 1 : 2 vary slightly in 
dependence on the concentrations of the components. 

Method of Continuous Variations 

The Job curves for the Ni(II)-PAR system in 30 vol.% ethanol at pH 2-45 (co 
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= 103Ilmoll- 1, A 500-530 nm), pH 4·0 (co 103Ilmoll- 1, A 480-530 nm) and 
pH 9·60 (co = 18Ilmo11-l, A 480-530 nm) attain their maxima at the component 
ratio M : L = 1 : 2. 

TABLE I 

Acid-base and absorption characteristics of PAR 

Species pKaa 

2'66C , 2'81d 

5'90e, 6'30d 

13'01! 

)·max 

nm 

395 
385 
415 
485 

b emax . 10 -4b 

cm2 mmol- 1 

1-60 
1-41 
2·73 
2·40 

a In 30 vol. ~,~ ethanol, 1= 0·1; b ref. 22, aqueous solutions; C average of the values of pKal = 
~ 2,65 and 2'07 found by graphical analysis for cL = 50 ~moll-l at A. 480 and 490 nm, respec
tively; d by SPEFO 8 program at cL = 116 ~moll-l and A. 520 nm; e average of the values of 
pKa2 = 5'89 and 5'98 found by graphical analysis for cL = 50 ~moll-l at A. 480 and 490 nm, 
respectively; ! by SPEFO 8 program at cL =~ 37, 5 ~moll-l and ). 520 nm and by graphical ana
lysis at A. 490 and 500 nm. 

o 

A 

o 

nm 

FIG. 1 

Absorption spectra of solutions of Ni(JI) ions with excess PAR in 30 vo\.% ethanol; cM = 

= 10·0 J.lmoll- 1 , cL!cI\I = 2·0. pH: 1 2'23. 22'54, 32'79, 43·07. 53'32. 6 3'53. 7 3·70. 84'22, 
94'62.105·78.116'00.126'31.130'54.146·80,157'04, 167'29.177'50.188'08.198'43, 
208'70. 21 9·29. 22 9·99 
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Concentration Dependences 

The dependences ilA = A - AL = f(cL) at CM = 10·3 ~.I.moll-l, pH 6'00, 6'35, 
6·70 and 9'62, A. 480- 530 nm, also exhibit a break at CL/CM = 2·0. At pH 6·0-6'7, 
the horizontal branches decrease slightly (5 -12% according to pH and ;,) with 
respect to the value at CL/CM = 2'0, at pH 9·62 the curve has a normal shape. 

Graphical Analysis of Absorbance-pH Curves 

The absorbance-pH curves at A. 500 - 530 nm for solutions with CL = 50 Ilmoll-1 
and CM/CL = 50 and 100 and the pH curves at 480-540 nm for CL = 25llmoll-l 
and CM/ CL = 50 and 100 in 30 vol. % ethanol (Fig. 2a, curves 1 - 4) indicate the forma
tion of the NiLH+ complex at pH 1'0-3'8, 

(A) 

and its deprotonation to the NiL complex at pH 4·6 - 8'2, 

NiLH+ = NiL + H+ . (B) 

(The molar aosorptivities and equilibrium constants of the two complexes are included 
in Table XVII.) 

The absorbance-pH curves at A. 480-530 nm for solutions with CM = 7·731lmol . 
. 1- 1 and CL/CM = 5 and 10 and the pH curves at A. 510-540nm for solutions with 
CM = 15'5Ilmoll- 1 and CL/CM = 5 and 7·5 also have two steps associated with the 
formation and deprotonation of complexes with M : L = 1 : 2 (Fig. 2b, curves 1 - 6). 

FlO. 2 

Absorbance-pH curves of solutions of Ni(IT) 
ions with PAR in 30 vol.% ethanol, l 520 nm. 
a cL (Ilmoll- 1), CM/CL: 1 25, SO; 2 25, 100; 
3 50, 50; 4 SO, 100. Curve 5: AA = l(pH) 
for cM = 15'5Ilmoll- 1, cL/cM = 7'5; 
b cM(1l mol-I), cdcM : 1 7'73, 5; 2 7'73, 10; 
3 1'55,5; 4 1'55,7'5; 5 1'55.7·5; 6 1'55,10; 
7 cL = 16511 mol-t, eM = 0 
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By graphical analysis of the first branch of the pH curves at A 520 and 530 nm, 
CM = 15·5 /lmol 1- 1 and pH 1·8-:-3·5, the equilibrium 

(c) 

was identified. (The molar absorptivities and equilibrium constants of the Ni(LH).z 
complex are also included in Table XVII.) Tht" analysis of the second ascending 
branch of these pH curves over the region of pH 5 - 8 failed to give the characteristics 
because of the simultaneous formation of several complexes. (The approximate 
values of the molar absorptivities of the Ni(LH)2 and NiL2 complexes determined 
from the horizontal segments of the pH curves at CM = 7·73 /lmol 1- 1 and CL/CM = 10 
as (A - AL)/CM are also given in Table XVII). 

Numerical Analysis of Absorbance-pH Curves 

The absorbance-pH curves at 520 nm for excess nickel (CL = 50 /lmoll- 1, CM/CL = 50 
and 100, and CL = 25/lmol 1-1, CM/CL = 50 and 100) in 30 vol.%ethanol were first 
analyzed by the SPEFO 8 program assuming the occurrence of the NiLH+ and NiL 
complexes only, and relatively low standard deviations of absorbance, u(A) = 0·008 
to 0·013, and low standard deviations of absorptivity and complex stability con
stants a(8) and u(log P) were obtained. The absorbance-pH curves for excess reagent 
(cM = 15·5 /lmoll- 1, CL/CM = 7·5, and CM = 7·73Ilmoll-1, CL/CM = 5 and 10·5) 
then were evaluated using the previously established (and unvaried) 8 and p values 
of the NiLH+ and NiL complexes, and the Ni(LH)2' NiL2H and NiL2 complexes 
were also detected (Table II); it was found, particularly by successive calculations 
of the distribution curves of the complexes by the HALTAFALL-SPEFO program 
for various concentrations of the components, that significant amounts of the 
Ni(LHh and NiL2H complexes and a small amount of NiL2 were also present in 
solutions with excess NiH ions. Therefore, the absorbance-pH curves for excess 
NiH and for excess PAR were again treated alternately by an iteration procedure 
so that the Ni(LH)2' NiL2H and NiL2 complexes with their parameters established 
from the curves for excess PAR were entered when processing the curves for excess 
Ni2+ (the parameters of the least abundant NiL2 complex were held constant), and 
the refined values for NiLH+ and NiL were again employed for a new minimization 
of curves with excess PAR. Ultimately, low final values of u(A) and refined 8 and P 
values of the majority complexes, i.e., NiLH+ and NiL in solutions with excess Ni2+ 
and Ni(LH)2' NiL2H and NiL2 in solutions with excess PAR, were thus obtained. 
On the other hand, higher scattering of parameter values for various data sets or 
higher standard deviations of the parameters were obtained for complexes formed 
in small amounts only, e.g., for NiL at pH < 4·7 or NiL2H and NiL2 at pH < 5·3. 
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The e and P values of the NiL2H and NiL2 complexes from different curves exhibit 
a wider range (e.g., log P([NiL2]/[Ni] [L]2) = 26'7-27·8), presumably because of 
overlap and not very different molar absorptivities of the complexes at 520 nm 
(e(NiL2H) = 5'8.104, e(NiL2) = 6'3.104 cm2 mmol- 1). The final e values of the 

TABLE II 

The models of complexation of Ni(I1) with PAR by SPEFO 8 program 

Model" cL/cM pHb O'(A)c Anomalous values" 

MLH 0'02e 1'0- 4'6 0'013 

MLH. ML 0'02e 1'0- 4'6 0'013 
0'021 1'7- 8'5 0'008 

MLH. M(LHh 5'0' 1'1- 5-4 0·006 

MLH. M(LHb (ML) 0'02e 1'0- 4'6 0'019 

MLH. M(LHh, ML 5'0' 1-1- 5·4 0'005 MLH, ML: extreme 0'(8) 

7'5' 1-6- 5-3 0'010 ML: enhanced 0'(8), 
8 and O"{log /l) 

MLH. ML, M(LHh, ML2H 7'5' 1-6- 5'3 0'010 ML2H: extreme 0'(8) 
and O'(1og P) 

ML. M(LHho ML2, (MLH) 7'5' 5-3-10,1 0'021 
10'5" 3'1-10'0 0'022 

M(LHho ML2H, ML2, 
(ML. MLH) 7'5' 5'3-10'1 0'006 

10'5" 3'1-10'0 0'005 

MLH, ML, M(LHh, ML2H, 
ML2 7'5' 1-6- 4'3 0·008 ML2H: extreme It and 0"(8) 

ML2H, ML2: enhanced 
O'(1og /l) 

"The 8 and pKa values for the LHj, LH2, LH - and L - species of reagent not varied during 
the calculation; the parameters of complexes given in parentheses, established at more suitable 
concentration ratios of the components, not varied either; b complexes with the ratio M : L = 1 : 1 
prevail in the range of the first ascending branch of the absorbance-pH curves (pH 1-5'5), 
complexes 1: 2 prevail in the range of the second branch (pH 5'5-10'1); for TAR the two branches 
overlap partly; C standard deviation of calculated absorbances with respect to the experimental 
values; "extremely high O"{log P) values (units to thousands) and 0'(8) values (106_10)7 indicate 
that the model is incorrect or that the complex is not present in an appreciable amount, enhanced 
O'(log /l) (0'5-1'5) or 0'(8) values (ten-thousands) with respect to the expected values also indicate 
a low amount of the complex in question; e cL = 50'0 J,lmoll- 1 ; I cL = 25'0 J,lmoll- 1 ; , cM = 

= 15'5 J,lmoll- 1 ; "CM = 7'33 J,lmoll- 1• 
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various complexes determined by the SPEFO 8 program are summarized in Table III, 
the log p values, in Table IV. 

Distribution Curves and Response Surface 

The distribution curves of the Ni(II)-PAR complexes in 30 vol. % ethanol at pH 2 -11 
were calculated by the HALT AF ALL-SPEFO program from the average stability 
constants determined by the SPEFO 8 program for solutions at CM/CL = 100, 1 and 
0·1 (at the end of the calibration dependence). These curves (Fig. 3a - c) indicate 
the formation of rather complicated mixtures also in solutions for which the absorban
ce-pH curves (Fig. 2a, b) are apparently simple. 

The response surface for the total theoretical absorbance of Ni(II)-PAR complexes 
at 520 nm (free of the contribution from the reagent) was obtained based on the 
absorbance data calculated by the HALT AF ALL-SPEFO program at CL = 12 to 
120 llmoll- 1 and pH 1·0-10·5. It provides an overall picture of the absorbance of 

TABLE III 

Molar absorptivities of complexes ofNiz+ with PAR at 520 nm, determined by SPEFO 8 program 

Ca 

Ilmoll - 1 

50'3 
50'0 
25'0 
25'0 

15'5 
15'5 
15'5 
15'5 
15'5 
7'73 
7'73 
7'73 

0'02 
0'01 
0·02 
0'01 

5·0 
7'5 
7'5 
7·5 
7·5 

10'5 
5'0 
5'0e 

pH 

NiLH 

1'0- 3'7 Jo65 ± 0'01 
1'2- 3'5 Jo64 ± 0'01 
Jo6- 8'2 1'75 ± 0'01 
1'7- 7-9 1'76 ± 0'06 

Ni(LH)z 

1·1- 4·7 3'36 ± 0'01 
2·1- 5'3 3'24 ± 0·02 
Jo6- 4'3 3'29 ± 0'01 
5'3-10'1 3'39 ± 0·01 
4·9-10'3 3'38 ± 0'01 
3·1-10'0 3'53 ± 0'02 
4'5- 9'9 3'55 ± 0·04 
4'5- 9·9 3'57 ± 0'02 

e ± O'(e) lib 
104 cm2 mmol- I 

NiL 

3'7 ± 0'6c 31 
9·4 ± 9'6 28 
3'24 ± 0'02 50 
3'38 ± 0'02 50 

NiL2H NiLz 

7-2 :::!:: O·l c 6'5 ± O'lc 46 
6·0 ± 0·6c N ± O'Ol c 41 
5'78d 6'25c 28 
5-84 ± 0'01 6'22 ± 0'02 29 
5'91 ± 0·01 6'02 ± 0·01 44 
5-62 ± 0'03 6·41 ± 0'03 50 
5'70 ± 0'03 6'31 ± 0'04 50 
5'70 ± 0'03 6'31 ± 0'04 50 

a cL for NiLH and NiL, cM for Ni(LH)z' NiLzH and NiL2; b number of experimental values; 
c only a negligible amount of the complex is formed at this pH; d average value from other results, 
not varied during the calculation; e hydrolysis equilibria of Ni2 + , with log PI ([NiOH] [H]/[Ni])= 
= - 10'2, log Pz ([Ni(OHhl [H]2/[Ni)) = -19'2 and log P3 ([Ni(OHh] [H]3/[Ni]) = - 30 
(ref. 40), included in the calculation. 
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TABLE IV 

The stability constants P = [MLnHz]i[M] [L]n [H]% of complexes of Ni2 + with PAR determined 
by SPEFO 8 program 

CO 

~moll-l 

50'3 
50'0 
25·0 
25'0 

15'5 
15'5 
15'5 
15·5 
15'5 
7·7 
7·7 
7'7d 

0'02 
0'01 
0'02 
0·01 

5'0 
7'5 
7'5 
7'5 
7'5 

10'5 
5'0 
5'0 

pH 

1'0- 3'7 
1'2- 3'5 
1'6- 8·2 
1·7- 7-9 

1·1- 4'7 
2·1- 5'3 
1-6- 4'3 
5'3-10,1 
4,9-10'3 
3·1-10'0 
4'5- 9'9 
4'5- 9'9 

log P ± a(log p) 

NiLH NiL2 

20'53 ± 0'01 15'4 ± 0'2b II 

20'74 ± 0'02 15 ± 5.106b 17 

20'35 ± 0'01 13·73 ± 0·02 6 
20'22 ± 0·01 13·44 ± 0'02 7 

Ni(LHh NiLzH NiLz 

42'35 ± 0·01 36·49 ± O'Olb 26·10 ± 1'lb 9 
42'99 ± 0'02 36'8 ± O'lb 27'0 ± 2'l b 13 
43'03 ± 0'03 35'63c 27'27c II 

42'27 ± 0·01 35-61 ± 0'01 27'28 ± 0'06 6 
42'32 ± 0·05 35'44 ± 0·01 26'67 ± 0'08 4 
42'29 ± 0·02 35'74 ± 0'02 27·78 ± 0'04 5 
42'30 ± 0'02 35'66 ± 0'02 27·42 ± 0'07 6 
42'30 ± 0·02 35-66 ± 0'02 27-42 ± 0'07 6 

a cL for NiLH and NiL, cM for Ni(LHh, NiLzH and NiLz; b complex present in a negligible 
amount at this pH (see Fig. 3a); c average value of further results, not varied during the calcula-
tion; d hydrolysis equilibria of Ni2 + included, see footnotes to Table III. 

FIG. 3 

Distribution curves of components in the 
Ni(II)-PAR system. The values of 15 = 

=, [complex]ic (c = cM for excess reagent or 
c = cL for excess metal) were calculated from 
average constants of complexes determined 
by SPEFO 8 program at log p (Ni -+- L -+
-+- H == NiLH) = 20'46, log P (Ni -+- L = 

= NiL) = 13'59, log P (Ni -+- 2 L + 2 H = 

= Ni(LHlz) = 42'29, log P (Ni + 2 L + 
+ H, NiL2H) = 35'62 and log P (Ni + 
+ 2 L = NiLz) = 27·29 for cL == 25 /lmol . 
. 1-1, CM/CL = 100 (0) for cM = cL = 
= 25/lmoll- 1 (b) for CM= 12/lmoll- 1 , 

cL!cM = 10 (c) 
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the complexes as a function of pH and CL• The plateau in the range of CL/CM = 2·0 
and pH 9· 5 -11 (at pH 9·0 the absorbance is only 1 % reI. lower) indicates the region 
suitable for the spectrophotometric determination of nickel with PAR (Fig. 4). 

Spectrophotometric Determination of Ni(II) with PAR 

In agreement with the response surface (Fig. 4), the differential absorbance-pH curves 
ilA = A - AL = f(pH) for solutions with excessPAR(cM = 7·73 Jlmoll- 1 and CL/CM = 
= 5,10 and 15) in 30 vol.% ethanol exhibit the highest absorbances at 480-520 nm, 
constant over the region of pH 9·2 -1 0·0. The absorbance of the reagent itself is also 
constant in this pH range, at pH ~ 10·0, however, it stans to increase owing to the 
dissociation of the p-OH group. The reagent concentration of CL = 110 Jlmoll-l, 
corresponding to the ratio of CL/CM = 10 at the end of the calibration plot, was used 
for the determination of nickel, although both the response surface and the concentra
tion dependence ilA = A - AL = f( cd show that at CM = 8·7 Jlmoll- 1 and pH 9·62 
the reaction of NiH with PAR is quantitative at CL/CM ratios as low as 2·0. According 
to the distribution curves, in solutions with CM = 12 Jlmoll- 1 and cL/cM = 10 at 
pH 9·2-10·0, the NiL2 complex (Amax 493 nm, 8max = 7.96.104 cm2 mmol- 1) 

predominates and some amount (about 6%) of the NiL2H complex is also present 
(Fig. 3c). The spectrophotometric calibration dependence for the determination of 
Ni(n) with PAR was measured in 30 vol.% ethanol and also, with regard to the 
sufficient solubility of the reagent and its complexes in alkaline media, in aqueous 
solutions. The linear shape of the calibration dependence was proved by variance 
analysis41 . The parameters of the calibration curve at nickel concentrations of 

FIG. 4 

Response surface for the total absorbance of 
complexes in the Ni(II)-PAR system at 
520 nm calculated by HALTAFALL-SPEFO 
program from the values of constants (see 
text for Fig. 3) and molar absorptivities 
(cm2 mmol- 1) of complexes at 520 nm 
determined by SPEFO 8 program, viz, 
8 (NiLH) = 1·70. 104 ,8 (NiL) = 3·31 . 104 . 

e CNiCLH}z) = 3·39. 104 ,8 CNiL2H) = 5·77 . 
. 104 and 8 (NiL2 ) = 6·24 . 104 
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0·07-0·65J.1gml- 1 , CL = 110J.1moll- 1 and pH 9·60 (borate buffer 0·1 moll-I) 
evaluated by linear regression are most favourable at A. 495 or 500 nm (s.,e Table XIV). 

Interferences from foreign ions can be suppressed by adding thiourea (0·01 mol . 
. 1- 1), citrate (0·2 moll-I) or EDTA (0·1 mol rl). Ti(IV) can be masked with 
ammonium fluoride (0·1 mol r 1), UO~+ ions, with sodium carbonate (0·05 moll-I), 
UO~ + ions, with sodium carbonate ( 0·05 moll-I). Since the NiL2 complex formation 
is slowed down by some competitive equilibria, it is advised to allow the solutions 
with the reagent to stand for 10 min. The effect of some ions on the determination of 
Ni(lI) with PAR was tested on a system with CNi = 0·36 J.1g ml-l, CL = 112llmol 1-1, 
pH 9·6 (borate buffer 0·1 moll-I), 0·01 moll-I thiourea, 0·2 moll-I tripotassium 
citrate and 0·1 mol I -I EDT A. The limiting concentrations or interferent-to-nickel 
weight ratios inducing a ±2% reI. change in the absorbance of the nickel complex 
(after subtracting the absorbance of blank) are given in Table V. 

Procedure: To a weakly acid or neutral solution of sample containing no more than 32 ~g Ni 
placed in a 50 ml flask are added 1 ml of O· 5 mll- 1 thiourea solution and, after stirring, 5 ml of 
0·0011 moll- 1 aqueous solution of PAR. The solution is allowed to stand for 10 min, 5 ml of 
2 moll- 1 tripotassium citrate pH 9·5, 5 ml of 1 moll- l borate buffer pH 9·6 and 20 ml of 

TABLE V 
Effect of some ions on the determination ofNi2 + with PAR. Wavelength 500 nm, eNi = 0·36 ~g . 
. ml 1-1, CL = 112 ~moll-l, pH 9·60 (borate buffer 0·1 moll-I) thiourea 0·01 moll-I, tri
potassium citrate 0·2 moll-I, EDTA 0·1 moll- 1 

Cion 
a 

b Cion 
a 

b Ion 
~g ml- 1 l'I'Iion/I'I'INI Ion 

~g ml- 1 l'I'Iion/I'I'INi 

Co2+ 0·03 0·09 V(V) 11·0 31 
Fe2+ 0·04 0·11 Ca2+ 1270 3527 
Fe3 + 0·22 0·62 Mg2+ 1 113 3091 
Pb2+ 13.8 38·4 Na+ c 23000 64000 
Cu2+ 21-5 59·7 K+ 39000 109000 
Zn2 + 32·1 89·2 NHt c 18000 50000 
Mn2+ 52·4 146 SO~- 2790 7740 
Cd2 + 67·4 187 CO~- 3840 11 000 
UO~+ 2·4 6·6 H2PO; 8260 22000 
UO~+d 1890 5261 CI- 35000 98500 
Ti(IV) 1·4 3-9 NOj"c 62000 172000 
Ti(IV)e 191 532 CIO; 99000 276000 

a Concentration bringing about an error of ±2% reI.; b mass ratio; c concentrations higher than 
0·1 moll- 1 not tested; d in the presence of CO~ - (0·05 moll-I); e in the presence of F-
(0·1 moll-I). 
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0'25 moll-I EDTA pH 9'0 are added, the solution is diluted to volume and its absorbance is 
measured at 495 or 500 nm in 10 mm cells. 

Determination of Ni(II) in Drinking Water 

Traces of Ni(II) from drinking water, which usually contains this metal in concentra
tions lower than 5 ng ml- 1, were preconcentrated together with other metals by 
using the Dowex A-I chelating ion exchanger2 or the SPHERON-OXIN-I000 
sorbent which is based on hydrophilic glycol methacrylate gels with bonded 8-hydro
xyquinoline42. After eluting the metals from the ion exchanger with 2 mol 1-1 HCI, 
traces of transition metals were trapped from the eluate in medium of 12 moll- 1 HCI 
by means of Dowex lX8 anion exchanger, and in the solution of Ni(II) chloro 
complexes, nickel was determined with PAR after removing HCI by evaporation. 

Metal preconcentration using Dowex A-I ion exchanger. Sample of 1 000 ml of drinking watcr 
with a standard addition of 18'1 )lg Ni 2 + and 1 ml of concentrated HN03 to preserve hydrolysis 
was adjusted to pH F'>j 6'5 with ammonia, passed through a 9'5 cm long column 12 mm in dia
meter of Dowex A-I, grain &ize 50-100 mesh, in the Na + cycle; the solution flow rate was 
3' 5 ml min -1. The column then was washed with 30 ml of redistilled water, Ni(II) and other 
metals were eluted with 50 ml of 2 moll-I HCI at a rate of O' 5- 1'0 ml min - 1, and the el uate 
was evaporated to dryness. 

Metal preconcentration using SPHERON-OXIN-lOOO sorbent. To 1000 ml of drinking water 
were added a standard addition of Ni2 +, 1 ml of concentrated HN03 , ammonia to a neutral 
reaction and acetate buffer (0'01 moll-I) pH 5·0. One g of sorbent was added and the system 
was agitated for 2 h. The sorbent was then separated, washed with 20 ml of redistilled water and 
eluted with 30 mJ of 2 moll-I HCl and 10 ml of redistilled water, and the solution was evaporated 
to dryness. 

Separation of Ni(II) from interfering metals 011 Dowex lX8 anion exchanger. The evaporation 
residue from the metal preconcentration was dissolved in 2 ml of 12 moll-I HCl and applied to 
a Dowex lX8 column 10 cm long, 0·8 cm in diameter, pretreated with 12 moll- 1 HC!. The 
solution of 12 moll-I HCl used before for rinsing the sample residues from the dish then was 
also applied, and the anion exchanger was eluted with 3.0 ml of 12 moll- 1 HCl at a flow rate 
of 0'5-0'7 ml min -I. The eluate in a quartz dish was evaporated to dryness and the residue was 
dissolved in 10 ml of redistilled water and transferred to a 50 ml volumetric flask for the determi
nation of Ni(lJ) with PAR. The relative error of determination of Ni(lJ) in drinking water derived 
from three replicate analyses of water with a standard addition of 363 )lg Ni2 + per litre of water 
and a model sample with the ratio of Ni : Cu : Co = 1 : 2 : O· 5, using the preconcentration proce
dure with Dowex A-I, was - 3'0 to - 5'2% reI., the error of determination of three parallel sam
ples with the same addition of nickel, using the preconcentration on SPHERON-OXIN-lOO, 
Jay within the limits of +4'1 to +5'8% reI. 

COMPLEXATION EQUILIBRIA OF Ni(II) WITH 4-(2-THIAZOLYLAZO) RESORCINOL (TAR) 

Acid-Base Properties of TAR 

The dissociation equilibria of TAR in 30 vol.% ethanol have been studied in detail 
previously12,22; they comprise transitions of the following species: 
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LHj with Amax 481 and pKal ([LH2] [H+]/[LHjJ) = 0·75 (I = 1'0), 
LH2 with Amax 438 nm and pKa2 ([LH-] [H+]![LH2]) = 6·51 (I = 0'1), 

891 

LH- with Amax 480 nm and pKa3 ([L2-] [H+]/[LH-]) = 10·67 (I = 0'1), and 
L2- with Amax 513 nm. 

The partial data found in this work graphically and using the SPEFO 8 program 
for our particular conditions (pH, CL' A) of study of the complexation equilibria of 
Ni(JI) with TAR, viz. pKa2 = 6'51, e(LH2 ) = 327 cm2 mmol- 1 and e(LH-) = 3·51 . 
. 103 cm2 mmol- 1 at 540 nm, agree with the results39•22 ; the pKal and e values of 
the LH~ species at I = 0'1, only serving for small corrections during the numerical 
treatment of the complexation equilibria, were evaluated from a short segment 
the pH curve of TAR over the region of pH 1·0 - 3·9. 

Absorption Spectra of Ni(II)-TAR Complexes 

The absorption curves of solutions of NiH with a small excess of reagent (cM = 

= 15·5 Ilmoll-1, CM/CL = 2'0)in 30 vol.% ethanol exhibit over the range of pH 3'06 to 
5·18 two maxima at 540 and 420 - 430 nm corresponding to the formation of the NiLH 
and Ni(LH)2 protonated species, and at pH 6'6, a maximum at 505 mn corresponding 
to their deprotonation to the NiL and NiL2H chelates (Fig. 5). Previously12 the 
absorption curves of solutions of TAR with excess Ni2 + (CM/CL = 70) over the region 
of pH 1·8-7'7, and solutions of TAR with increasing concentration of NiH at 
pH 3·1 and pH 8·0 were measured, from which the absorption maxima of the NiLH+ 

A 

FIG_ 5 

Absorption spectra of solutions of Ni(II) ions with excess TAR in 30 vo\.% ethanol; cM = 

,= 15-5Ilmoll-1, cL/cM = 2-0_ pH: 1 3·06, 23-92,34-10,44-38,54'56,64-77,75'00,85-18, 
9 5- 39, 10 5' 59, 11 5'89, 12 6-06, 13 6'25, 14 6-65 
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complex at 536 and 415 nm and the absorption maximum of the NiL complex at 
505 nm were evaluated, and the occurrence of a mixture of complexes with M : L = 

= 1 : 1 and 1 : 2 at pH 4'3-5·6 and of a complex 1 : 2 at pH 7'5-8 was established 
by the variation method. 

Graphical Analysis of Absorbance-pH Curves 

The first ascending branch of the absorbance-pH curves at A 500 and 540 nm for 
solutions of TAR with excess Ni2+ (cL = 25·0 ~moll-l, CM/CL = 100 and 200, and 
CL = 40·0 ~moll-l, CM/CL = 100 and 200) in 30 vol.% ethanol over the pH 2,0-4,5 
range (Fig. 6a) were subjected to graphical analysis26 and the equilibrium 

(D) 

was identified. The analysis of the second branch of the pH curves at A 500 nm for 
CL = 25·0 ~moll-1 and CM/CL = 100 and 200 at pH 5·0-7'0 gave evidence of the 
deprotonation of the complex formed, 

NiLH+ = NiL + H+ . (E) 

(The equilibrium constants and molar absorptivities of the NiLH+ and NiL com
plexes are included in Table XVII.) 

The absorbance-pH curves of solutions of Ni2+ with excess reagent (cM = 
= 16·0 Jlmol 1- 1, CL/CM = 5, and CM = 12·0 Jlmol 1- 1, CL/CM = 8'5, Fig. 6b) gave 
no linear dependences for the Ni(LHh complex at pH 4·5 or for its deprotonation 
at pH > 5 because of a simultaneous formation of several complexes. 

Numerical Analysis of Absorbance-pH Curves 

Similarly as for the Ni(Il)-PAR system, the NiLH+, NiL, Ni(LH)2' NiL2H- and 
NiL~ - complexes were identified based on the numerical processing of the absor
bance-pH curves of Ni(II)-TAR systems both with excess Ni2+ (cL = 40·0 ~moll-l, 
CM/CL = 100 and 200, and CL = 25·0 ~moll- \ CM/CL = 100 and 200) and with excess 
TAR (CM = 16'0~moll-l, CL/CM = 5, and CM = 12'0~moll-1, CL/CM = 8'5, 10 
and 15) (Table VI). 

The pH curves of solutions of TAR with excess Ni2+ at pH 1·5 - 5·1 provided 
reliable values of the stability constant and molar absorptivity for the NiLH+ 
complex, and over a wider region of pH 1'7 -7'9, values of the parameters for both 
the NiLH+ and NiL complexes. Complexes with the Ni : L = 1 : 2 ratio are formed 
in very low quantities in these circumstances (Fig. 7a), and therefore the values 
of their parameters exhibit a higher variance and higher standard deviations. For the 
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complexes given above, more reliable values were derived from the curves for the 
system with excess TAR where these complexes predominate (Fig. 7 c). The stability 
constants of the type of [MLnHzJ/[MJ [L In [H+y and molar absorptivities at 540 nm 
determined by the SPEFO 8 program are given in Tables VII and VIII, respectively. 

Distribution Curves and Response Surface 

The distribution curves of Ni(II)-TAR complexes in 30 vol.% ethanol at pH 2·8 - 8·8 
calculated by the HALT AF ALL-SPEFO program from the average stability con
stants obtained by the SPEFO 8 program (Fig. 7 a - c) show the relative amounts of 
complexes for the concentration ratios CM/CL = 100, 1 and 0·2. 

The response surface of the total absorbance of the complexes in dependence on 
pH over the region of pH 1-9·5 and on the concentration of reagent over the region 
of CL = 25 - 253 /lmoll- 1, obtained based on the absorbances calculated by the 
HALT AF ALL-SPEFO program from the stability constants and molar absorptivities 

A 

FIG. 6 

Absorbance-pH curves of solutions of Ni(lI) 
ions with TAR in 30 vol.% ethanol, A 540 nm. 
a cL (J.Imoll- 1), cMlcL: 1 40, 100; 240,200; 
3 25, 100; 4 25, 200. Curve 5: ~A = f(pH) 
for eM 12J.1moll- 1 , edcM = 15. b cM 

J.Imolll), cdcM: 1 16,5·0; 216, 5'0; 312, 
8'5; 412, 10; 5 12, IS; 6 cL = 18 J.Imoll- 1, 

eM ~. 0 
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Nil 

FIG. 7 

Distribution curves of components in Ni(Il)
-TAR system (see text for Fig. 3) calculated 
at log P (Ni + L + H ce. NiLH) = 16'57, 
log P (Ni + L·= NiL) = 11'08, log P (Ni + 
+ 2 L + 2 H =~ Ni(LHh) = 33'66, log P 
(Ni + 2 L + H = NiLzH) = 28·64 and 
log P (Ni -:- 2 L = NiL2 ) ·21'03 for CL 

~ 25 J.Imoll- 1, cMlcL = 100 (a), cM e . cL 

~ 25 J.Imol 1- 1 (b) and cM .~ 25 J.Imoll- 1 , 

eL/cM =. 5'0 (e) 
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at 540 nm determined by the SPEFO 8 program (Fig. 8) exhIbits the maximum con
stant absorbances at pH 8·5-9,5 and CL = 61 ~moll-l. 

Spectrophotometric Determination of Ni(II) with TAR 

With regard to the high absorbance of the reagent in weakly alkaline solutions 
(eS40 = 3·51 . 103 and 2'00.104 cm2 mmol- 1 for the LH- (pKa3 = 10'67) and L2 -

species, respectively) the pH 6·0-7·0 range was selected for the determination of 
nickel, although according to the response surface patterns (Fig. 8) the absorbance 
increases slightly with pH in this range. The experimental absorbance-pH curves 
AA = A - AL = f (pH) for cM = 16·0 ~moll-1, CL/CM = 5, and CM = 13·0 ~mol . 
. 1- 1, CL/CM = 15 exhibit virtually constant absorbances at 530 and 540 nm in this 
pH region and absorbances at 550 and 560 nm even slightly decreasing from pH 5'5; 
some distortion of the differential curves, however, may be due to the fact that the 
total, non-constant absorbance of reagent was subtracted. According to distribution 

TABLE VI 

The models of complexation of Ni(U) with TAR by SPEFO 8 program 
--------- -----------------

MLH_ ML 

M(LHlz, (MLH. ML) 
MLzH, (MLH. ML) 
ML2 • (MLH, ML) 
M(LH)z. ML2H. (MLH. ML) 
M(LH)2' ML2, (MLH. ML) 

0'02e 1'8-7'9 
O'Ol e \'9-7'9 
O'OOSI 1· S- S·1 

8'S g 7'\-7'0 
8· sg 3'\- 7·0 

IS g 3'6-7'8 
109 3'6-7'S 

8'S g 3'1-7'0 
109 3'6-7'S 

8·S 3·1-7'0 

O'(A)C Anomalous valuesd 

0'003 
0-003 
O-OOS ML: enhanced O'(log {I) 
0-OS7 
0'007 
0-048 
0'049 
0-012 M(LH)2: low 13 

0-004 

MLH. ML. M(LHh. ML2 H. (MLz) O'OOSe 1-8- 7'9 0-003 M(LH)2: 0'(6) 

M(LH)2' MLzH_ ML z. 
(MLH. ML) 

O-OOSI I· S- S·1 

3-1-8'4 
3-\-7-0 
3-6-7-S 

0'003 M(LH)z: enhanced 
O'(log /I) and 0'(13) 

O-OOS ML2H: enhanced O'(log {I) 

and 0'(13) 

0-007 
0-003 
0'007 

-----------------------

a.b.c.d As in Table 1/; ~ cL = 2- S mmoll- 1; 1 CL .c= 40-0 p,moll- 1; g CM = 12-0 p,moll- 1 ; 

"eM 16·0~mllll-l. 
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diagram (Fig. 7c), the absorbance changes in this pH range are a consequence of the 
occurrence of equilibria of complexes of various degrees of protonation, the NiLzH
complex predominating in the presence of lower amounts of Ni(LH)z and NiL~ -. At 
the same time, the absorbance of reagent increases because of its dissociation; 

TABLE VII 

Molar absorptivities of complexes ofNi2 + with TAR at 540 nm determined by SPEFO 8 program 

c" 
CL/cM pH 8 ± 0'(8) 

nb 
~moll-l 104 cm2 mmol- 1 

NiLH NiL 

40·0 0·01 I-8-4·8 2·15 ± 0·02 2·27 ± 0·04c 39 
40·0 0·005 1·5-5·1 2-20 ± 0·01 2 ± 12c 43 
25·0 0·01 1·9-7-9 2·16 ± 0·01 2·30± 0·01 SO 
25'0 0'005 1·7-7'9 2·18 ± 0'01 2·33 ± 0'01 50 

Ni(LH)z NiL2H NiLz 

16'0 5'0 H-4·S 4'31 ± 0'01 4·15 ± 0'04 6'59 28 
16'0 5'0 3·1-8'4 3·02 ± 0'04 4'15 ± 0·01 4·73 ± 0'04 47 
12'0 8'5 3'0-7'0 3'04 ± 0'02 4'03 ± 0'01 233 48 
12'0 10 3'6-7'5 3-68 ± 0'03 4'96± 0'02 6'59 ± 0'2 SO 
12'0 IS 3-6-7-8 3·78 ± 0'06 4-86 ± 0'03 5'92 :1: 0·3 SO 

a cL for NiLH and NiL, eM for Ni(LH)z, NiLzH and NiLz; b number of experimental values; 
c a smaII amount of NiL complex and negligible amounts of I : 2 complexes (see Fig. 7a). 

FIG. 8 

Response surface of total absorbance of 
complexes in Ni(II)-TAR system at 540 nm 
(see text for Fig. 3) calculated for the con
stants as in Fig. 7 and molar absorptivi
ties (cm2 mmo\-l) 8 (NiLH) = 2'18.104 , 

e (NiL) = 2-32. 104 , 8 (Ni(LH)z) = 3'57 . 
. 104 , e (NiL2 H) = 4'43 . 104 and 8 (NiLz) = 

= 5'75. 104 
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therefore, the determination of Ni(II) with TAR at pH 6'0 - 7·0 requires a precise pH 
adjustment. 

When investigating the effect of reagent, a quantitative formation of complexes 
starting from CL/CM = 5 was deduced from the ilA = f{cd dependence at CM = 
= 16·0 J.lmoll- 1 and pH 6·50. The reagent concentration CL = 130 J.lmoll- 1 was 
chosen for the determination, i.e., CL/CM ~ 5 at CM = 25 J.lmoll- 1 at the end of the 
calibration dependence. 

The acidity of the solutions for the determination of Ni(II) can be adjusted with 
ammonium acetate, which at pH 6·5 does not interfere up to a concentration of 
0·3 mol 1-1, or with triethanolamine-HN03 or phosphate buffers, which do not 
interfere up to a concentration of 0·15 mol 1- 1 at pH 6'5 and pH 6'6, respectively. 
The results are unaffected by the ionic strength up to I = 0·5 (KN03). The spectro
photometric calibration region of CNi = 0'12 -1·45 J.lg ml- 1 at pH 6·48 (ammonium 
acetate 0·2 mol 1- 1) and CL = 130 J.lmoll- 1 in 30 vol.% ethanol, measured at A 535, 
540,545 and 550 nm and 10 mm optical path length was subjected to linear regression 
calculations. The parameters at 540 or 545 nm were confirmed as the most suitable 
(see Table XIV). 

TABLE VIII 

The stability constants p = [MLnHz]/[M] [L]n [H]Z of complexes of Ni2 + with TAR determined 
by SPEFO 8 program 

cQ 

cL/cM pH log P ± O'(log p) O'(A). 10 3 
J.1moll- 1 

NiLH NiL 

40'0 0'01 1-8-4'8 16'55 ± 0'01 11'07 ± 0'08b 2 
40·0 0'005 1'5-5'1 16·48 ± 0'01 7'5 ± 1261 b 5 
25'0 0·01 1'9-7'9 16'66 ± 0'01 11'09 ± 0'04 2 
25'0 0'005 1·7-7'9 16'58 ± 0'01 11'07 ± 0'04 3 

Ni(LH)2 NiL2H NiL2 

16'0 5'0 3·4-5'5 33'59 ± 0'04 28'29 ± 0'03 21'00c 8 
16'0 5·0 3'1-8'4 33'55 ± 0'02 28'78 ± 0'01 21'29 ± 0'07 7 
12'0 8'5 3'0-7'0 33'46 ± 0'01 28'85 ± 0'05 18'04 ± 0'15d 3 
12'0 10'0 3-6-7'5 33'87 ± 0'02 29'00 ± 0'01 21'00 ± 0'05 7 
12'0 15'0 3'6-7'8 33'81 ± 0'03 28'26 ± 0'07 20'81 ± 0'09 10 

a cL for NiLH and NiL, cM for Ni(LH>z, NiL2H and NiL2; b a small amount of NiL and negli
gible amounts of I : 2 complexes (see Fig. 7a); c values from cL/cM = 10, not varied; d a small 
amount of NiL2. 
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COMPLEXATION EQUILIBRIA OF Ni(II) WITH 
2-(5-BROMO-2-PYRIDYLAZO )-5-(DlETHYLAMINO )PHENOL (BrPADAP) 

Acid-Base Properties of BrPADAP 

The dissociation of BrPADAP in the region of nickel complexation, pH 2'0-12'8, 
in 10 vol.% ethanol in the presence of 0'1% BRIJ-35 tenside was evaluated from the 
absorption curves of solutions of BrPADAP (CL = 33·4 llmoll- 1, EDT A 0·1 mmol . 
. 1-1 for suppressing the effect of metal traces) with increasing pH, by graphical 
analysis26 at 500 and 510 nm, and by numerical analysis of a set of absorbance data 
for 24 wavelengths within the 380-580 nm region using the SQUAD-G program3S. 
The pK., Amax and 8max values of the LHi, LH and L - species at I = 0'1 (NaN03) 
and 25°C are given in Table IX. 

For the LH;+ species formed in strongly acid solutions, the pKal values found re
cently in 50 vol.% ethanol were 0'1 ± 0·1 (ref.43) and 0'05 (ref.44), in 30 voI.% ethanol, 
-0,29 (ref.44). 

A survey of dissociation constants and absorption data of BrPADAP in various 
media can be found in refs l9 ,44, where the order of protonation of the reagent sub
stituents is also discussed: the pKa3' pKa2 and pK.l values are attributed to the phe
nolic group, the pyridine nitrogen atom and the diethylamino group, respectively, 
whereas in ref.43 the protonation of the pyridine nitrogen and the diethylamino 
group is assumed to proceed in the reverse order. 

Absorption Spectra of Ni(II)-BrPADAP Complexes 

The absorption spectra of solutions of BrPADAP with excess NiH (cL = 16'411mol . 
. 1- 1 and CM/CL = 100) in 10 vol.% ethanol in the presence of 0·1% BRIJ-35 at 
pH 2·0-6·0 indicate the transition of the reagent (the LHi and LH species, 
Amax 445 nm at pH ~ 2) into a product with a double maximum at 525 - 552 nm 
and in isosbestic point at 480 nm (Fig. 9). The curves for the system with excess 
reagent (CM = 3'60 llmol 1-1 and CL/CM = 4'64) at pH 2·6-6·4 exhibit a gradually 
appearing partly resolved double maximum at 525 - 559 m (Fig. 10). The same Amax 
values and the isosbestic point at 485 nm were observed for BrPADAP solutions 
with increasing concentration of NiH (CL = 16'811moll- 1 and CM/CL = 0-1-1'0) 
at pH 8·8. The different shapes of the double maxima at different concentration ratios 
of the components suggest that at least two complexes with different Ni : L ratios 
are formed. 

Continuous Variations Method 

Only the complex with Ni : L = 1 : 2 was detected by the continuous variatIOns 
method in solutions of NiH with BrPADAP in 10 vol.% ethanol in the presence of 
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0'3% TRITON X-100 tenside at pH 2·80 (co = 43·8 Ilmoll-l) and at pH 3·75 and 
8'50 (co = 33·0 Ilmoll-l), A. 525, 540, 560 and 570 nm. 

Absorbance-pH Curves 

The absorbance-pH curves at 525-560 nm for CM = 7·20 Ilmoll-l, CL/CM = 4'64; 
CM = 6·00 Ilmoll-t, CL/CM = 100; and CL = 16·3 Ilmoll-l, CM/CL = 100, in 10 vol.% 
ethanol in the presence of 0'1% BRIJ-35 (Fig. 11) or 0'1% TRITON X-100 have 
a single monotonically ascending branch over the region of pH 2-5; this simple 
shape, however, does not rule out a simultaneous formation of a larger number of 
complexes. 

TABLE IX 

Acid-base and absorption characteristics of BrPADAP in 10 vo\.% ethanol containing 0'1% 
BRIJ-35, 1=0'1 

Species pKa 
A.max e. 10- 4 

nm cm2 mmol- 1 

LHi 2'33 ± 0'04a, 2'28b, 2'32e 463 4·23 

LH 11'43b , 11'41 c 443 4'07 

L 512 4'69 

a Calculated by SQUAD program for 24 wavelengths within the region of 380-480 nm; b obtained 
by graphical analysis at 500 nm; C obtained by graphical analysis at 510 nm. 

A 

FIG. 9 

Absorption spectra of solutions of BrPADAP 
with excess Ni(II) ions in 10 vo\.% ethanol 
containing 0'1% BRIJ-35 tenside; cL = 

c= 16'3 Ilmoll-1, CM!CL = 101. pH: 1 2'02, 
22'69, 32'85, 43'04, 5 3'25, 63'40, 7 3'57, 
83'77, 94'00, 104·90, 11 6'00 
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Numerical Treatment of Absorption Curves 

Several sets of absorbance data at 22 wavelengths within the region of 380 - 580 nm 
(step 10 nm and A 525 nm in addition) for CL = 16·4 limol 1- 1 , CM/CL = 101, and 
CM = 7 ·19 limo I 1- 1, CL/ CM = 4·64 and 9'98, in 10 vol. % ethanol in the presence of 
0'1% BRIJ-35 at pH 2-6 were treated by the SQUAD-G program. Only the data 
at 560 nm, i.e. in the absorption maximum range, were used for the SPEFO 8 treat
ment. Various models involving the ML, ML2, MLH, M(LH)2 and ML2H complexes 
were considered (Table X). For systems with excess reagent, the U, o{A) , a(e) and 
a(1og /3) data along with other criteria obtained by the two programs suggest the 
ML2 + ML complex pair as the most adequate. The e and log /3 values of the NiL2 
complex and, in particular, the NiL complex determined by the SQUAD-G program, 
however, exhibit a considerably higher variance than those determined by the SPEFO 
8 program (Tables XI and XII), presumably as a manifestation of the law of propa
gation of errors for data at wavelengths more distant from the maximum of the com
plexes, where the errors of measurement, inaccuracies in the high absorbances of 
reagent, effect of aggregation, formation of colloids of reagent and complexes, etc., 
can playa significant part as compared to the low changes in the absorbances of the 
complexes. 

A 

0L---'4~00c-----7<45~0------n~m------«55~0--~ 

FIG. 10 

Absorption spectra of solutions of Ni(II) 
ions with excess BrPADAP in 10 vo\.% 
ethanol containing 0'1% BRU-35; cM = 

= 7·20 Ilmoll- 1, cdcM = 4'64. pH: 1 2'14, 
2 2'61, 32'93, 4 3,16, 53'37, 63'68, 74'10, 
8 4'88, 9 5'49 

Collection Czechoslovak Cham. Commun. [Vol. 52] [1987] 

0-8 

A 

04 

5 

0L---~------~~--~---+6--~ 

FIG. 11 

Absorbance-pH curves of solutions of Ni(II) 
ions with BrPADAP in 10 vo\.% ethanol 
containing 0·1% BRU-35, 560 nm. 1 cL = 
= 16'4Ilmoll-1, cM!cL = 101; 2 cM = 
= 6'00 Ilmoll-1, cL!cM = 10; 4.1.A = [(pH) 
for cM = 6'00 Ilmoll- 1, CL/cM = 10; 5 cL = 
= 33'4 Ilmoll - 1, CM = 0 
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TABLE X 

The Ni(ll)-BrPADAP complexation models by SQUAD-G and SPEFO 8 programs 

ModelD 

MLz 

MLz• ML 

M(LH}z 

MLz' ML, MLH 

ML2• ML, M(LHh 

ML2, MLzH, M(LH}z 

MLz, ML, MLH, ML2H 

ML2, ML, MLH, MLzH, M(LH}z 

CL/CMb u(A)c 

SQUAD-G 

4'64 0'009 
9'98 0'055 

4'64 0'003, 0'01ge 

9'98 0'007 

4'64 0'087 
9'98 0'061 

4'64 0'003 
4'64 O'027e 

9'98 0'006 

4·64 0'004 

4'64 0'078 

4'64 0'003 e 

9'98 0'019 

4'64 0'011 
9·98 0'007 

SPEFO 8 

4-64 
9'98 

4'64 
9'98 

0'029, 0'034e 

0'047 

0'002,0'00Ie 
0'006 

Anomalous valuesd 

u(log P), s 
u(log P), s 

MLH: u(log p), sf 
MLH: u(log p), s 
MLH: u(log p), s 

M(LH)2: u(log p), s 
ML: s < 0 

all complexes: u(log p), 
ML2: s, M(LH)z: s < 0 

all complexes: u(log P). 
ML: 8, ML2H: s < 0 
all complexes: u(log P). 
ML, MLH, ML2H: s 

ML, MLH: log p, 
except ML2 : 8 

a sand pKa values of LH! and LH species not varied during calculation; b cM = 7'20 llmoll- 1 

for cL/cM = 4'64, cM = 6'00 llmoll- 1 for cL/cM = 9'98; and cL = 16'3 llmoll- 1 for cL/cM = 
= 0'009 C standard deviation of calculated absorbances with respect to the experimental data 
at the same wavelength; d extremely high, nonrealu(log p) values (units to thousands), extremely 
high sand u(s) values (10S _106) or negative s give evidence of incorrectness of the model 
treated or a low amount of the complex in question; e acidity (pH 2'8-4'4) adjusted with 
ammonia, otherwise with sodium hydroxide for systems with cL/cM = 4'64 (pH 2'0-4'6) and 
cL/cM = 9'98 (pH 2'1-4'7); f computation terminated after 11 iterations, for the remaining 
anomalous results the calculation did not converge and was discontinued after 25 iterations. 
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From the data set for excess Ni(II) (CM/CL = 101) neither of the programs provided 
e and fJ parameters of the MLz and ML complexes identical with those for excess 
reagent along with a low U criterion, not even after augmenting the MLz + ML 
system with the MLH and MzL complexes. 

The distribution curves of the Ni(II)-BrPADAP complexes calculated by the 
HALTAFALL-SPEFO program from the more accurate average parameters of the 
complexes determined by the SPEFO 8 program for solutions with excess reagent 
(cL/cM = 4·64 and 9'98) at pH 2·0-5·0 are shown in Fig. 12. 

TABLE XI 

Values of molar absorptivities of Ni(II)-BrPADAP complexes at 560 nm determined by means 
of SQUAD-G (SQ) and SPEFO 8 (SP) programs 

8 ± 0'(8). 104 cmz mmol- 1 

O'(A)a 

cdcM pH NiL NiLz 
SQ SP 

SQ SP SQ SP 

4-64b 2-0-4-6 2-06 ± 0-08 4-60 ± 0-03 11-98 ± 0'04 11-86 ± 0-02 0-003 0-002 
4-64b 2-5-5-1 6-73 ± 0-16 5-06 ± 0-11 12'00 ± 0-07 12-02 ± 0-04 0-020 0-006 
4-64b ,c 2-8-4-5 1-97 ± 0-05 4-44 ± 0-02 11-92 ± 0-02 11-98 ± 0-01 0-019 0-001 
9-98d 2-1-4-7 H9± 0'04 5-20 ± 0-09 11-26 ± 0-07 11-64 ± 0-06 0-007 0-006 

a Standard deviation of calculated absorbances with respect to the experimental values; number 
of solutions measured see in Table XII; b cM = 7-20 Ilmoll-1; C pH adjusted with ammonia, 
otherwise with sodium hydroxide; d cM = 6-00 Ilmoll- 1 _ 

FIG_ 12 

Distribution curves of complexes in Ni(I1)
-BrPADAP system_ The distribution coeffi
cients (J), [NiLzl/cw [NiL]/cM and [Ni]/cM 
calculated by HALTAFALL-SPEFO pro
gram using log P (Ni + 2 L = NiLz) = 25-90, 
and log P (Ni + L = NiL) = 13-04, deter
mined by SPEFO 8 program, for cM = 

= 7-20 Ilmoll- 1, cL/cM = 4-64 (full lines) 
and cM = 6-00 Ilmoll- 1, cL/cM = 10 (dash
ed lines) 

Collection Czechoslovak Chern_ Commun_ [Vol- 52] [1987] 
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Determination of Nickel(Il) 903 

Spectrophotometric Determination of Ni(II) with BrPADAP 

Ni(Il) can be determined with BrPADAP in the form of the NiL~- complex with 
Amax 560 and 525 nm, 8 560 = 1·21. lOs cm2 mmol- 1, in 10 vol.% ethanol containing 
0·1% BRIJ-35 at pH 6·5-9·0 and CL = 84llmoll-1 (cL/cM = 10 at the end of the 
calibration curve). According to the course of the concentration dependence ~A = 

= A - AL = f(cL) for the NiH -BrPADAP system at CM = 6·0 llmoll- 1 and pH 
6·5 and 8·8, and according to the calibration dependences (Table XIII), the concentra
tion of BrPADAP can be lowered with increasing pH in this region, viz. to CL = 
= 67 Ilmoll- 1 at pH 8·0 (CL/CM = 8) and CL = 50 Ilmol 1-1 at pH 8·8-9·0 (CL/CM = 
= 6·5 at CM = 8·35 Ilmol 1::'1 in pure solutions free from interferents), whereby the 
risk of appearance of haze is lowered. The acidity can be adjusted with ammoniacal 
buffer which does not interfere up to a concentration of o· 3 mol 1-1 at pH 8·8, or 
tris(hydroxymethyl)aminomethane which does not interfere up to a concentration 
of 0·4 mol ]-1 at pH 8·9, or borate buffer which does not interere up to a concentra
tion of 0·1 moll- 1 at pH 9·0. The differences in the slopes of the calibration curves 
for these buffers at different pH and CL values lie within the limits of random error 
(Table XIII). Ionic strength does not affect the absorbance up to I = 1·0 (NaN03) 

in conditions suitable for the determination. 

Procedure: To a slight acid to neutral solution of sample containing no more than 12 J,lg Ni, placed 
in a 25 ml volumetric flask, are added 2·5 ml of 1% aqueous solution of BRIJ-3S, 2·5 ml of 
840 J,lmoll- 1 ethanolic solution of BrPADAP and 2·5 ml of 2·0 moll- 1 TRIS buffer (pH 7·5), 
the solution is diluted to volume with water and the absorbance is measured at 560 nm in 10 mm 
cells. 

The characteristics of the calibration curve for the spectrophotometric determi
nation over the nickel concentration region of 0·05 - 0·49 llg ml- 1, calculated by li
near regression after testing the linearity by variance analysis41, are given in Table 
XIV. The effect of some ions on the determination is shown in Table XV, the effect 
of some conventional masking agents, also in mixtures, in Table XVI. A simultane
ous presence of thiourea (final concentration 0·2 mol 1- 1 ), tartrate (0·2 mol 1- 1), 

fluoride (0·08 mol 1-1) and EDTA (2·0 mmol r 1), however, proved inefficient for 
masking Fe(III), CU(II) and Co(II). 

DISCUSSION 

In Ni(II)-PAR and Ni(II)-TAR systems in 30 vol. % ethanol, the NiLH+, NiL, 
Ni(LHh, NiL2H- and NiL~ - complex species were identified. The average values of 
their constants and molar absorptivities are summarized in Table XVII. 

The NiL2H- complexes have never been before detected spectrophotometrically, 
except for the complex with PAR (refY), because they are formed simultaneously 
with the Ni(LHh and NiL~ - species from which they do not differ significantly 

Collection Czechoslovak Chem. Cammun. [Vol. 52] [1987] 
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TABLE XIII 

Slopes of spectrophotometric calibration dependences for the Ni(II)-BrPADAP system at 
560 nm; cM = 0'8-8'35 J.1moll- 1, medium: 10 vo\.% ethanol containing 0'1% BRIJ-35 

Buffer pH cL 8. to- 5 
AOII 

J.1moll- 1 cm2 mmol- 1 

9'00 54 1-184 0'074 
TRIS 0'2 moll- 1 b 8'95 54 1-158 0'099 

8'10 67 1-183 0'117 
NH3 0·2 moll- 1 9'02 54 1-176 0'080 
Borate 0·1 moll- 1 c 9'02 54 1·173 0·094 
TEA 0'1 moll- 1 d 7'00 84 1'247 0'094 
Acetate 0'06 moll- 1 e 5'50 84 1'186 0'077 

II Absorbance of blank solution; b at pH 7·2 and cL = 84 J.1moll- 1 time instability and haze in 
40 min; C at pH 8'2 and cL = 67 J.1moll- 1 bending of calibration dependence starting at cM = 
= 6'68 J.1moll- 1; d medium 30 vo\.% ethanol; in to vo\.% ethanol with 0'1% BRIJ-35 at cL = 

,-~ 84 J.1moll- 1 time instability both in the presence of 0·1 moll- 1 triethanolamine at pH 7'2 
and of 0·1 moll- 1 phosphate buffer at pH 6'75; e conditions according to ref.2o• medium of 
30 vol.% ethanol. 

TABLE XIV 

Parameters of spectrophotometric calibration curves for determination of Ni(II) with PAR, 
TAR and BrPADAP determined by linear regression 

Reagent 
nm 

PARf 495 
500 

TARg 540 
545 

BrPADAph 555 
560 

b.to- 411 

cm2 mmol- 1 

7'55 
7'33 

3-86 
3'73 

11·42 
11·46 

Sb· to - 4b 

cm2 mmol- 1 

0'03 
0'03 

0'01 
0'01 

0·05 
0'06 

0'190 
0·155 

0'237 
0'151 

0·143 
0·116 

4'36 0'78 
4'31 0'80 

2'90 1'52 
3'97 1'58 

5'94 0'51 
7-41 0'50 

II Regression straight line slope (approximate value of molar absorptivity); b standard deviation 
of slope; C displacement of regression straight line with standard deviation S = 0'003; d standard 
deviation of dispersion about regression straight line s,,% = [~::<Aexp - Aca1c)2/(n - 2)]1/2 
(ree s); e Sandell's sensitivity index46 adapted for A = 0'01; f eNi = 0·07-0·65 J.1g ml- 1, 
eL = 112 J.1moll- 1, pH 9'60 (0·1 moll- 1 borate buffer). number of experimental values n = 20; 
g eNi = 0'12 - 1·45 J.1g ml- 1, cL = 130 J.1moll- 1• pH 6'46 (0'2 moll- 1 ammonium acetate), 
30 vol.% ethanol, n = 22; h eNi = 0'05 - 0'49 J.1g ml- 1, cL = 83'6 J.1moll- 1, pH 7· 50 (0'2 mol . 
. 1- 1 TRIS). 10 vol.% ethanol, 0'1% BRIJ-35, n = 25. 
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in their spectral parameters. Their presence, however, has been assumed, similarly as 
in the case of the Mn(II) and Zn(II) complexes, from potentiometric measurements 
in 50 voI.% dioxane14.15 . For PAR, and with a low degree of certainty for TAR, they 
could only be evaluated spectrophotometricaIly by computer processing (using the 
SPEFO 8 program) similarly as the MLzH complexes in the systems of PAR with 
Zn(II), Cd(II) and Cu(II) (refs47.48.22, respectively). 

In the Ni{II)-BrPADAP system with excess reagent in 10 voI.% ethanol in the 
presence of 0'1% BRIJ-35, the NiLz species, in the presence of a smaIler amount 

TABLE XV 

Effect of some ions on the determination of Ni(II) with BrPADAP. eNi = 0'296 ~g ml- 1, 
cL = 50 ~moll-1. pH 7'5 (0'2 moll- 1 TRIS), 10 vol.% ethanol containing 0·1% BRIJ-35. 
). 560 nm 

Cion 
a 

b Cion 
a 

b Ion 
~g ml- 1 mlon!mNi Ion 

~g ml- 1 mion!mNi 

Fe3 + 0'028 0·95 A1 3 + 54c 182 
Co2 + 0'0059 0'020 Mg2+ 289 977 
Cu2 + 0'0090 0'031 Ca2+ 160 542 
Zn2+ 0'124 0·41 CI- 355 1 198 
Pb2+ 0·041 0·14 soi- 91 308 

a Concentration bringing about a change in absorbance (A - A L ) of ±2% reI.; b mass ratio; 
C white haze appears immediately; 4 haze and colour change to yellow-brown appear in 30 min. 

TABLE XVI 

Effect of masking agents on the determination of Ni(U) with BrPADAP; cNI = 5'00 ~moll-1, 
cL = 50'5 ~molI -1, pH 7'5 (0'2 molI -1 TRIS), 10 vol.% ethanol containing 0'1% BRIJ-35, 
). 560 nm 

Masking agent c a 
Masking agent c a 

mmoll- 1 mmoll- 1 

Mgz+-EDTA 5 thiourea 100 
EDTA 2b tartrate 100 
NaF 100 citrate 100 
NaZS203 20 oxalate 70 

a Masking agent concentration bringing about a 2% decrease in absorbance of complex; b at 
cNi = 6'0 ~moll-1 and pH 8·1 (0'2 moll- 1 TRIS). 
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of NiL, was found by the SQUAD-G and SPEFO 8 programs. The average 8 and 
log f3 values of the complexes found by the SPEFO 8 program at 560 nm and the 
rather approximative estimates determined by the SQU AD-G program at 22 wave
lengths within the region of 380 -- 580 nm are given in Table XVII. 

When comparing the results of graphical and numerical data treatment for both 
thv Ni(II)-P AR and Ni(II)-TAR systems, it is observed that appreciably erroneous 
values of the constants are attained by the graphical treatment if the simultaneous 
formation of several complexes is ignored (e.g., the stability constants of the NiLH 
and NiL2 complexes of PAR or the NiL and NiL2 complexes of TAR, Table XVII). 
The computer processing, however, did not invariably lead to unique correct results 
either. When testing the adequacy of the various conceivable complexation equi
libria models, even the optimum models frequently displayed, besides u(A) values 
roughly corresponding to the accuracy of data measured (several thousandths in the 
absorbance scale), increased u(A) values (as high as 0'02). The poor reproducibility 
of u(A) then made it more difficult to recognize the correct model, particularly if 
several models provided u(A) values not very different from each other (Tables II, 
VI, X). 

Particularly difficult and uncertain was the discrimination betwen the model of 
NiLH, NiL, Ni(LH)2' NiL2 and the same model with NiL2H for TAR. For either 
of them the u(A) values were relatively low, and neither could be rejected based on 
anomalies III the parameter values - the 8 and log f3 values and the corresponding 
standard deviations were at reasonable levels. 

For the Ni(II)-BrPADAP system ,more accuraL results could be potentially gained 
than for the Ni(IT)-PAR and Ni(II)-TAR systems owing to the fact that a more per
fect instrumentation was used (Superscan 3 interfaced to a HP 9815 computer), the 
u(A) values, however, apparently involved other errors arising from the properties of 
this system, such as the tendency of the low-soluble reagent and complexes to form 
colloid particles, high sensitivity and low selectivity of the reagent during its reactions 
with m;:tal ions which may be present as impurities in the chemicals, etc. All data 
available, such as the absorption spectra, results of the method of continuous varia
tions, 8 estimates derived from the horizontal branches of the pH and concentration 
dependences, partial results of graphical analysis, data from the literature, etc., had 
therefore to be taken into consideration, and were found relevant, when seeking for 
the optimum model. 

In the final numerical evaluation of the optimum models in conditions of a simul
taneous formation of complexes with similar absorption spectra, the precision of the 
data measured was not sufficient for the 8 and f3 values of some complexes to be 
determined reliably enough; this concerns, e.g., the PAR and TAR complexes with 
M : L = 1 : 2 or, in particular, the NiL complex of BrPADAP when employing 
the SQU AD-G program and data from a wider wavelength region where competitive 
equilibria interfere to a higher extent. The optimum conditions for the suggested 
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methods of determination of Ni(II) with PAR, TAR and BrPADAP, respectively, 
are given in Table XVIII. 

The various procedures for the determination of Ni(II) with PAR differ parti
cularly in the suggested concentrations of reagent, which, however, according to the 
response surface (Fig. 4) all are sufficient for a quantitatie formation of the Ni(LHh 
complex at pH 4·5 and the NiL2 complex, with a higher molar absorptivity, at pH 
9 -10. The latter complex was used in this work for the determination of Ni(II) in 
drinking water. 

TAR as a reagent for the spectrophotometric determination of Ni(II) in 30 vol.% 
ethanol at pH 6·0-7'0 is less suitable than PAR because of the lower sensitivity of 
determination, partial dissociation of the complexes and a marked increase in the 
absorbance of reagent at pH > 7. 

With BrPADAP, featuring an exceedingly high sensitivity (1:560 = 1'21.105 cm2 . 
. mmol- 1), the possibility of determination of Ni(II) was tested in 10 vol. % ethanol 
containing 0·1% BRIJ-35 tenside; the determination, however, was found little 
selective, calling for masking or, better, previous separation of interfering ions. 
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