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The existence of the red-orange protonated MLH complexes (4., = 490 nm, ¢ . = 16700
mmol ™! em?, fog *#,,; = —0-51 for Zn(I) and 1,,, = 490 nm, ¢, = 20 800 mmol ™' cm?,
log *fy, = —1-28 for Cd(ID)) and of the red-purple ML and ML, complexes (4_, = 517 nm,
Emax = 27 5000 mmol "1 cm?, log *;,, = —2-8and 2, = 527 nm, &,,, = 61 500 mmol .
.cm?, log *B12qa = —60for Zn(Il) and 2, = 522 nm, e, = 27 200 mmol ™! em?, log *Biia
= —39 and 2, = 522nm, 2, = 52 000 mmol ! cm?, log *#,,, = —82 for Cd(II) jons)
was demonstrated in aqueous medium by numerical interpretation of the absorbance curves
by the SQUAD-G minimization program. Conditions were proposed for development of a spectro-
trophotometric method for the determination of Zn(II) and Cd(11) using 1-PAN-4S.

The N-heterocyclic azodye 2-(2-pyridylazo)-1-naphthol-4-sulphonic acid (further |-PAN-4S)
is a suitable indicator for metal ions in EDTA titrations and a sensitive spectrophotometric
reagent for the determination of a number of elements. Both the properties of the reagent and its
analytical importance have been described'. The complexation reactions of this reagent with
Cu(Il) and Ni(II) (ref.z), HegdD (ref.®), Ga(II), In(I11) and TI(III) (ref.*) and Co(tIT) (ref.s)
have been studied in detail and optimal conditions have been found for the spectrophotometric
determination of these elements.

This work is concerned with study of the complexation equilibria of 1-PAN-4S
with Zn(IT) and Cd(IT) ions in aqueous media; the possibility of spectrophotometric
determination of these elements with this reagent was confirmed. The general and
expanded SQUAD-G program (rcf.é),originally used in a primary version by Leggett
and McBryde”, was found very useful in the study of complexation equilibria.

EXPERIMENTAL AND RESULTS

Chemicals and Instruments

2-(2-Pyridylazo)-1-naphthol-4-sulphonic acid (further 1-PAN-4S) with a content of 91-9% of the
anhydrous substance (M, 329-3) was standardized by elemental analysis (CH N content) and photo-
metric microtitration with a Cu(NOj), solution in a formate buffer solution with pH 3-6 (ref.!).
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The Cu(NO3), solution was standardized by EDTA titration. The stock reagent solutions were
prepared by dissolving precisely weighed amounts of the solid substance in 5 ml of 1 mol 1=+
HNO;, semiconductor purity, and dilution with distilled water to the required volume. The
solution is stable for at least 14 days.

Zine nirare: 9824 . 1072 mol 17! in 0-1 mol17* HNOj;. The original substance of p.a.
purity (Lachema, Czechoslovakia) was recrystallized from 01 mol 17! HNO;. The solution
was standardized gravimetrically and by EDTA titration. Cadmium(II) nitrate, 1:897 . 10~ * mol .
17 in 0t mol17! HNO,, was prepared by dissolving a precisely weighed amount of 99-999%;
cadmijum (Metal Research Institute, Panenské Biezany, Czechoslovakia) in an excess of HNO;.
The cadmium content was controlled by EDTA titration.

Nitric acid, semiconductor purity (Lachema, Brno, Czechoslovakia) and NaOH, Suprapure
(Merck, GFR) were use for adjusting the acidity and the ionic strength to 0-10. The remaining
chemicals were of p.a. purity or were recrystallized.

A Superscan 3 digital double-beam recording spectrophotometer (Varian, Switzerland) was
used, connected to an “‘on-line” desk-top HP 9815A calculator (Hewlett—Packard, USA). PHM 64
and PHM 4 pH meters (Radiometer, Denmark) were used with a G 202B glass and a K401
saturated calomel electrode and were calibrated with a set of standard NBS buffers (168, 4-01,
7-00 and 9-18 with a precision of -0-01 at 25°C).

Measuring Method

The absorption spectra and absorbance curves were measured in dependence on the acidity
and component concentrations using a modified apparatus for measurements in a closed cycle3
with a connecting teflon tube and hypodermic syringe for solution transport between the titra-
tion vessel and the spectrophotometer cuvette.

In a study of the acid-base equilibria of the reagent alone, two reagent solutions with the
same ionic strength but different pH values were mixed. The effect of trace amounts of metal
ions was eliminated by addition of EDTA in a 10—30X excess over the reagent. In study of the
complexation equilibria of Zn(II) and Cd(Il) ions, all the necessary components at ionic strength
and at a pH value at which the complex is not formed were placed in titration vessel (A). Depend-
ing on the required acidity change, this solution was then titrated with an NaOH solution with
a final concentration of 10, 0-10 or 0-01 mol 1™ *. The changes in the concentrations of the indi-
vidual components as a result of the titration were compensated by addition of the same volume
of compensation solution (8) with the same ionic strength 7 and double the concentration of all
the solution components compared to solution (4) and pH = 3—5, from another burette.

The whole system was enclosed under a protective argon atmosphere, which eliminated
absorption of atmospheric CO, in the alkaline medium of pH 8. For rapid equilibration of the
electrode potential in the region pH 5-7—7-5, it was necessary to employ NaOH with a minimal
carbonate content.

Interpretation of the Absorbance Curves

The SQUAD program (ref.”), modified for medium-sized (Tesla 200, EC 1021, Czechoslovakia)
and large (EC 1033, USSR) (:omputer6 was used for numerical treatment of the acid-base and
complexation equilibria in the solutions and calculations of the basic complex parameters.

The SQUAD program assumes validity of the Bouguer law and the law of absorbance additivity
for the i-th solution and k-th wavelength. In the case of 1-PAN-4S (abbreviated as LH,) inter-
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action with Zn and Cd ions the following equations are valid.

Ay = 2‘8 28 Z%[Mququ—r] < Epqrk = ZS 28 z%*/}pqr[M]? .
CILHRIRHIT T epgpi s (0)]

where the ¢, are the molar absorption coefficients of the complexes with stoichiometric coef-
ficients p, ¢ and r for the k-th wavelength and the *B,  are the equilibrium constants given by the
relationship

*Boqr = [MpLH o _ I/IMIP[LH, 19 [H) ™" @
for the considered complexation equilibrium:
pPM + gLH, — rH 2 ML Hy_,. (A)

The values of the molar absorption coefficients Epqrk and the equilibrium constants *Boqer Which
correspond best to the experimental data for the selected set of stoichiometric coefficients p, ¢
and r, are calculated by the minimization procedure from the set of absorbance values for the
corresponding experimental conditions. N

The calculated molar absorption coefficient values must be real and non-negative and must
satisfy the relationships for a change in the ¢
of ligand molecules.

The criteria for the correctness of the tested models for stoichiometric coefficients p, ¢ and »
for the absorbing species and their basic parameters (*er, Epqrih in addition to agreement of the
stoichiometric coefficients with chemical concepts of the studied system, are the values of the
standard deviations of the determined absorbance o(4), which must be less than the measuring
precision A(A). The values of the standard deviations of the logarithms of the equilibrium con-
stants ¢ (log *,,,) must also satisfy the relationship *qu, = F,. 0(*Byqr). The value of the
“rejection factor” F, was selected as F = 2-0, corresponding to 97-7% probability for the exis-
tence of the given absorbing species.

In testing the correctness of the selected model, it is neccessary to adjust the basic complex
parameters and stoichiometric coefficients p, ¢ and r until the standard deviation of the ab-
sorbance o(A) is less than or equal to the estimated or determined precision and reproducibility

sqrk Values on coordination of a greater number

TaBLE I

Dissociation constants of 2-(2-pyridylazo)-1-naphthol-4-sulphonic acid in aqueous solutions
(I0-1)

pKy, Pk,

2:795 + 0-001° 80036 4 0-0008"
2:817 + 0-002°

2-78; 2-81°
2:879 4- 0:030¢ 789 4+ 0-02¢

¢ From 36 wavelengths using the SQUAD-G program; b using the PRCEK T200 program (aver-
age from wavelengths of 495, 505, 515, 520 and 525 nm); € from graphical analysis of the 4 =
f(pH) curves for 500 and 520 nm; 9 using the SPEKTFOT 4 program (ref. 4).
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of the absorbance measurement o(4) < A(4) < 0-010. When the data were treated using an
incorrect model for the stoichiometric coefficients p, ¢ and r, the calculation generally did not
converge even after a larger number of cycles (n = 20), or the molar absorption coefficient values
for the individual absorbing species were unrealistic. When using the SQUAD program, use
of the criterion F, is of lesser importance than the other criteria.

The program permits solution of systems containing one or two different cations M and M,
and one or two ligands Ly and L,, including interaction with H*Y or OH™ ions. In addition
to final values of the equilibrium constants *By.q,0 Stoichiometric coefficients p, ¢ and r and
molar absorption coefficients Epqrko the results yielded information on the shape of the absorp-
tion spectra of all the absorbing species.

Using a segmenled5 SQUAD-G program (the overall length including the COMMON blocks
using double precission is 114-6 kB) on the Tesla 200 computer enables treatment of sets for maxi-
mally 26 wavelength values under 20 different experimental conditions and simultaneously to
change up to 4 equilibritm constants of the ten possible simultaneous complexation equilibria.
When using the EC 1033 computer, sets can be computed for a maximum of 36 wavelengths under
50 different experimental conditions with simultaneous adjustment of 6-equilibrium constant
values (requirements on the operational memory equal 320 kB). Both versions permit calculation
of up to 10 sets of molar absorptivities, i.e. 260 and 360 absorptivity values for one solution
on the Tesla 200 and EC 1033 computers, respectively, using an overall capacity of the operational
memory of 128 and 512 kB, respectively.

Testing of the dependence of the obtained values of the basic parameters of the absorbing
species on changed experimental conditions indicates that sufficiently precise and accurate
parameters can be determined from measurement of the absorbance curves for a sufficient number
of wavelengths (& 30) in a broad spectral region for the region of maximum absorbance of all the
absorbing species at a larger number of sufficiently different concentrations of the reacting
components and various solution acidities (25—35 values). The total measured absorbance value
for the individual conditions should not be less than 4 = 0-03.

The initial estimates of the equilibrium constants *[)'pq, may differ from the correct values
by up to 6—7 orders®. Thus the initial data may be estimates from the half-waves of the ab-
sorbance-pH curves 4 = f(pH) or Ad = A4 — A; — Ay = f(pH) for solutions wijth a con-
centration excess of metal or ligand. Thus, in determination of an optimal model for the com-
plexing equilibria in solution, prior determination of the values of the paramet:}rsG'9 using graphi-
cal methods with slope-intercept transformation*?© is not necessary; however, determination
of the predominant species and of their parameters with sufficient precision may shorten the time
necessary for choice of an exact model and for calculation of the corresponding parameters
of minor complexes in the given system using the SQUAD-G program.

The Likussar and Boltz program”, modified for the Tesla 200 computer (ref.“) was used
for calculation of the conditional formation constants for the complexes from the continuous
variation curves. The distribution diagrams for all the components of the system were constructed
from calculations using the HALTAFALL-SPEFO-GRAPH program (ref.“"z), under various
experimental conditions and concentrations of the reacting components, from the equilibrium
constant values of the existing complexation equilibria, calculated by the SQUAD-G program.

Acid-Base Properties of 1-PAN-4S

The values of the dissociation constants of the acid-base transitions LH,/LH and
LH/L and the molar absorption coefficients of the individual acid-base forms
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of 1-PAN-4S were found from the absorbance-pH curves for 36 wavelength values
in the region 360—580 nm, ¢, = 3-0.107° mol1~* and pH 1-0—10-1 using numeri-

TasLE 11

Molar absorption coefficients of the individual acid-base forms of 1-PAN-4S, calculated by the
SQUAD-G program. ¢; = 3-0. 107  mol 174, ¢ppypa = 1:0. 1073 mol 171, 701

- 2 - _
A, nm g g, mmol Lem? €y, mmol 1 em? &, mmol 1 em?

580 694+ 3 5014+ 2 546 + 2
570 894+ 3 641+ 2 1206 + 2
565 119+ 3 738+ 3 179242
560 17+ 4 898 4+ 4 2623+ 3
555 285+ 4 1178 + 3 3771+ 4
550 4184 4 16024+ 3 518244
545 649+ 5 22994 4 6907 + 4
540 977+ 5 33154 4 8835+ 5
535 1470+ 6 4712+ 5 10890 + 4
532 1845+ 6 5709+ S 12110 4+ 4
530 21214 6 6461 4+ 5 12950 4 4
527 26144+ 6 7630+ 6 14150 4 4
525 29814 6 84424 5 14920 4+ 6
522 3582+ 7 9645+ 6 16000 + 5
520 4037+ 7 10490 -- 6 16710 4+ 4
517 4739+ 7 11700 + 7 17710 £ 7
515 5300+ 9 12450 + 8 183104 7
510 6693 4+ 10 142304+ 9 19620 + 6
505 8258 & 11 15850 + 10 20670+ 5
500 98590 4+ 12 17340 &= 11 21360 4 6
495 11530 4 14 18760 + 12 21720+ 6
490 13160 + 16 19970 + 14 21730 + 6
485 14710 4+ 17 20840 + 15 21430 4+ 7
480 16 060 4 18 21230 4 16 20 480 + 7
470 17920 = 18 20610 & 16 19100 4 6
460 18470 + 18 18820 4+ 16 17040 + 6
450 17870 + 18 16 260 + 16 15070 & 5
440 16310 + 16 13230 + 14 13040 + 4
430 14340 4 14 10520 + 12 10890 = 5
420 12200 + 21 8398 4 19 8792 4+ 4
410 10320+ 9 6783+ 8 674148
400 94941 8 60624+ 7 4910+ 6
390 10870+ 9 6615+ 8 3468 + 4
380 14300 & 10 89754+ 9 2796+ 5
370 16720 + 12 11640 & 11 3562+ 6
360 17130 + 13 12670 & 12 6108 & 7
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cal calculation by the SQUAD-G program. The resulis were compared with data
obtained by the PRCEK T200 program (ref.'*~'°) and by graphical interpreta-
tion using slope-intercept transformations for selected wavelengths and from older
data* (Table I). The molar absorption coefficient values for various acid-base forms
of the reagent are given in Table II.

Complexation Equilibria of 1-PAN-4S with Zn(31) Ions

The isosbestic point at 485 nm on absorption curves with a concentration excess
of Zn(I1) ions (cyfc, = 163, ¢, = 3:0.107 > mol 1, 340—590 nm, pH 1-70 — 6-81)
indicates transition from the acid-base form of the reagent LH, with maximum
absorbance at 363 and 460 nm to the red-purple complex with Zn(11) with a maximum
at 517 nm (Fig. 1). The absorption spectra (Fig. 2) of solutions with a concentration
excess of ligand (¢ fcyy = 305, ey = 9-824 . 107° mol 171, 350—600 nm, pH 2:39 to
10-11) indicate formation of a complex with a maximum at 525 nm and acid-base
transitions LH,/LH and LH/L of the free reagent (An,, = 362, 460 and 480 nm,
respectively).

The absorbance-pH curves of solutions with a concentration excess of Zn(1T) ions
(cmfer = 163, 819, 16:3, ¢, = 3:0.10 ° mol17') or concentration excess of the
reagent (c,fcy = 3-05, 611, 7-63, ¢y = 9-824. 10~ ° mol 1™ ") were measured in the
region 380— 580 nm in steps of A1 = 2—10 nm in the pH region 1-2—6-6 or 2:75 to
9-66. The computer calculations wele carried out using experimental points from the
curve for the final two concentration excesses of metal ion or reagent (Fig. 3 and 4).

Fi. 1
Absorption curves of a 1-PAN-4S solution with excess Zn2+; oy = 4912, 1074 mol . 171,
¢ =30. 107° mol 17!, I 0-1. pH: Curve 1 1:70; 2 2:40; 3 273; 4 3-05; 5 3:30; 6 3-SS; 7
3-84; 8 4-11; 9 4-39; 10 491; 11681
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Of the considered probable models for the complexation cquilibria in solutions
with concentration excess of Zn(II) ions, the best agreement with experimental
conditions was found for the model including the acid-base forms of the reagent
LH, and LH as well as the ZnLH and ZnL complexes (Table II). The ZnLH com-
plex is present in solutions with highcst concentration excess (cy = 2-456. 1073
mol 1) at pH 0-9—3-7 and at wavelengths in the region of maximum absorbance
of the ZnL complex (2,,,, 517 nm), which is optically quite similar (p,, 490 nm to
the ZnLH complex.

In the search for the optimal model for the complexation equilibria in solutions
with a concentration cxcess of reagent (¢, ey = 6-11 and 7-63), in addition to the ZnL
and ZnLH complexes, further complexes with molar ratio M :L = 1:2 and two-
-step reagent dissociation (LH,/LH, LH/L) were considered. The best agreement
with the experimental data was obtained for simultaneous presence of the following
complexation equilibria:

Zn + LH, = ZnLH + H *B,,, (B)
Zn + LH, = ZnL + 2H *f,,» (@)
Zn + 2LH, = Znl, + 4H *B,,, (D)

(Table III). The values of the equilibrium constants *B;,; and molar absorption
coefficients of the ZnLH complexes, calculated from the curves for solutions with

Fi1G. 2
Absorption curves of a Zn?* solution with excess 1-PAN-4S. ¢y = 9-824. 107 ¢ mol .17},
¢, =30.10"%mol1™!; 7 0-1. pH: Curve 1 2:39; 2 3:01; 3 4:17; 4 472; 5 5:12; 65:61; 7 6:17;
87-55; 910-11
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a concentration excess of Zn(II), were retained in constant calculations, as this
complex makes a negligible contribution to the overall absorbance. The other models
considered yielded worse agreement (LH,, LH, L, ZnL,) or the calculation did not
converge. All the complexes, ZnL,H, ZnL,H, and Zn(LH,)LH, were rejected
in the calculation by the SQUAD-G program because of unrealistic molar absorption
coefficient values and large standard deviations for the equilibrium constants of the

equilibria
Zn + 2LH, = ZaL,H + 3H *f5, ()
Zn + 2LH, = ZnL.H, + 2H *B,., (F)
Zn + 2LH, = Zn(LH)LH + H *B,,, (G)

or the iteration process did not converge, indicating that the model considered is not

realistic®®.

The set of molar absorption coefficient values, the corresponding equilibrium
constants and a survey of the tested models are given in Tables 111 and 1V.

Fic. 3
Absorbance-pH curves for the Zn?T-1-PAN-
-4S system for solutions with excess Zn2™".
. =30.10"moll™}, I 01, 520nm;
ey (moll™'): Curve 1 4912.1073% 2
2:456.1073; 34:912.107%; 42:947 . 1075,
5 only reagent

FiG. 4

Absorbance-pH curves for 1-PAN-4S solu-
tions with a concentration excess of Zn?™".
cp=30.1073mol 17}, ¢y = 2:456. 1073
mol 171, I 0-1; Curve 1 520 nm; 2 550 nm;
2 550 nm; 3 565nm; 4 460 nm; 5 390 nm
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Numerical analysis of the absorbance-pH curves for equimolar solutions (CM =
=2947.1075 mol17*, ¢, = 3-00. 107° mol 17, 380—580 nm, pH 2:60—7-75) for
30 wavelength values yielded an optimal model for the LH,, LH, L, ZnL, ZnLH and
ZnL, species, while the calculation did not converge for the other tested models.

TaBLE 1V
Molar absorption coefficients of the complex of Zn®* with 1-PAN-4S. ¢y = 2:456. 1073
mol17Y; ¢ =30. 10" % mol I™Y; I =01 (for the complex with Zn:L = 1:1); cpy =9:824 .
1078 mol 174, ¢p = 75,107 mol 17 * (for the complex with Zn: L = 1:2)

2 2 2

£, mmol " ! cm &, mmol~ ! cm £, mmol ! ¢m

2, nm

ZnLH* ZnL ZnL,
580 2965 + 156 5085+ 17 25260 4+ 83
570 4076 - 283 10960 + 31 40 760 + 347
565 4058 = 246 14470 + 27 47020 &= 97
560 4184 = 214 17710 + 23 50910 + 104
555 4120 - 169 20320 £ 18 53230 + 103
550 4486 & 157 22090 + 17 54610 & 116
545 5009 + 176 23250 4 19 56030 4 128
540 5888 = 173 24040 + 19 58 000 & 140
535 6830 & 174 24850 & 19 60220 £ 144
532 7451 + 184 25420 + 20 61300 + 148
530 8034 + 181 25840 + 20 61 740 + 148
527 8753 £ 184 26370 + 20 61930 4 146
525 9121 + 200 26 860 + 22 61730 £ 146
522 10 000 & 197 27270 + 21 60 800 + 147
520 10410 % 201 27450 + 22 59 820 4 143
517 11180 == 216 27 480 £ 23 57 880 + 155
515 11560 % 229 27 350 & 25 56430 £ 139
510 12 830 - 246 26 460 + 27 52080 + 130
505 13 880 - 235 25010 & 25 47700 + 119
500 15050 + 211 23320 4+ 23 43600 + 114
490 16 710 == 202 20120 £ 22 35370 4 125
460 15 460 & 143 9550 + 16 11970 + 182
450 13480 & 137 6952+ 15 7612 + 175
440 11530 & 145 4917 £ 16 4879 = 150
430 9766 - 125 3507 + 14 3603 = 136
420 8599 4+ 80 2764+ 9 3657 & 110
410 8183+ 88 2783 + 10 5310+ 82
400 8319 & 86 3486+ 9 8263 + 62
390 9275+ 84 5068 &+ 9 13040 + 80
380 11430 + 124 7386 & 14 16 760 4 100
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Interpretation of the curves of the concentration dependence 4 = f(cy) for
6 wavelengths (¢, = 3:00.107° mol 174, ¢, = (1-474~7-859) . 10™* mol 17, 515 to
560 nm, pH = 5:00) and the analogous dependence A = f(c.) for the same wave-
lengths (o = 9:8234. 107 mol 17!, ¢ = (6-:00—90-0> . 10" mol 1™¢, pH 6:25)
demonstrated the existence of a mixture of the ZnL and ZnL, complexes in addition
to all the reagent forms. For both the concentration dependences, an excess of the
determined species ZnL or ZnL, was found in only a small number of solutions.
The contribution of the ZnLH complex to the overall absorbance value is small
even in solutions with a concentrations excess of Zn(IT) jons, especially at wavelengths
which are very far away from the absorbance maximum of the given complex (4pu
490 nm). This complex practically does not exist in solutions with a concentration
excess of reagent (Figs. 5 and 6).

The stoichiometry of the complexes was confirmed by measuring of the continuous
variation curves at 515, 520, 525, 535, 550 and 560 nm for ¢, = ¢, + ¢y = 9:0. 107*
mol 17", Numerical treatment of the curves using the KONVAR2 (ref. '#) program
demonstrated the existence of the ZnL complex at pH 4-35 and of the ZnL, com-
plex at pH 5-50 and 6-60. The calculated conditional formation constants for the

‘ T T T
OBr
|
A AT 1
|
|
!
4= E
|
o )
FiG. 5 FiG. 6
Absorbance-pH curves of Zn?* solutions Absorbance-pH curves for equimolar solu-
with a concentration excess of reagent. ¢py = tions of Zn?* and 1-PAN-4S. = 2:947.
=9824.10 % moll™!, ¢ =75.107° 1075 mol 1™ ¢ = 30,10 mol 17%; 1
mol1™%; 1 0-1; Curve 1 527 nm; 2 535 nm; 0-1; Curve 1 520 nm; 2 505 nm; 3 560 nm;
3 550 nm; 4 410nm; 5 527 nm (cy = 0) 4 460 nm; 5 390 nm
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ZnL and ZnL, complexes were recalculated to yield equilibrium constants according
to the relationship

log *Boqc = log Boqc + qlog Ky — g pH,

where £, is the conditional stability constant, calculated using the KONVAR2
program, and K,; is the dissociation constant for the reagent for the transition
LH,/LH. Comparison with the corresponding constants, calculated by the SQUAD-G
program, is given in Table V.

TABLE V

Survey of equilibrium constants and molar absorption coefficients at 4
of Zn?* and Cd?* with 1-PAN-4S.

max for the complexes

Complex log *Boqr Enax
ZnLH™ —0-513 4 0-014* 16 710 £+ 202° (490 nm)
ZnL —2-758 + 0:005° 27480 & 23° (517 nm)

—2:827 4 0:005° 27 540 £ 18% (517 nm)
—2:689 & 0:053° 26 160 4= 90° (520 nm)

ZnLy —5990 & 0:002Y 61930 £ 1467 (527 nm)
—5998 4 0:003° 61 150 & 169° (527 nm)
—6137 57290 4+ 2527 (515 nm)
CdLH™* — 1279 + 0:033" 20820 + 261" (490 nm)
cdL —3-877 & 0-005" 27200+ 20"(522 nm)

—3-805 4 0:001' 27050 += 21° (522 nm)
—3-808 & 0:0047 26930 & 917 (522 nm)

cdLy —8-218 & 0:007° 51 480 + 330* (522 nm)
—82254 0:009° 52930 + 434' (522 nm)
—8-257 52250 - 366™ (515 nm)

% From the 4 = f(pH) curve, cyy/c; = 81°9; b from the 4 = f(pH) curve, ¢y fep = 16°3; € from
the 4 = f(cy) dependence, pH 5-00 for 6 wavelengths between 515—560 nm; 9 from the A =
= f(pH) curve, ¢, /ey, = 7:63; © from the A = f(pH) curve, cpley = 6115 1 from relationship (3)
from the conditional stability constant values calculated by the KONVAR 2 program; ? from the
A= f(cy) dependence, pH 6:25, 515 nm; " from the 4 = S(pH) curve, cyfep = 126°5; { from
the 4 = f(pH) curve, cy/ep = 63-2; Jfrom the 4 = f(pH) curve, ¢y ey = 1:054; ¥ from the
A = f(pH) curve, ¢ [ey = 6:33; "feom the 4 = f(pH) curve, e fey = 791 ™ from the 4 =
= f(cy) dependence, pH 750, 515 nm,
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It is apparent from the shape of the distribution curves for solutions with a con-
centration excess of Zn(II) ions (cy/c, = 81-9) that, at pH < 09, the ZnLH complex
with maximum at 490 nm begins to be formed and contributes about 109 to the
overallabsorbance value in the region of maximum formation at pH ~ 2. AtpH > 2,
the ZnLH complex is converted to the non-protonated ZnL complex with an ab-
sorption maximum at 517 nm, which is formed quantitatively at pH > 5-5. In equi-
molar solutions and solutions with a concentration excess of reagent, ¢ [cy =763,
the mixture contains only the ZnL and ZnL, complexes. The ZnL complex is formed
atpH > 2:6 or 2 6—6-5 and the ZnL, complex at pH > 3-9 or >3-5, and is formed
quantitatively at pH 2 7-5 (Fig. 7—-9).

Complexation Equilibria of 1-PAN-4S with Cd(1I) Jons

The diffuse isosbestic point on the curves of the absorption spectra for pH 1—3-5.
indicate simultaneous attainment of the acid-base equilibrium of the reagent LH,/LH
and formation of the complex with maximum absorbance at 522 nm (pH > 3-5)
in solutions with a concentration excess of Cd(II) ions (¢, = 1-6.107° moll~*,

Fic. 7

Distribution curves in the Zn?*-1-PAN-4S
system, ¢; = 3-0. 10~ 3 mol 174, cp = 2456
L1073 mol 17! (eyfep = 81:9), I 015 &
Curve 1 [LH,)/c; 2 [LH) ¢y ; 3 [ZnLH]/cg;
4 [ZnLl/c,
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FiG. 8
Distribution curves in the Zn?¥-1-PAN-4S
system. cy = 2:947.107 5 mol17Y, ¢ =
=30.10"3moll™!; T 01; & Curve 1
[Zn]/eps 2 [LH) eq; 3 [LH] /e ; 4 [ZnL]/cy;
5 [ZnL,) ey
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cyfer = 118-5). The absorption spectra of solutions with a concentration excess
of reagent {cy = 948.107%mol 17!, ¢ /ey = 3:16) contain a diffuse (pH < 4-5)
or sharp (pH > 4-5) isosbestic point indicating simultaneous formation of the acid-
-base equilibria of the reagent (pK“ = 2-80) and formation of the complex with
an absorption maximum at 522 nm (Fig. 10 and 11).

The absorbance-pH curves of solutions with a concentration excess of Cd(II) ions
(e = 3:00.107° mol 171, cyfe, = 1265, 632, 12:65; 360 — 570 nm) and with a con-

13‘
7 &
04
: Fi6.9
Distribution curves of the components in the
- 7 Zn?*-1-PAN-4S system. ¢y = 9-824 .10 ¢
mol 171, o =T5. 1075 mol174, 1 0-1; 6:
! Curve 1 [Znl/eys 2 [LH,l/e;; 3 [LHl/ep;
0 10 4 [an]/’C[} 5 [Zanl/CM; 6 [L]//("L
Fic. 10

Absorption curves for a 1-PAN-4S solution with a concentration excess of Cd?*, =
= 1:8967.10" 3 mol 17!, ¢ = 1:6.107° mol1™'. pH: Curve 1 1:06; 2 2:04; 3 2:71; 4 3:03;
5 3:41; 6 3-82; 7 4-07; 8 4-58; 9 5-55; 10 7-00
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centration excess of reagent (cy = 9485.107° mol 17, ¢ ey = 1:05, 4-75, 632,
7-91; 360—570 nm) are completely analogous in the whole interval pH 1-5—7-0
or 2:9—10-1 to the curves of the Zn(II)»I—PAN»4S system; they are, however, shifted
to the alkaline region.

Numerical evaluation of data for solutions with a concentration excess of Cd(1I)
ions (epfc, = 1265 and 63-2) for a set of 30 wavelength values (Table VI) using the
SQUAD-G program demonstrated the existence of a mixture of CdLH and CdL
complexes in addition to the acid-base forms of the reagent LH, and LH. In equi-
molarsolutions (cy = 2:845. 107° mol 171, ¢, = 3-00 . 10 mol 1 !) and in solutions

Fie. 11
Absorption curves of 2 Cd?* solution with an excess of 1-PAN-4S. ¢, = 3-0. 107 % mol . 17*,
= 9484 . 107 mol 1“1; 10-1. pH: Curve 12-94; 2 3:45; 3 4-21: 4 505, 5 557, 6 5:97; 7 6:38;
8681; 9732, 107-81; 11852

10 T T —
- 1 4 -
s
/ J
Fic. 12
Distribution curves for the components
02- 4 in the Cd?*-1-PAN-4S system. ¢ = 3-0.
2 L1075 mol 174, ¢y =3-793 .10 3 mol 171,
3 I0-1. 6: Curve 1 [LH,)/ep; 2 [LH)/ep; 3
o BT 1 [CdLH)/ep; 4 [CdL)/e
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with a concentration excess of reagent (c,_{cM = 6-32 and 7'91), the best agreement
with the experimental data was found for a model with the CdLH, CdL and CdL,
complexes in a mixture with the acid-base forms of the reagent LH,, LH and L,
where only the initial models were adjusted in the calculation for the given set of ab-
sorbance values. Calculations for all the models with protonated complexes with
molar ratio M : L = 1:2 also did not converge. The existence of these species,
as for the complexation equilibria of Zn(II) with 1-PAN-4S, can be excluded. A survey
of the results for the individual models and values of the molar absorption coefficients
for the CdLH, CdL and CdL, complexes are given in Tables VI and VIIL.

Numerical interpretation of the concentration dependence 4 = f(cy) for 5 wave-
lengths in the region 515—550 nm (¢, = 3:00. 107 mol 17, ¢y = ¢9:485—758-7) .
.10 mol 17!, pH = 6-0) and of the dependence 4 = f(c.) for similar wavelengths
(ep = 9485.107° mol17?, ¢, = <0-3—9-0> . 107> mol 1!, pH 7-5) yields the best
agreement for the considered models, LH;, LH, L, CdL or LH,, LH, L, CdL and
CdL,. The contents of minority complexes is not importantin these two mixtures, so
that the equilibrium constants found in this way are less precise than for the equi-
librium of Zn(11) ions with 1-PAN-4S.

pH

Fic. 13

Distribution curves of components in the
Cd?*-1-PAN-4S system. ¢y = 2845.107°
moll™!, ¢ =30.10"%moll™, I 01,
8: Curve 1 [Cd]/cy; 2 [LH,1/e; 3 [LHY e
4 [CdL]/cy; S[CdL, /ey

FiG. 14
Distribution curves of components in the
Cd2*-1-PAN-4S system. ¢y = 9-484 . 107°
mol1™Y; ¢ =60.10 3 mol1™!, 1 01;
8: Curve 1 [Cd]/eyg 2 [LH,)/ep; 3 [LHY ey
4 [CdL)/ey; 5 [CAL, 1 eps 6 [L1/ey.
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The continuous variation curves and their numerical analysis by the KONVAR2
program for wavelengths of 515, 525, 535and 550 nm and for ¢, = 9-000.107°> mol1~*
confirm the stoichiometric ratio of the components in the complexes M : L =1:1
at pH 5-1. and the mixture of complexes ML and ML, at pH 6-3. At pH 7-0 and 77,

TaBLE VII
Molar absorption coefficients in the Cd?*-1-PAN-4S system, calculated by the SQUAD-G
program. ¢y = 3793. 1073 mol 171, ¢/ = 3-0.107 % mol1™ !, (for complexes with Cd : L =
=1:1); 101, cpy=9-484 . 107 mol 171, ¢ = 60. 1075 mol 17! (for complexes with Cd : L =
=1:2)

2

&, mmol ! cm &, mmol™ ! em? ¢ mmol~!cm?

A nm CdLH™ CdL cdLy
570 4096 + 283 12780 + 17 29 570 + 352
560 5298 + 324 18 600 4 19 38410 4 396
555 5211 & 321 20730 + 19 41450 4 394
550 6387 & 335 22280 + 20 43 670 -+ 404
545 6998 + 323 23460 + 19 45610 + 393
540 7917 + 326 24 470 £ 19 47 420 & 395
535 8853 4 334 25470 + 20 49150 + 383
530 10 530 4= 337 26430 4 20 50 650 4 374
527 11370 + 344 26 870 + 20 51250 + 360
525 12050 4 352 27 060 + 21 51390 - 351
522 12220 + 344 27 200 4 20 51480 & 336G
520 13 830 & 332 27170 + 20 51330 & 326
517 14930 + 329 26920 + 19 50760 & 301
515 15080 + 310 26 630 + 18 50 230 & 290
510 16 950 + 299 25530 4 18 48 300 - 253
505 18 110 + 283 24090 + 17 45 800 + 216
500 19 680 + 256 22490 + 15 43010 & 197
490 20 820 + 261 19 260 + 15 36870 4 176
470 18 850 &+ 307 12090 + 18 23050 + 216
460 16 460 + 365 9055 & 22 17 310 4 221
450 13 000 4 405 6700 + 24 12790 + 211
440 10 480 + 390 4879 + 23 9297 4 204
430 8 254 + 343 3570 4 20 6979 + 176
420 7609 + 300 2808 & 18 5778 + 151
410 8 567 & 232 2562 & 14 56324+ 97
400 9577 4 161 2928 & 10 7091+ 75
390 9369 + 192 4189 + 11 10590 &+ 161
380 7193 + 345 . 6252420 14 860 + 236
370 4223 4 368 8030 + 22 17700 + 217
360 2253 & 397 9616+ 23 19 470 + 140
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the solufion contains only the ML, complex. The conditional formation constants
calculated by the KONVAR?2 program for pH 5-1 and 6-3 were recalculated to equi-
librium constants using relationship (3) and are given in Table V.

It follows from the distribution diagrams for the complexes with a concentration
excess of Cd(II) ions (cyu/c. = 126'5) that the relative content of the CALH complex
is less than for ZnLH, that it begins to be formed at pH > 1-7 and that the maximal
concentration is formed at pH ~ 3-1. At pH > 26 the CdL complex is formed,
with quantitative formation at pH > 6-5. At equimolar concentrations of Cd(1I)
and 1-PAN-4S a mixture of the CdL (pH > 3-7) and CdL, (pH > 4-5) complexes
is formed, where the content of the CdLH complex is low. In the presence of a con-
centration excess of reagent (¢, [cy = 6:33) under optimal conditions pH ~ 55,
only about 40% of the Cd is bonded in the CdL complex, which is formed in the pH
region 4—8. At pH > 45, the CdL, complex begins to be formed and is formed
quantitatively at pH > 9, i.e. in the region where the solution contains the strongly
absorbing acid-base form of the reagent L2~ (pKﬂz = 8~00). This considerably
complicates the use of 1-PAN-4S for the development of a spectrophotometric method
for the determination of Zn(II) and Cd(II) because of the high blank absorbance
(Fig. 12—15).

CONCLUSIONS

In the presence of a concentration excess of cadmium or zinc(Il) ions, the orange-red
protonated MLH" complex with maximum absorbance at 490 nm (1»:,,“ﬂx = 1-67.
. 10* for Zn(II) and 2-08 . 10* mmol~* cm? for Cd(II) ions) is formed in strongly
acid medium at pH > 09 for Zn(II) and pH > 16 for Cd(II) with 1-PAN-48. Of the
possible structures for the protonated complexes ZnLH and CdLH (Schemes I and
II), structure II seems most probable because of the closeness of the absorption

5
FiG. 15 07

erm’mmol’|
Spectra of the individual complexes of Zn?*

and Cd2* with 1-PAN-4S, calculated by the
SQUAD-G program. Curve 1 CdLHY

(Apax 490nm); 2 CdL (A, 522 nm);

3 CdL7 (Apax 522 nm); 4 ZnL (2,0 517 nm); 1
5 ZnLHY (A, 490nm); 6 ZnL3 (A,

527 nm)
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maxima of the MLH and ML complexes to that of the LH acid-base form (4, =
= 480 nm), in contrast to the HgHL complex, which is formed in strongly acid me-
dium in solutions with a concentration excess of Hg(IT) ions (A, = 385 and 479 nm)
and whose optical characteristics are very similar to those of the LH, acid-base
form (4., = 365 and 464 nm) in 30% v[v ethanol medium®. Unambiguous conclu-
sions cannot, however, be drawn on the basis of quantitative analysis of the absorption
spectra.

In acid media with a concentration excess of metal ions, the red-purple ZnL
complex (Scheme III) is formed (g = 517 nm, &g, = 2:75 . 10* mmol™* cm?)
or the CdL complex (Ape = 522 nm, £qgy = 272 . 10* mmol~* cm?).

In equimolar solutions (pH > 25 for Zn(II) and pH > 3-5 for Cd(II) ions) and
in solutions with a concentration excess of reagent (pH > 3-5 for Zn and pH > 4-6
for Cd), a mixture of complexes ML and ML, is formed, where the ML, complex
predominates at all excesses and in the alkaline region. Quantitative formation of the
higher ML, complex is attained at pH > 7-5 for Zn(II) and pH > 9-0 for Cd(II) ions.
These complexes, which are the only ones useful for the development of a spectro-
photometric method for the determination of both elements, are formed in a region
where the acid-base transition LH/L occurs and the strongly absorbing acid-base
form of the reagent appears. The high blank absorbance (reagent absorbance) and the
necessity of exact acidity adjustment decrease the suitability of 1-PAN-4S as a spectro-
photometric reagent of the determination of Zn and Cd ions.

The relatively low value of the molar absorption coefficient of the ML, complex,
compared with the corresponding value for PAR ¢ = 9-05 or 8-7 . 10* mmol ™! cm?)
(ref.'®17) decrease the importance of this reagent for the determination of these
two elements.

The existence of a protonated complex with a molar ratio of M: L = [ : 2 de-
monstrated in 1-PAN-4S systems with Hg(IT) and Ni(II) ions in solutions with
a concentration excess of reagent, was not demonstrated for systems containing
Zn(11) and Cd(II) ions.

The final values of the molar absorption coefficients, equilibrium constants and
other parameters of all the complexes of 1-PAN-4S with Cd(II) and Zn(II) ions are
listed in Table V.

The SQUAD-G programs for the Tesla 200 and EC 1033 computers are available on request
at the Department of Analytical Chemistry, J. E. Purkyn¢ University, 611 37, Brno. All the cal-
culations were carried out on the Computer Laboratory of the Technical University in Brno and
in the Computing Techniques Institute, Purkyné University, Brno.
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