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The composition, o ptical characteristics, molar absorption coefficients and equilibrium constants 
of the reactions of fo rmation of the ML and ML2 complexes of both reagents with cadmium(II) 
ions were determined by graphical analysis and numerical interpretation of the abso rbance-pH 
curves by the modified SQUAD-G program. Optimal conditions were proposed for the spectro
photometric determination of Cd in 10% v/ v ethanol medium in the presence of 0·1 % w/v Triton 
X-IOO or 1% w/ v Brij 35. BrPADAP and CIPADAP 'are the most sensitive spectrophotometric 
reagents for the determination of cadmium(II) ions (e = 1·28- 1-44 . 105 mmol - 1 cm2 at 560 nm 
a nd pH 8'0-9' 5) with a high colour contrast in the reaction (fl.}. max ~ 117 nm) and a selectivity 
si milar to that of other N-heterocyclic azodyes (PAR, PAN, etc .). 

The ana lytical chemistry of cadmium has undergone great development, especially in -recent 
years in connection with the increasing technological importance of this element and the sub
sequent increased cadmium contents of the atmosphere, soil and waste waters. Cadmium metal 
a lone is not toxic, but most of its compounds are. Cadmium compounds have the greatest 
toxicity on inhaling (e.g. CdO va pours formed in melting of cadmium, its alloys and ores), or in the 
digestive system. During intoxication, cadmium compounds attack the central nervous system 
leading to degenerative changes in the internal organs or interference in the metabolism of phos
phorous and calcium exchange. The highest permissible concentra tion of cadmium in the atmo
sphere is 0·1 mgm - 3 (hygienic standards) o r 0'3 -0'4mgm - 3 of cadmium alloy dust par
ticles!. Consequently, the analytical chemistry of trace concentrations of cadmium is of great 
importance. In addition to atomic absorption spectrophotometric and other methods, molecular 
absorption spectrophotometry in the visible and UV regions is very important in many routine 
laboratory analyses. 

Of organic analytical reagents, the greatest importance is enjoyed by the group of N-hetero
cyclic azodyes based on pyridine (PAR, PAN, PADAP, etc.) of which the most sensitive reactions 
are provided by 2-(2-pyridylazo)-5-dialkylaminophenol (PADAP) and its halogen derivatives, 
BrPADAP and CIPADAP. This reagent has the same chelating system as PAR, but the dialkyl
a mine substituent in the p-position yields molar absorption coefficient values 1'5 to 2·0 times 
higher and much better colour contrast in the reaction. 

This work deals with study of the complexation equilibria of the 5-bromo and 
5-chloro derivatives of PADAP with cadmium(II) ions in mixed water--ethanol and 
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water- DMF media and 10% vlv etha nol medium in the presence of nonionic 
tensides. The basic parameters of the complexes o f Cd(H) wi th BrPADAP a nd 
CIPADAP were evaluated by graphica l a na lysis2 a nd numerica l interpretation 
by the SQUAD-G program (refs 3

•
4

) of the a bsorbance-pH curves of solutions with 
a concentratio n excess of ligand or cadmium io ns. Co nditions were proposed for 
development of a ve ry sensitive spectroph otomet ri c method for the determina tion 
o f cadmium in pure solutions in 1O~;'; etha nol medium in the presence of no nionic 
tenside Triton X-l00 o r Brij 35 in a co nce ntrati o n of O· J o r I 'O~~ w/v, respectively. 

EXPER1M E NTAL 

Chemica ls a nd lnstrumcnts 

T he stock soluti clll of 1·897 . 10 - I mo ll - I Cd(N03) ~ in 0- 1 mo l 1- 1 H NO} was prepa red 

by dissolvin g ve ry pure (99'999%) meta llic ca dmiu lll (Metal Re~ca rch Insti t u te, Pa nen skc Bi'eza ny. 
C SS R ) in "Suprapure" pu rity H N03 (Me rck. GFR ). T he C dOI ) conte nt was co nt ro lled by COI11-

plexomc tric tit ra ti on with EDTA usin g E ri ochrome Black T indi ca to r. Wo rkin g solutions we re 
prepared by diluting the stock solut ion with 0· 1 1110 11 - 1 HN03 . T he o th er chcnical s. instrulllent s 
a nd measuring me thods a nd eva lua ti on o f experimenta l da ta were descri be d in de ta il in a n earlie r 
wo rk s. 

Th e Reactioll s of Cd(ll) with BrPADAP and C1PADAP 

The a bsorption spectra o f a CdelI ) so luti o n with BrP AD AP were recorded in de
pendence on the acidity of the medium in 30% vlv ethan ol in so lut io ns with a con
centrati on excess of cadmium ions (see F ig. ]; cM = 9·604 . 10 - 4 mol I- I , C L = ] ,0 . 
. 10 - 5 moll - I , cM / CL = 96), in nea rly equimol ar solu t ion s (cM = 7,804.10 - 6 mol . 
. 1- 1, cL = 1'22 .10 - 5 moll - I) a nd in soluti o ns with a concentra ti on excess of 
BrPADAP (cM = 4·802 . 1O- 6 moll - 1

, CL = 1'5 . 10 - 5 moll - lor CM = 2·401 . 
. 10 - 6 moll - I, CL = 1·5. 10- 5 moll - I, see F ig. 2). The absorption spectra of Cd(n) 

solutions with a concentration excess of BrPADAP in 50% vlv DM F (cL = 1·897 . 
. 10 - 5 moll - I, CM = 3'793.10 - 6 111 011 - 1, cL/cM = 5) were al so measured . The 
absorption spectra of all the soluti o ns had the same character in the wavelength 
region 340-610 11m, with a double absorption maximum at 520 a nd 560 nm . The 
concentrations of the basic components a nd the optical characteri stics of the ab
sorbing species are li sted in Table I. 

In study of the complexation equ ilibri a in solutions with a concentration excess 
of Cd(II), abso rba nce-pH curves were measured in a 30% vlv etha nol solution 
for CL = 9,483.10- 6 moll - I and various concentrations of Cd(B) ions (cM = 
= 9'483.10 - 3 111 011 - 1

, cM/c L = 1000; cM = 4'742 . 10 - 3 moll - I , cM/cL = 500; 
CM = 9-483 . 10 - 4 moll - I , cM/ CL = 100; cM = 4·742 . 1O- 4 moll - 1

, CM / CL = 50; 
CM = 9-483 . 10 - 5 111011 - I , CM / CL = 10). The absorbance-pH curves were recorded 
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in the wavelength intervals 420-480 and 510-560 nm at constant intervals of ~A. = 
= 10 nm. In neutral medium at pH 6-7 an amorphous Cd(OH)2 precipitate began 
to form. 

The measured dependences were evaluated only for a wavelength of 550 nm 
by graphical analysis assuming formation of a single complex, ML, according to the 
equilibrium 

(A) 

All types of slope-intercept transformations yielded very good correlation with the 
experimental data for all concentration excesses with the values of the equilibrium 
constants of reaction (A) and molar absorption coefficients e1 given in Table 1. 
Calculation by the SQU AD-G program for the pH interval c. 3·5 - 6 for the same 
model and concentration excess of cadmium ions, CM/C L = 100, yielded very good 
agreement with the experimental data (o-A = 0·0044 A.D.) for an equilibrium con
stant value of -log */3111 = 2·89 and molar absorption coefficient of emax = 7·2 . 
. 104 mmol - 1 cm2. These values (Table I) are in very good experimental agreement 
with the values obtained by graphical analysis and with the values for the corres
ponding complex of Zn(H) with BrPADAP (ref. S

). Calculations for the other models 
tested, assuming, in addition to formation of the ML complex, also formation 
of the hydroxo-complexes M(OH) and M(OHh or the mixed complex ML(OH) 

0 ,8 - r ----- ---r---------"--, 

Q2 

FIG. 1 

The absorption curves of a BrPADAP solu
tion with a concentration excess of Cd(Il) 
ions in 30% vlv ethanol medium . cL = 1·0. 
. IO - S moll-I, CM = 9'604.10 - 4 moll-I, 
1 = 0'10, HN03 + KOH, t = 25·0°C. Curve 
pH: 1 HI, 2 4,27, 3 4'87, 5 5'60, 6 5'85, 
7 6'18, 8 6'62, 9 7'12, 10 7·65. 

FIG. 2 

The absorption curves of Cd(II) ions in a con
centration excess of BrPADAP in 30~{ vlv 
ethanol medium. cL = 1'5.10- 5 moll-I, 
cM = 2·401 . 10- 6 moll-I, for the other 
conditions, see Fig. 1. Curve pH: 1 4'67, 
26'04, 36'63, 47'33, 5 7'78, 68 '05, 78'67, 
89'52,910'10 
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TABLE I 

Basic characteristics of the com plex of Cd(II) ions with BrPADAP and CIPAD AP. 30% v/v ethanol, 1 = 0·10 HN03 + KOH, ( = 25'0°C 

cL ·105 cM ·105 <A) All' )~ 11l 3X emnx 
- log *Pmnx Note mol/ I 11101/ 1 nm nm nm mmol- 1 cm2 

- ----- .--------.- . 

BrPADAP 

1·0 96·04 340-615 483 445Q
, 523, 552 

1·22 0·78 340-620 483 445Q
, 521,552 

1·50 04802 340-505 483 443 Q
, 521, 554 

1·50 0·2401 340- 605 483 445Q
, 520, 554 

J ·897 0·3793 340- 610" 484 443Q
, 520, 555 

0 '94R3 94·83 420- 460 a 10 520, 550 71 77 1 ± 299" 2'892 ± 0'0007c 
· Pll1 

510- 560 a 10 
40 0·3793 355- 595 a lOti 475 528,560 139553 ± 3147 4.102 :l~ 0·0032 ·Pll l 

CIPADAP 

1·0 94·83 355- 595 a 10 481 441 Q
, 519, 549 (,7 482 ± 260 2 87 ± 0·0029 *PIII 

4·0 0·3793 355 - 595 a IOd 481 440Q
, 530, 562 144 601 ± 3 110 4·1 2 ± 0·0030 *P1 22 

"Absorption maximum of the LH reagent form ; b 50% v/ v DMF; C -log ·PII I values from graphical interpretation: 2·8 1 (CM/ cL = 100, 
cL/ A), 2· 75, 2· 77, 2'81, 2 ·99 and 3·15 (cM/ CL = 10, 50, 100,500 and I 000) 2'66, 2'8 1, 2·80, 2·98 an d 3· 15 (CM/ cL = 10, 50, 100, 500 and 1 000 
from logarithmic ana lysis); tI 10% v/v ethanol in the presence of O' 1% w/v Triton X-l00; e ema , va lues from graphica l interpretation: 67·500, 
67'400, ('7'900, 70·900 and 72·200 fo r cM/ cL = 10.50. 100, 500 and I 000. 
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in the sense of equilibria (B)-(D) did not converge : 

M + H 2O M(OH) + H (*/31 01 ) (B) 

M + 2 H 2O ".- M(OH)2 + 2 H (*/31 02) (C) 

M + LH + H 2O -c- ML(OH) + 2H (*/311 2) (D) 

In CIPADAP solutions with a concentration excess of Cd(II ), absorbance-pH 
curves were measured for CL = 1,0. lO - s moll - 1 and CM = 9'483 . 10- 4 moll - 1 

in 30% ethanol for wavelengths of 355 - 595 nm at constant steps of LlA = 10 nl11 
(Fig. 3). Data for the pH intervaI3'5-6 were treated only by the SQUAD-G program 
under the same assumptions as those for BrPADAP. Very good agreement was 
obtained between the theoretical and experimental absorbance values for an equi
libri um constant of reaction (A) of - IOg*/3111 = 2·87 (O"A = 0·0015 A.U.) . The 
other models tested did not converge, as for BrPADAP. The molar absorption coef
ficient value, Cmax = 6'8.104 mmol - 1 cm 2

, is close to the value of the molar ab
sorption coefficient for the corresponding complexes of Cd(lI) with BrPADAP and 
Z n(II) with BrPADAP and CIPADAP (ref. S

). 

Absorbance-pH curves were measured in a solution of 0' 1% wjv Triton X-l OO 
in 10% vjv ethanol medium at wavelengths of 355 - 595 nm at constant steps of LlA = 
= 10 nm for a concentration excess of BrPADAP CLjCM = 10·54 (cL = 4'0 . 10 - 5 

moll - I, eM = 3,793.10- 6 moll - I). Treatment of the experimental data by the 
SQUAD-G program for a model of formation of a single complex ML2 accoraing 
to equilibrium E: 

0·8 

A 

pH 

(E) 

FIG. 3 

Absorbance-pH curves for Cd(lI) solutions 
with BrPADAP and CIPADAP. Conditions 
as in Fig. 1. Curve cL (moll- I) eM (mol l-I) 
). (nm) medium: 1 9-483 . 10 - 6 9·483 . 10 - 4 

550 30% ethanol, 2 1,0.10- 5 9'483 . 10- 4 

555 30% ethanol, 3 4·0 . 10 - 5 3·793 . 10 - 6 

555 10% ethanol with 0 ' 1% Triton X-100, 
47'587.10 - 5 3' 793.10 - 6 555 50% DMF, 
54·0 . 10 - 5 3'793. 10- 6 55550% DMF 
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yielded very good agreement with the experimental data (0" A = 0·0115 A.U.) for an 
equilibrium constant of -log *{3122 = 4·10 and molar absorption coefficient at the 
maximum of emn, = 1·4 . 105 mmol- 1 cm2

• Completely ana logolls results were 
obtained for the absorbance-pH curves of Cd(IJ) with CIPADAP (measured in 10% 
vlv ethanol medium in the presence of 0·1 % wlv Triton X-IOO) for the equi librium 
constant and molar absorption coefficient values given in Table I. Treatment for the 
other models given did not yield good agreement with the exper imental data (0" A > 
> 0·020 A.U.) or the calculations did not converge even after the required 20 com
putation cycles. 

It is apparent from Table 1 that the values of the basic characteristics of aJl the 
complexes of Cd (II) with both reagents, as well as the values obtained by graphical 
and numerical treatment of the absorbance curves are very weJl correlated. Slight 
differences between the values of the absorption maxima Ama , and of the molar 
absorption coefficients em3X obtained by spectra recording in the classical manner 
and the values of the corresponding quantities obtained by numerical treatment 
of the set of absorbance-pH curves for a large number of wavelengths in a broad 
spectral interval by the SQUAD-G program can be explained by instrumental and 

chemical factors. 

From an instrumental point, the difference can be explained by the fact that, 
in measuring the absorption spectra of the solutions, the instrument monochromator 
shifts at a constant rate (usually 50-100 nm/min) and the absorbance values are 
recorded with a constant delay, while in measurement of discrete absorbance values 
using the HP 981 5A table-top calculator, the monochromator is brought to a stand
-still before each measurement. The differences resulting from this factor may attain 
values of up to ~Amax = 15 nm for sharp maxima at a change from the monochromator 

shift rate from 1 nm/min to 100 nm/min (ref. G
). 

The difference in the values of the absorption maxima of the calculated absorption 
curves may also occur as a result of neglecting some side equilibria that are present 
to a very small degree in the solution (ligand interactions with other ions or impuri
ties). The absorption spectra obtained numerically also represent the curves of indi
vidual absorbing species, while the classical absorption spectra are always summation 

curves. 
In solutions with a concentration excess of Cd (II) ions for both reagents, only the 

mononuclear complex ML was formed according to equil ibrium (A) with equi
librium constant values of - IOg *{3111 = 2·89 and 2·87 and molar absorption 
coefficients of e~;~ 7'2.104 and e~~~ 6,8.104 mmol - 1 cm2 for BrPADAP and 
ClPADAP, respectively. These values are in very good agreement with the values 
for the Zn(II) complex with both reagents and for complexes with other elements 

(Table II). 
In solutions with a concentration excess of reagent in aqueous media or in mixed 

water-ethanol media , a turbidity or precipitate of the poorly soluble neutral ML~ 
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complex was formed . The complexes formed become soluble in 10% v/v ethanol 
medium in the presence of nonionic tensides Triton X-100 (0·1 % w/v) or Brij 35 
(1 ·0% w/v) or ionogenic cetylpyridinium bromide (1.10- 3 moll - 1

) and sodium 

TABLE II 

Comparison of the basic characteristics of the BrPADAP and CIPADAP complexes with some 
metal ions 

M : L (method) emax • 10 - 4 Note Ref. 

BrPADAP 

Zn2 + 1: 1 (B)l 8·5 540 6·5-8·5 CL/CM = 3 7,8 
1: 1 (A,q 6·9 547 7·0-9·5 5 
1: 2(A, q 15·4b 557 7·0-9·5 5 

Cd2 + 1 :2(A, B) 14·1 555 8·0-10·5 extn.d 9 
1: 1 (A,q 7·2 550 this 
1: 2(A, q 14'4° 560 9,0-9·5 paper 

UO~+ 1: 1 (A, Bl 5,63,4·65 586, 554 4·1 10 
1 : 1 : I g 6·40 580,646 7'3 10 

Pd2 + 1: 1 (A,B) 4·3 575 11 
Pb2 + 1: 1 (B,F) 4·9 575 7-9 extn.f 12 
Co2 + 1 :2(A,D,E) 9·8 580 13 
Co3 + 1: 2 (B) 9'2c 586 6·98 15. 
Bi3 + 1: 1 590 8 
Ga3 + 1 : 2 (A, B, qi 12·3 ± 0·3 570 3-5 14 
1'1 3 + 1 :2(A,B,D) 570 2 extn.e 17 

CIPADAP 

Ga3 + 1 :2(A, B,D) 11 ·5 ± 0·4 565 3-5 CIPADApk 14 
Co2 + I :2(B,D) 10·6 ± 0·95 580 3-9 CIPADAP' 14 
Cd2 + 1: 1 (A, q 6·9 549 CIPADAP this 

1: 2 (A, q 14'5" 562 C1PADAP paper 
Zn2 + 1: 1 (A,q 7·1 545 CIPADAP 5 

1: 2 (A, q 15·0b 555 C1PADAP 

a 10% v/ v ethanol and 0'1% w/ v Triton X-l00 or 1% w/ v Brij 35; b 10% v/v ethanol and 1·0% 
w/v Brij 35; c 10% DMF and 0'1 % w/ v Triton X-100; d 3-methyl-l-butanol; e benzene; f chloro
form; 9 ternary complex in excess F-, P' = 4·4-4·5 . 102

; h P' = 1.3 . 10- 5
; i *P = (4·65 ± 

± 0.2).104 ; j I/ *P = 6.7.10- 6 ; k *P = 5·0 ± 0·1; I *P = 19·15. A continuous variations, 
B molar ratio, C interpretation of absorbance-pH curves, D tangent method, E Asmus straight 
line method, F elemental analysis after isolation, P' conditional stability constant, *P equilibrium 
constant. 
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dodecyl sulphate (1 . 10 - 3 moll - I), and also in 50% vlv DM F medium. Because 
of the higher molar absorption coefficient va lues and broader pH region for com
plex formation , it is preferable to use non ionic tensides both for analytical 
applications as well as for study of the complex equ ilibria. 

The prese nce of the neutral ML2 complex formed accord ing to equilibrium (E) 
was unambiguously demonst rated in nonionic tenside medium in solutions with 
a concentration excess of ligand . The equilibrium co nstant and mola r absorption 
coefficient values are again in good agreement with the corresponding values for the 
BrPADAP and CIPADAP complexes with Zn(ll) and other elements (Table II). 

It foll ows from comparison of the equilibrium constant values that the stabilities 
of the cadmium(lI) complexes of the two reagents is roughly the same, but less 
than that of the Zn(II) complex. The molar absorption coefficients of the BrPADAP 
complexes with both metals in a concentration excess of the reagent are almost 
identical , but those of the corresponding complexes with CIPADAP are about 10% 
higher. All the high molar absorption coefficient values enable development of sensi
tive spectrophotometric methods for determination of Cd(II) in 10% vlv ethanol 
medium in the presence of 0'1 % wlv Triton X-lOa or 1% wlv Brij 35 at a wavelength 
of 560 nm , with a ten-fold reagent excess (cL = 4 . 10- 5 moll-I) and at pH 8·0 to 

9·5 in ammoniacal or Tris buffer 16
. 
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