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The composition, optical characteristics, molar absorption coefficients and equilibrium constants
of the reactions of formation of the ML and ML, complexes of both reagents with cadmium(II)
ions were determined by graphical analysis and numerical interpretation of the absorbance-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-100 or 1% w/v Brij 35. BIPADAP and CIPADAP ‘are the most sensitive spectrophotometric
reagents for the determination of cadmium(I) ions (¢ = 1-28—1:44 . 10° mmol ~ ! em? at 560 nm
and pH 8:0—9-5) with a high colour contrast in the reaction (A4, ~ 117 nm) and a selectivity
similar to that of other N-heterocyclic azodyes (PAR, PAN, erc.).

The analytical 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
alone is not toxic, but most of its compounds are. Cadmium compounds have the greatest
toxicity on inhaling (e.g. CdQ vapours 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 concentration of cadmium in the atmo-
sphere is 0-1 mg m~3 (hygienic standards) or 0-3—0-4 mg m~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, efc.) of which the most sensitive reactions
are provided by 2-(2-pyridylazo)-S-dialkylaminophenol (PADAP) and its halogen derivatives,
BrPADAP and CIPADAP. This reagent has the same chelating system as PAR, but the dialkyl-
amine 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
S-chloro derivatives of PADAP with cadmium(II) ions in mixed water—-ethanol and
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water-DMF media and 10% v/v cthanol medium in the presence of nonionic
tensides. The basic parameters of the complexes of Cd(Il) with BrPADAP and
CIPADAP were evaluated by graphical analysis* and numerical interpretation
by the SQUAD-G program (refs:"“) of the absorbance-pH curves of solutions with
a concentration excess of ligand or cadmium ions. Conditions were proposed for
development of a very sensitive spectrophotometric method for the determination
of cadmium in pure solutions in 10/ ethanol medium in the presence of nonionic
tenside Triton X-100 or Brij 35 in a concentration of 0-1 or 1:0% w/v. respectively.

/o

EXPERIMENTAL

Chemicals and Instruments

The stock sotution of 1:897.107 " mol1™" Cd(NOy), in 0-1 mol1™" HNO, was prepared
by dissolving very pure (99:999°;) metallic cadmium (Metal Rescarch Institute, Panenské Brezany,
CSSR) in “Suprapure” purity HNO; (Merck, GIFR). The Cd(l)) content was controlicd by com-
plexometric titration with EDTA using Eriochrome Black T indicator. Working solutions were
prepared by diluting the stock solution with 0:1 mol 1~ ! HNO;. The other chenicals, instruments
and measuring methods and evaluation of experimental data were described in detail in an carlier
work™.

The Reactions of Cd(11) with BIPADAP and CIPADAP

The absorption spectra of a Cd(1I) solution with BrFPADAP were recorded in de-
pendence on the acidity of the medium in 30% v/v ethanol in solutions with a con-
centration excess of cadmium ions (see Fig. 15 ey = 9:604. 10" * mol I, ¢, = 1-0.
L1073 mol 174, eyfe, = 96), in nearly equimolar solutions (¢, = 7:804 . 10™° mol .
171, e =1-22.107°mol17") and in solutions with a concentration excess of
BrPADAP (cyy = 4-802.10 °mol ™%, ¢, = 1:5.10">mol1"! or ¢y = 2:401.
L1078 mol 171, ¢, = 1-5.107 % mol 177, see Fig. 2). The absorption spectra of Cd(11)
solutions with a concentration excess of BIPADAP in 50% v/v DMF (c, = 1-897.
L1075 mol 17!, ¢y = 3-793.107°mol17%, ¢ feyy = 5) were also measured. The
absorption spectra of all the solutions had the same character in the wavelength
region 340—610 nm, with a double absorption maximum at 520 and 560 nm. The
concentrations of the basic components and the optical characteristics of the ab-
sorbing species are listed in Table I.

In study of the complexation equilibria in solutions with a concentration excess
of Cd(1I), absorbance-pH curves were measured in a 30% v/v ethanol solution
for ¢, = 9-483.10"®moll1™" and various concentrations of Cd(II) ions (cy =
=9-483.107° mol 17}, cyfep = 1000; cy = 4:742.107 > mol 177, cyfe, = 500;
ey =9-483.107*mol 171, ¢yfe, = 100; ¢y = 4:742.10"* mol 171, cyfe, = 50;
ey = 9483.107° mol 17, ¢y/c, = 10). The absorbance-pH curves were recorded

Collection Czechoslovak Chem. Commun. [Vol. 48] {1983)



54 Kubaii, Macka ¢

in the wavelength intervals 420 — 480 and 510—560 nm at constant intervals of ALl =
= 10 nm. In neutral medium at pH 6—7 an amorphous Cd(OH), 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

M+ LH = ML + H (*B,,1.¢). (4)

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 (4) and molar absorption coefficients ¢, given in Table I.
Calculation by the SQUAD-G program for the pH interval ¢. 3-5—6 for the same
model and concentration excess of cadmium ions, cM/c,_ = 100, yielded very good
agreement with the experimental data (o, = 0:0044 A.U.) for an equilibrium con-
stant value of —log *f,;; = 2:89 and molar absorption coefficient of ¢, = 7-2.
. 10* mmol ™! cm®. 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(11) with BrtPADAP (ref.®). 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(OH), or the mixed complex ML(OH)

FiG. 1

The absorption curves of a BIFPADAP solu-
tion with a concentration excess of Cd(Il)
ions in 30% v/v ethanol medium. ¢, = 1:0.
L1073 mol 171, ¢y = 9:604 . 10 # mol 174,
1= 010, HNO; + KOH, t = 25:0°C. Curve
pH: 1 3-81, 2 427, 3 4-87, 5 5-60, 6 5-85,
7618,8662,9 712,10 7-65.

F1G. 2

The absorption curves of Cd(II)ions ina con-
centration excess of BrPADAP in 30% v/v
ethanol medium. ¢, = 1-5.107° mol |71,
ey =2401.10"%mol 17!, for the other
conditions, see Fig. 1. Curve pH: 1 4:67,
2 604, 3663, 4733, 57-78, 6 805, 7 867,
89-52,910°10
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in the sense of equilibria (B)— (D) did not converge:

M + H,0 = M(OH) + H (*,0,) (B)
M + 2H,0 = M(OH), + 2H (*B,0,) (©)
M + LH + H,0 = ML(OH) + 2H (*8,,,) (D)

In CIPADAP solutions with a concentration excess of Cd(I1), absorbance-pH
curves were measured for ¢; = 1:0.107° mol 1™ ! and ¢y = 9-483.107* mol 17"
in 30% ethanol for wavelengths of 355—595 nm at constant steps of AA = 10 nm
(Fig. 3). Data for the pH interval 3-5—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-
librium constant of reaction (A4) of —log*By,; = 2:87 (04 = 0-0015 A.U.). The
other models tested did not converge, as for BFPADAP. The molar absorption coef-
ficient value, ,,, = 6:8.10* mmol~! cm?, is close to the value of the molar ab-
sorption coefficient for the corresponding complexes of Cd(1I) with BrPADAP and
Zn(11) with BIPADAP and CIPADAP (ref.).

Absorbance-pH curves were measured in a solution of 0-1% w/v Triton X-100
in 10% v/v ethanol medium at wavelengths of 355~ 595 nm at constant steps of AL =
= 10 nm for a concentration excess of BIPADAP ¢, [cyy = 10-54 (¢, = 4:0.1073
mol 7%, ¢y = 3-793.107° mol 17?). Treatment of the experimental data by the
SQUAD-G program for a mode] of formation of a single complex ML, according
to equilibrium E:

M + 2H = ML, + 2H (*B,2,) (E)

A FiG. 3

Absorbance-pH curves for Cd(II) solutions
with BIPADAP and CIPADAP. Conditions
as in Fig. 1. Curve ¢ (mol17 1) ¢y (mot 17 1)
7 (nm) medium: 1 9-483.107° 9-483 .10~ *
550 30% ethanol, 2 1:0. 1075 9-483 .10 %
555 30% ethanol, 3 40.1075 3:793.107°
555 10% ethanol with 0:1% Triton X-100,
47:587.107° 3:793. 107 ° 555 503 DMF,
540.107° 3793 . 10~ ° 555 50% DMF

.
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yielded very good agreement with the experimental data (o, = 0-0115 A.U‘) for an
equilibrium constant of —log *,,, = 4:10 and molar absorption coefficient at the
maximum of &, = 14.10° mmol™! cm?. Completely analogous results were
obtained for the absorbance-pH curves of Cd(11) with CIPADAP (measured in 10%
v/v ethanol medium in the presence of 0-19%; \\'/v Triton X-100) for the equilibrium
constant and molar absorption coefficient values given in Table I. Treatment for the
other models given did not yield good agreement with the experimental data (o, >
> 0-020 A.U.) or the calculations did not converge even after the required 20 com-
putation cycles.

It is apparent from Table I that the values of the basic characteristics of all the
complexes of Cd(IT) with both reagents, as well as the values obtained by graphical
and numerical treatment of the absorbance curves are very well correlated. Slight
differences between the values of the absorption maxima 2, and of the molar
absorption coefficients e, obtained by spectra rccording in the classical manner
and the values of the corresponding quantitics 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 9815A 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 A, = 15 nm for sharp maxima at a change from the monochromator
shift rate from 1 nm/min to 100 nm/min (ref.).

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(I) ions for both reagents, only the
mononuclear complex ML was formed according to equilibrium (4) with equi-
librium constant values of —log *f;,; = 2:89 and 2:87 and molar absorption
coefficients of £330 7-2.10% and ey 6'8.10* mmol™' ¢cm?® for BrPADAP and
CIPADAP, respectively. These values are in very good agreement with the values
for the Zn(I1) 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 (1.107*moll™") and sodium

TaBLE IT

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

Mt M : L (method)  ep,, . 1074 Amax PH,p, Note Ref.
BrPADAP
Zn?* 1:1(By 85 540 65—85 ¢ fey=3 7,8
1:1(A, C) 69 547 70—9'5 5
1:2(A,C) 15-4° 557 70—9-5 5
ca?* 1:2(A, B) 14-1 555 80—10-5 extn.? 9
1:1(A,C) 72 550 this
1:2(A,C) 14-4% 560 9-0—9-5 paper
voi* 1:1(A, BY" 563,465 586, 554 41 10
1:1:1¢ 640 580, 646 73 10
pd2* 1:1(A, B) 43 575 11
Pb2* 1:1(B, F) 49 575 7-9 extn.d 12
Co** 1:2(A, D, E) 98 580 13
Co®t 1:2(B) 9:2¢ 586 698 15,
Bi®* 1:1 590 8
Ga’* 1:2(A,B,C)Y 123403 570 3—5 14
T3+ 1:2(A, B, D) 570 2 extn.® 17
CIPADAP
Ga’* 1:2(A,B,D) 115+ 04 565 3—5 CIPADAP* 14
Co?* 1:2(B, D) 10:6 + 095 580 3—-9 CIPADAP' 14
ca?* 1:1(A, C) 69 549 CIPADAP this
1:2(A,C) 14:5% 562 CIPADAP  paper
Zn?* 1:1(A, C) 71 545 CIPADAP 5
1:2(A, C) 15-0° 555 CIPADAP 5

10% v/v elhanol and 0-1% w/v Triton X-100 or 1% w/v Brij 35; ® 10% v/v ethanol and 1-0%
w/v Brij 35; © 10% DMF and 0-1% w/v Triton X-100; ¢ 3-methyl-1-butanol; ¢ benzene; ! chloro-
form; ¢ ternary complex in excess F~, p/=44—45.10% "p'=13.1075 "*p= (465 +
+02).10% J1/*p=67.10"% “*/3— 504+ 01; P*p=1915. 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, A’ conditional stability constant, *8 equilibrium
constant.
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dodecy! sulphate (1.107*mol]™"), and also in 50% v/v DMF medium. Because
of the higher molar absorption coefficient values and broader pH region for com-
plex formation, it is preferable to use nonionic tensides both for analytical
applications as well as for study of the complex equilibria.

The presence of the neutral ML, complex formed according to equilibrium (E)
was unambiguously demonstrated in nonionic tenside medium in solutions with
a concentration excess of ligand. The equilibrium constant and molar absorption
coefficient values are again in good agreecment with the corresponding values for the
BrPADAP and CIPADAP complexes with Zn(11) and other clements (Table 11).

It follows from comparison of the equilibrium constant values that the stabilities
of the cadmium(1l) complexes of the two reagents is roughly the same, but less
than that of the Zn(1I) complex. The molar absorption cocfficients of the BIPADAP
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% v/v ethanol
medium in the presence of 0-1% w/v Triton X-100 or 1% w/v Brij 35 at a wavelength
of 560 nm, with a ten-fold reagent excess (¢, = 4.107° mol 17 ') and at pH 80 to
9-5 in ammoniacal or Tris buffer'®.
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