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The formation ofPrLH2 - and PrL + complexes in 30% (vjv) ethanol solutions was found by spec
trophotometric study of the complex equilibria of Pr(lII) with 4-(2-thiazolylazo) resorcinol 
(TAR) (LH2). A complex with the composition PrL(LH).6 H 20 was isolated in solid form. 
The complexes PrL and PrL(LH)2 - were found in aqueous solutions with 1-(2-thiazolylazo)
-2-naphthol-3,6-disulphonic acid (T AN-3,6-S) (LH3). The equilibrium constants of the complex 
equilibria and the optical properties of the individual complexes were found. The dissociation 
constants of both reagents were also determined. 

Heterocyclic azodyes with a hydroxyl group in the o-position relative to the azo-group react 
strongly with a number of metal ions, especially with ions of rare earth elements. So far, little 
information has been published on the complexation of thiazole dyes with rare earth ions. Min
czewski and coworkers1 found that TAR and La(IlI) form 1 : 2 and 1 : 3 complexes. Navratil2 

studied the extraction of Eu, Ho and Yb with 1-(2-pyridylazo)-2-naphthol and 1-(2-thiazolylazo
-2-naphthol and found complexes (MB.HB)2 +, (MB2.HB) + and MB3.HB in neutral medium 
and MB4 in alkaline medium (M indicates the metal and B is the reagent). The chelates of pyridyl 
azodyes with ions of the rare earth elements were studied in greater detail3 - 9. Shibata 3 - 5 studied 
the reaction of lanthanides with PAN reagent, Sommer and Novotna6 studied the reaction with 
4-(2-pyridylazo)resorcinol and found 1 : 1 and 1 : 2 complexes and Munshi and Dey7 assume 
the presence of a 1 : 2 complex. Gromova and coworkers8 describe a method of determining 
Eu after reduction to EU(lI), which then reduces PAR and the decrease in the absorbance at 390 nm 
is measured. Spacu and coworkers9 studied the reaction of La and Ce with PAR. A survey 
of the use of the reagents for the spectrophotometric determination of the rate earths can be 
found in the Iiterature10• 

In this work, the complex equilibria of Pr(III) with thiazole azodyes TAR and 
T AN-3,6-S were studied to evaluate the possibility of analytical use of these reagents 
for the determination of Pr(III). 

Present address: Tesla Roznov, PjR, HS 7050, Roznov p. R. 
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2872 Vosta, Havel: 

EXPERIMENTAL 

Chemicals and Instruments 

The absorption spectra were measured in the recording spectrophotometer SP700 (Unicam, 
England); the other absorbance measurements were carried out on the SP 500 instrument (Uni
cam). A G 202B glass electrode was used for measuring the pH, along with a saturated calomel 
electrode K 401 (Radiometer) and pH meters PHM 3 (Radiometer) and OP-205 (Radelkis). 
In measuring the acidity of strongly acid solutions (pH < 1) at I 1·0-NaCI04 , the saturated 
calomel electrode was separated from the measured solution by a salt bridge filled with IM-NaN03 
to prevent precipitation of KCl04 on the frit of the K 401 electrode; this arrangement does not 
strongly affect the measured pH values as a result of the diffusion potential11 . 

TAR (Lachema, Brno) was recrystallized from hot methanol. A chromatographic purity 
checkI2 demonstrated that the substance was pure. The content determined by photometric titra
tion of Cu(lI) was 100% (ref. 13

). 

TAN-3,6-S (Lachema, Brno) was recrystallized from hot water. The substance was then 
chromatographically pure and uniform14

• The content found by photometric titration of Cu(II) 
was 98 ·1 % (ref. IS ). 

A standard praseodymium(III) perchlorate solution was prepared from Pr oxide, 99·9% pure 
(Typpi Oy Oulu, Finland) by dissolving in a small excess of 70% perchloric acid, diluted 1 : 1 
with water. The solution obtained was filtered through an S4 frit while hot and the praseodymium 
perchlorate was recrystallized twice. The titre of the standard was determined complexometrically 
using xylenol orangeI6 and indirectly manganometrically via the oxalate I 7. The two methods 
agreed to within ± 0·35% reI. Gravimetric determination of the standard (0·9296M solution) 
was not carried out as there is no reliable gravimetric method of determining PrIS . 

Perchloric acid p .a. (Jenapharm, Laborchemie, Apolda) was used without further purification; 
sodium perchlorate p.a. (Xenon, Lodz, Poland) was purified by the method of Biedermann19 

and recrystallized twice from water. Ethanol was redistilled and contained 3·9-4·3% methanol. 
The water used was distilled twice from a quartz apparatus. 

Stock solutions of O·OOIM-TAR in 50% (v/v) ethanol and aqueous 0·OOlM-TAN-3,6-S, which 
were stable for at least one month were also used for solution preparation. Although it was found 
that the order in which the solutions are mixed has no effect on the absorbance values, the solu
tions were always mixed in the following order: 1. solvent (ethanol), 2. adjustment of the ionic 
strength, 3. preliminary adjustment of the acidity of the solution with HCI04 or NaOH, 4. Pr(III) 
solution, 5. reagent, 6. final acidity adjustment. Buffers were not used. In measuring the depen
dence of the absorbance on the concentration of the reagent or metal, the solutions were prepared 
in volumetric flasks. In the measurement of the pH-curves, the titration technique and apparatus 
described by Havel20 were used. The reproducibility and reversibility of the curves was checked 
by preparing several solutions in the classical way in small flasks. In alkaline and neutral media 
a nitrogen atmosphere was maintained over the solution surface. 

In the study of the acid-base equilibria of the reagent, EDT A was added to the solution 
in a 10 fold excess with respect to the reagent to prevent formation of chelates with traces of metal 
impurities which might be present. The pH values measured in 30% (v/v) ethanol were not cor
rected. 

Method o/Interpreting the Experimental Absorbance Dependences 

Graphical methods of analyzing the experimental dependences, i.e. absorbance 
pH curves or the dependence of the absorbance on the concentration of reagent 
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or metal have already been described21
• Classical graphical procedures have recently 

been made more effective by using a computer with the PRCEK program (ref.22 ,23), 

whose use has already been described24
,25. In this work the PRCEK-T200 version 

(ref.26
) was used in the Fortran language on the Tesla 200 computer which included 

all the transformations21 enabling calculation of the most common complex equi
libria, represented by equations (A)-(F): 

LHx ~ LHx- 1 + H+ (A) 

MLH ~ ML + H+ (B) 

mM + n LHx ~ MmLnHz + qH+ (C) 

MLnHc + mM ~ Mm+lLnGz + q H+ (D) 

MLaHb + s LHx ~ MLnHz + qH+ (E) 

M + s LHx ~ MLsHz + qH+ , (F) 

where M indicates the metal cation and LHx is the ligand in the weak acid form (the 
charges of the complexes, metal and ligand have been omitted). 

As opposed to the graphical method, the PRCEK program expresses the given 
dependence as a straight line constructed by the linear regression method and thus, 
in addition to constants and molar absorption coefficients (from slopes and intercepts), 
it is also possible to determine the standard deviations of the determined parameters. 
The computations can be carried out both for absorbance-pH curves in equimolar 
solutions or with small or large excesses of one of the components as well as for the 
dependence of the absorbance on the concentration of some component, provided 
only one complex equilibrium is involved in addition to possible reagent dissociation. 

In this work, transformations were newly derived for graphical and logarithmic 
analysis of absorbance curves in excess reagent, if two complex equilibria (G) and (H) 
occur simultaneously and the reagent simultaneously dissociates according to equi
librium (1). So far, such transformations have been derived only for the similar case 
of two complexes being produced simultaneously, but for a reagent which does not 
absorb27

• 

(G) 

(H) 

(1) 
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2874 Vosta, Havel: 

If Z = 1 + K./[H+J, EL = elL + Kae2L/[H+J, ex = 1 + Z[H+J/(cLKl) and the 
reagent bound in the complex is ignored, CL = Z[LH2J, then for the differential 
absorbance curves ~A = A - AOL = e1 [MLHJ + e2[ML], then transformations 
(1)-(3) are valid: 

log ex ~A - elcM = pH + 10gK2' 
e2 cM - ~A 

(1) 

(2) 

(3) 

where CM and CL are the overall (analytical) concentrations of th~' metal and the rea
gent and AOL is the overall absorbance of the reagent alone. 

Curves in the regions where several complex equilibria occur simultaneously were 
solved using the SPEKTFOT program (ref,2S) which employs the LETAG minimiza
tion procedure (ref.27) and is analogous to the general minimization program 
LETAGROP-SPEFO (ref.30). The SPEKTFOT program enables solutions of systems 
containing at most four complexes and three dissociation equilibria of the reagent. 

The JOB program (ref. 31) was used for evaluating the continuous variation curves 
which, on the basis of the linear regression method of the transformation of continuous 
variation curves, permits calculation of the conditional stability constant and molar 
absorption coefficient for ·1 : 1 complexes and the more general minimization pro
gram JOB CON (ref.32) was used for the same purpose. Calculation of the distribu
tion diagram for complex equilibria from known values of equilibrium constants 
was carried out on a MINSK 22 computer using the HALT AF ALL-SPEFO pro
gram (ref.33). 

All calculatibns were carried out in the Computers laboratory of the Technical 
University, 60000 Brno. 

Acid-Base Equilibria of the Reagents 

The dissociation constants of TAR were measured in 30% (v /v) ethanol at I = 0·1 
(Na + + H+)CI04 in nitrogen atmosphere. The dissociation constant of the protonat
edformofthereagent(LH;)wasmeasuredatI = 1·0 (Na+ + H+)Cl04 and at wave
lengths of 500, 520, 534 and 550 nm. In both cases the concentration of TAR was 
4'998. lO-sM. The absorbance pH curves were evaluated using the PRCEK-T200 
program (ref.26). In Table I the results obtained are given which are the average 
of determinations at 4 wavelengths and the values are compared with those from the 
literature. Values of the dissociation constants in various media are given in refe
rence 34. 
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Spectrophotometric Study of the Complexation of Pr(III) 2875 

The molar absorption coefficients of the individual acid-base forms of the reagent 
at wavelengths at which the constants were determined are given in Table II. 

From the acid-base equilibria of T AN-3,6-S, only the dissociation constant of the 
hydroxyl group was determined, in aqueous media at I = 0·1 (Na+ + H+)Cl04 

for the reagent concentration 4·986. 1O-5M. The average value obtained by the 
PRCEK-T200 program for four wavelengths was pK = 7·83 ± 0'02, which is 
in good agreement with the literature data15 (pK = 7·86 ± 0'02). The molar ab
sorption coefficients at 540, 560, 570 and 580 nm had the following values: eLH2 - 6550 
± 60, 650 ± 110, 0 ± 110, and 0 ± 30; eL3+ 17980 ± 20, 15970 ± 40, 13680 ± 
± 45 and 10850 ± 70, resp. 

STUDY OF THE COMPLEX EQUILIBRIA OF Pr(III) WITH TAN-3,6-S 

Solutions with Excess of Metal Ions 

In solutions with excess Pr(III) in the pH interval 2 - 6 a red chelate is formed 
with an absorption maximum at 545 nm, which is shifted by 60 nm relative to the 

TABLE I 

Values of the Dissociation Constant of TAR Calculated from Curves of the A = A (pH) De
pendence (cL = 4·998 . 10- 5M; cEDTA = 5. 10-4M) by the PRCEK-T200 Program, Compared 
with the Literature 

a (pKan) is the average value of the standard deviation of the pKan value; pKan is the average 
value of the values found for various wavelengths. 

Equilibrium pKan ± a (pKan)* Conditions Reference 

LHj =<± LHz + H- 0·879 ± 0'018 1'0 (Na, H)CI04; 25°C; 30% ethanol (v(v) this work 

A 500, 520, 534 a 550 nm 
0·75 ± 0'01 0'lM-KN03 ; 30% ethanol (v(v) 35 

0'75 30% ethanol 36 

LHz =<± LH + H+ 6'36 ± 0'08 0' lM-NaCl04; 30% ethanol (v(v); 25°C this work 

). 400, 496, 526 a 550 nm 

6'51 ± 0'04 0'lM-KN03 ; 30% ethanol (v/v) 35 

6·56 30% ethanol 36 

5·9 37 

6·40 20% dioxane 38 

LH =<± Lz - + H+ 10·68 ± 0·03 0' lM-NaCI04; 30% ethanol (v/v) 25°C; this work 

). 433, 526, 550 a 570 nm 

10·67 ± 0·02 0'lM-KN03; 30% ethanol (v/v) 35 

10'52 20% dioxane 38-40 
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2876 Vosta, Havel: 

maximum of the undissociated form of the reagent. As the dependence of the ab
sorption curves on the pH exhibited a single isosbestic point at 508 nm, a single 
complex equilibrium could be assumed. In order to determine the nature of this equi-

TABLE II 

Values of the Molar Absorption Coefficient of Individual Acid-Base Forms of TAR Calculated 
by the PRCEK-T200 Program 

Values e ± a(e)a 
A,nm 

LHt LH2 LH- L2-

400 18 290 ± 150 13 950 ± 35 
433 20690 ± 70 7770 ± 210 
496 31 60 ± 260 25690 ± 140 
500 23930 ± 90 3490 ± 35 
520 14800 ± 160 590 ± 40 
526 270 ± 40 10960 ± 75 35690 ± 470 
534 8880 ± 30 207 ± 9 
550 3405 ± 20 154 ± 6 1845 ± 6 23560 ± 310 
570 O± 62 10605 ± 130 

"a(e) is the standard deviation of the determined value of the molar absorption coefficient. 

1·0 

0-5 

5 DH 6 

FIG. 1 

Absorbance-pH Curve for the TAN-3,6-
-S-Pr(III) System 10·1 NaCl04 ; A 560 nm, 
cL = 4·986. 10-5M ; cM = 1 9·622. 10- 3M 

22'406. 1O- 4M 34·811 .1O-4M • 

o·s 

100 200 

FIG. 2. 

Dependence of the Absorbance on the Con
centration ofPr(III) in the T AN-3, 6-S-Pr(II1) 
System A = A(cM) 

I 0.1 NaCl04 ; cL = 4 . 986 . 10- 5M; pH 
3.80, A; 1 580 nm, 2 570 nm, 3 560 nm. 
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Spectrophotometric Study of the Complexation of Pr(I1I) 2877 

librium, the dependence of the absorbance on the pH was measured for three dif
ferent Pr(III) concentrations; the dependence of the absorbance on the concentra
tion of Pr(III), A = A(CM)' was measured at constant pH value (Fig. 1 and 2). The 
colouration of the solution is independent of time and is stable for at least 24 h. 

By preliminary graphical analysis of the dependence for one wavelength using the 
usual transformations2 1, it was found that equilibrium (C) occurs, where m = n = 

= q = 1, i.e. complex with composition ML is formed. On this basis, all the curves 
were evaluated using the PRCEK-T200 program (Table III). 

The composition of the chelate formed was confirmed by the method of continuous 
variations at wavelengths of 540, 560 and 590 nm and at pH 6. The continuous 
variation plots were also evaluated numerically using the JOB3l and JOBCON32 

programs. The values of the molar absorption coefficient calculated from the continu
ous variation curves are lower than those curves with excess of metal ions, while 

06 

04 

02 

FIG. 3 

Absorbance-pH Curves for the TAN-3,6-
-S-Pr(III) System in Solutions with Excess 
Reagent for A. 480 nm 

I 0·1 NaCl04; CM: 1 2·00 . 10- 5M 2 
1·00. 10- 5M 3 0·0 4 2·00. 10- 5M 5 1·00. 
. 10- 5M 6 5·00. 10- 5M; CL: 1-5 3'99. 
. 10-4M 61'00. 10-4M. For curve 3 cEDTA= 
= 0·005M. Curves 4 and 5 are difference 
curves. (The curve of the reagent alone was 
subtracted from curves 1 and 2, i.e. curve 3). 
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FIG. 4 

Dependence of the Absorbance on the Rea
gent Concentration in the TAN-3,6-S-Pr(III) 
System at pH 6·00 
I 0' 1; cM: 1-3 2'00. 10- 5M 4-6 1'00. 
.10- 5M; A., nm: 1,4570 2,5 580 3,6590. 
Scale Xl is valid for curves 1- 3 and scale 
x2 for curves 4- 6 . 
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TABLE III 

Equilibrium Constant Values for the Pr3 + + LH2 + =<± PrL + H + Reaction and Values of the Molar Absorption Coefficients of the PrL 
Complex Calculated by the PRCEK Program for Various Experimental Dependences in the T AN-3,6-S-Pr(III) System 

Curve Experimental Type of 
Ii (540 nm) Ii (560 nm) Ii (570 nm) Ii (580 nm) Ii (590 nm) log kl 

No conditions, molll r dependence 

cli 4·986. 10- 5 A = f(pH) 24370 ± 100 23100 ± 85 21060 ± 75 17315 ± 70 -1,19 ± 0'03 
cM 4·811 .10- 4 

cL 4'986. 10 - 5 A = f(pH) 24190 ± 25 23580 ± 23 21870 ± 90 18010 ± 90 - 1'25 ± 0'02 
cM 2'408.10- 3 

cL 4·986 ± 10- 5 A = f(pH) 24 360 ± 94 23660 ± 20 21890 ± 16 17 610 ± 20 -1'28 ± 0·03 
cM 9'632.10- 3 

cL 4'986.10- 5 A = f(c M) 24840 ± 75 21580 ± 50 16870 ± 22 -1,22 ± 0·03 
pH = 3·80 ± 0·01 
cL 9'974,10- 5 A = f(pH) 23400 ± 300 18 340 ± 110 11 410 ± 30 -1·25 ± 0·01 
cM 4'985.10- 5 

cM 1'999.10- 5 A = f(cL) 18400c -1'23 ± 0'03 
pH = 6·00 ± 0·01 
cOcM + cL = 2.10- 4 variation 15600 ± 200a 19800 ± 330a 19420 ± 140a 16100 + 200a 11 600 ± 240a -1,17 ± 0·.85a 

pH = 6'00 ± 0'01 15920b 20 190b 19440b 16260b 10 940b -1,29 ± 0'08b 

cL }·995. 10- 4 A = f(pH) 17230 ± 550d -1'21 ± 0'02d 

cMI·00.1O-5 

Average 24310 ± 70e 23 800 ± 520e 21 960 ± 580e 17 680 ± 490 11 320 ± 250 -1,24 ± 0'03 

a Calculated by the JOB program (the constants obtained for this program were not included in the average because of their large deviation; 
b calculated by the JOB CON program; C graphical calculation; d calculated by the SPEKTFOT program; e because of their deviation, the values 
obtained from the variation were not included in the average. 
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Spectrophotometric Study of the Complexation of Pr(III) 2879 

the equilibrium constant values agree very well (Table III). Consequently, the same 
complex is formed in equimolar solutions as in solutions with excess Pr(IlI). 

Equilibria in Solutions with Excess of the Reagent 

In solutions with a small excess ofreagent (CL/CM = 2) the principal complex is the ML 
chelate (Table III, series 5) as the results of analysis assuming formation of this 
compleJf are in good agreement with the results obtained by analysis of the depen
dences in the presence of excess Pr(IlI). 

In solutions with large excesses of the reagent (CL/CM = 20 and 40), a new isosbestic 
point at 540 nm appears on the series of absorption curves for various pH values; 
the absorption maximum of the red-purple solution is 565 nm, compared with 
Am.x 545 nm in solutions with excess metal ions. This fact indicates that, in solu
tions with excess reagent, another compound is formed in addition to the ML complex. 

To clarify the complex equilibria in solutions with excess reagent, the absorb
ance - pH curves and curves of the dependence of the absorbance on the reagent 
concentration were measured (Fig. 3 and 4). 

By preliminary graphical analysis using transformation21 , assuming equilibrium 
(C) for the series of A-pH curves, it was found that one proton is dissociated during 
complex formation and that the reagent is coordinated directly to the metal ion. 
The dissociation of one proton as during the formation of the ML complex and the 
fact that, in the pH region 3 - 6, the reagent is present as LH2 - led to the assumption 
that complex ML(LH) is formed, where the addition of a further reagent molecule 
is not associated with proton dissociation. The results of numerical analysis by the 
PRCEK-T200 program, assuming the formation of a 1 : 2 complex with this com
position, are given in Table IV. The assumptions were confirmed by analysis of the 
dependence on the reagent concentration (pH 6·0, A 580 nm) using the transforma
tion introduced above21 . It was demonstrated that two complexes are actually 
formed. At low reagent concentrations, the ML complex is formed directly from the 
reaction components, as it is reflected in the zero value of the transformation limit 
for the determination of the values of 8 1 CM (Fig. 5, curve 2). The transformation 
for the determined values of the absorption coefficient of the complex formed has 
two branches, of which the first (Fig. 5, curve 1) at low reagent concentrations has 
a limiting value corresponding to the molar absorption coefficient of the ML com
plex (8 = 1.89.104) and the second (Fig. 5, curve 1') has a limit corresponding 
to the value of the molar absorption coefficient of the second chelate, ML(LH) 
(8 = 2·71 . 104). The results of the analysis are given in Table IV. 

The correctness of these conclusions was also confirmed by calculation of the 
A(pH) curves for solutions with excess reagent (CL/CM = 20) using the SPEKTFOT28 

minimization program assuming simultaneous formation of the two complexes, 
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2880 Vosta, Havel: 

TABLE IV 

Values of Equilibrium Constants and Molar Absorption Coefficients of the PrL(LH)2 - Complex 
Calculated for Various Experimental Dependences in the T AN-3,6-S-Pr(III) System 

Equilibrium: Pr3 + + 2 LH2 - ~ PrL(LH)2 - + H2; k2 

Type of dependence Experimental e (570 nm) 
conditions, mol/I 

A = f(pH) cL 3·99. 10- 4 34600 ± 150a 

cM 2.00.10- 5 

A = f(pH) cL 3·99. 10- 4 30150 ± 300a 

cM 1.00.10- 5 

Equilibrium: PrL + LH2 - ~ PrL(LH2 -); k3 

CM 1.00.10- 5 

pH 6·00 ± 0·02 

e (580 nm) log k2 

28040 ± 140a 2·10 ± O·OI a 

27400b 2·06 ± 0·03b 

27600 ± 1170c 2·12 ± 0·02c 

27220 ± 50a 2·17 ± 0·04a 

3·37b 

log k2 = 2·13 

Average 32380 ± 2000 28150 ± 940 2·12 ± 0·04 (log k 2 ) 

Equilibrium: a Calculated by the PRCEK-T200 program; b graphical procedure; C calculated 
by the SPEKTFOT program. 

FIG. 5 

Graphical Analysis of the A = A(cL) Dependence in the T AN-3,6-S-Pr(III) System at pH 6·00 
and 580 nm 

cM = 2·00 .1O- 5M; x: 1 and l' A/(s2CL - A). 10 2 (Aoz - A) (e2cL - A). 102, where 
value A02 was obtained by extrapolation of curve 1 to the A axis. 
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ML and ML(LH) (Table V). A schematic picture of the formation of the individual 
complexes in the Pr(III)-Tan 3,6 S system follows from the distribution diagrams 
calculated from the equilibrium constant values of the individual acid-base and 
complex equilibria using the HALTAFALL SPEFO program33 . It follows from the 
diagrams given in Fig. 6a,b that, in solutions with excess of Pr(III), the PrL complex 
actually predominates (Fig. 6a) whereas, in solutions with excess reagent (Fig. 6b) 
both complexes are formed simultaneously and at pH 6 almost the same amounts 
of complexes PrL and PrL(LHY- are formed. According to the calculated distribu
tion diagram (Fig. 6b) the 1: 2 complex should gradually disappear in solu
tions with pH > 6 and should be converted into the 1 : 1 complex. It should be 
added that, in the region pH > 6, no experimental data could be measured because 
of the high absorbance of the reagent itself; consequently, the possibility of the forma
tion of a 1 : 2 complex with composition Pr q - cannot be excluded. 

',0 r----,-----,---::;;;;oo-r----, 

'·0,---- .,-..;;:-==.::::-- ----.--- --,- --, 

<Xi 

pH 

FIG. 6 
Distribution Diagram for the Complex Equilibria of the Complex of Pr(IlI) with the T AN-3,6-S 
Reagent and the Acid- Base Forms of the Reagent in Solutions with Excess Metal Ions (a) 

and Excess Reagent (b) _ _ 5 - 4 

a: cM = 9·632 .10-3M; cL = 4,99.10 5M; b: cM = 1.10 M; cL = ?'99: 10. M. The curves 
were calculated using the dissociation constant values for the reagent given 10 thiS work and the 
values of the complex equilibrium constants given in Tables III and IV. IXi = [MqLrl!cL for 
a and q[MqLr}!cM for b where [MqLr} are the concentrations of the species formed wit~ st?i~hio
metric coefficients of the metal and the reagent q and r, resp. For b the IX j values of the mdlvldual 

reagent forms LHj are given by the [LHj} !cM ratio. 
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2882 Vosta, Havel: 

STUDY OF THE COMPLEX EQUILIBRIA OF Pr(IlI) WITH TAR 

Complex Equilibria in Solutions with Excess Pr(IIl) 

Because of the low solubility of the reagent, the complex equilibria were studied 
in 30% (vjv) ethanol. In this medium and in solutions with excess Pr(IIl) a soluble, 
red-orange chelate with Amax 525 nm is formed in the pH range 2-6 and an isobestic 
point at 475 nm is observed. 

The experimental dependences of the absorbance on the pH and on eM (Fig. 7, 
Fig. 8) were analyzed by the PRCEK-T200 program, assuming equilibrium (C), 
where the best results were obtained for m = n = q = 1. Analysis of the dependence 
of the absorbance on the concentration of Pr(IIl) at pH 5·0 showed that one Pr(IlI) 
ion reacts with the reagent during complex formation. The results of the analysis 
of both dependences are given in Table VI and indicate that complex equilibrium (J) 
is established in solutions with excess Pr(IIl): 

(J) 

The stoichiometric ratio 1 : 1 in equimolar solutions was also confirmed by the 
method of continuous variations at pH 6·50 (co = 1·0. 10-4 M). The curves exhibited 
maximum at a component ratio of 1 : 1 for A = 560, 570, and 580 nm. 

TABLE V 

Comparison of the Experimental A = f(pH) Curves with the Curve Calculated by the SPEKTFOT 
Program from the Values of the Equilibrium Constant and Molar Absorption Coefficients 

cL 4'00. 1O-4M, cM 2·00. 10- SM; 580 nm; BPrL 17 230, BprL(LH) - 2 27 600; log k 1 -1'23; 
log k2 2·12. Optical path length, d 1'00 em. 

pH Aexp Aca1c fj. = Aexp - Aca1c pH 
I 

Aexp Aca1c fj. = Aexp - Aca1c 

4·15 0·088 0'0946 - 0'0066 5'58 0·248 0·2463 + 0'0017 
4·40 0·105 0'1124 - 0,0074 5·65 0·258 0·2534 + 0'0047 
4' 57 0·125 0·1282 - 0,0032 5·74 0'262 0·2622 - 0'0002 
4·62 0·129 0·1334 - 0,0044 5'86 0'273 0 '2738 - 0'0008 
4' 82 0·155 0·1563 - 0,0013 5'99 0'288 0·2868 +0'0012 
4·94 0'170 0·1711 -0,0011 6·04 0'295 0·2920 +0'0030 
4·99 0·176 0·1773 - 0,0013 6'09 0'299 0'2975 +0'0015 
5·12 0·196 0·1937 +0'0023 6'23 0'311 0'3145 -0,0035 
5·19 0·204 0·2023 +0'0017 6'38 0'337 0 '3368 + 0'0002 
5·29 0·218 0·2144 +0'0036 6·51 0 '358 0'3612 -0,0032 

5'38 0'228 0·2248 +0'0032 6·57 0'370 0'3745 -0·0045 
5-48 0'238 0'2358 + 0'0022 6·73 0·408 0'4182 -0,0102 
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TABLE VI 

Values of the Equilibrium Constant of the Pr3 + + LH2 +t PrLH2 + + H + Reaction and Molar Absorption Coefficients of the PrLH2 + 
Complex Calculated from Various Experimental Dependences by the PRCEK-T200 Program. Pr(III)- TAR System, Solutions with excess 
of Pr(III) 

0" log kl is the standard deviation of the logarithm of the constant; the values of log k given are the average values found at the given 
wavelength. -

Type of Experimental e, 400 nm e, 433 nm e, 550 nm e, 570 nm e, 580 nm log kl ± O"!ogk, 
dependence conditions, mol l l 

A = f(pH) cM 4'811 . 10- 4 8560 ± 95 8130 ± 70 25220 ± 220 11330 ± 45 -2'50 ± 0'06 
cL 4'998.10- 5 

A = f(pH) cM 2'390.10- 3 7550 ± 30 8910 ± 40 22480 ± 110 8670 ± 20 - 2,54 ± 0-06 
cL 4'998.10- 5 

A = f(pH) cM 9'622.10- 3 8090 ± 15 8700 ± 30 22350 ± 100 8860 ± 10 -2,34 ± 0'08 
cL 4'998.10- 5 

A = f(pH) cL 4'998.10- 5 20300 ± 15 13240 ± 30 9520 ± 30 -2'43 ± 0·02 
pH = 5·00 ± 0·02 

Average 8070 ± 330 8580 ± 300 _ 22600 ± 1400 13 240 ± 30 9600 ± 905 -2·45 ± 0·06 
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Complex Equilibria in Solutions with Excess of the Reagent 

In solutions with excess reagent the absorption spectra exhibit a shift of the 
maximum from 525 to 535 nm, with simultaneous increase in the colour intensity 
increasing pH values; these changes suggest the simultaneous presence of several 
complex equilibria. At pH > 6·5 an almost black, crystalline precipitate, which is 
almost insoluble in water and in the common solvents, is formed. It was found by gra
phical analysis of the dependence of the absorbance on the reagent concentration21

,31 

at pH 5·53 (Fig. 9) that the transformations are linear only on the assumption that 
one molecule of the reagent is bound to each Pr(III) atom, i.e. that a 1 : 1 complex 
is formed. However, it was found during analysis of the dependence of the absorbance 
on the pH (Fig. 10) that the transformations are linear for equilibrium (F) 
(s = 1) but that the logarithmic dependences then yield a non-integral number 
of the dissociated hydrogen ions. Good agreement was obtained if it was assumed 
that two 1 : 1 complexes are formed, i.e. assuming equilibria (G), (H) and (1) and 
applying the transformation relationships according to equations (1) and (2). The 
results of the graphical analysis are given in Table VII. 

FIG. 7 

Absorbance-pH Curves in the T AR-Pr(III) 
System for Solutions with Excess Pr(III) at 
A 580 nm 

I 0·1 NaCI04; 30% (v/v) ethanol; cL = 
= 4'998. 10-5M; cM: 1 9'622. 10-3M 2 
2'39. 10-3M 34·811 .10-4M • 

0·5 2 

50 100 150 200 PM 250 

FIG. 8 

Dependence of the Absorbance on the Con~ 
centration of Pr(III) in the T AR-Pr(III) 
System at pH = 5·00 ± 0·02 

I 0·1 NaCI04; 30% ethanol (v/v); cL = 

= 4'998. 1O-5M ; A, nm: 1 5502570 3580. 

PM = cM/cL' 
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In solutions with a small excess of the reagent, equilibrium (G) is suppressed and 
satisfactory agreement was obtained by assuming only equilibrium (F) (for s = 1 
and q = 2). The results obtained are in good agreement with the results of analysis 
of the other dependences (Table VII) 

The conclusions on the study of the complex equilibria of Pr(III) with TAR are 
supplemented by the distribution diagram calculated from the values of the con
stants for the complex equilibria found and from the dissociation constants of the 
reagent, by means of the HALT AF ALL-SPEFO program33 for the solutions with 
excess of Pr(III) (Fig. lla) and for the solutions with excess of the reagent (Fig. 11 b). 

Isolation of the Complex ofPr(III) with TAR in Solid State 

The complex was isolated from solutions of pH = 6·5 - 7 (cM 4 . 1O-4M, cL 1·2 . 
. 10-3M). In more acid solutions or at higher reagent concentrations the reagent 

(}6 

A 

0-2 

FIG. 9 

Dependence of the Absorbance on the Rea
gent Concentration in TAR-Pr(III) System 
in 30% Ethanol at pH = 5·53 ± 0·02 

I 0·1 NaCl04; cM = 4·0. 1O-5M; 1, nm 
1 580 2 570 3560 4550. PL = cL/cM' 

Collection Czechoslov . Chern. Commun. [Vol. 42] [1977J 

A 

FIG. 10 
Absorbance-pH Curves in the T AR- Pr(III) 
System for Solutions with Excess Reagent 
for 1 580 nm 

I 0·1 NaCl04; 30% ethanol (v/v); cM = 

= 2·0. 10- 5M; cL: 1 9'995 .10- 5
M 2 2·00. 

. . 10-4M 34·00. 10-4M. 



2886 Vosta, Havel: 

is also precipitated in addition to the complex. The complex is not formed instan
taneously but begins to crystallize out after about 1-2 h. The precipitate was filtered 
off the following day, it was washed with small amounts of cold water, ethanol, 
and ether and it was dried in the air. The content of crystallization water found 
by drying to a constant weight (several days) at 110-120°C; the Pr content was 
determined complexometrically16 after evaporation with concentrated sulphuric 
and perchloric acids; the C, Hand N contents were found by elemental microanalysis. 
The results of the analysis correspond best to the composition PrL(LH).6 H 20 
(calculated 31·40% C, 3·36% H, 12·21% N; 20·45% Pr; found 30·91% C, 2·92% H, 
11·14% N, 22·26% Pr, 15·61% H20, the results of the analyses are the average 
of 2-4 determinations) which also follows from the calculated empirical coeffi
cient values. For PrL(LH). 6 H20 it was calculated: ClsHllN604PrjSz(H20)6 and 
found: C17 .7H7 .96Pr 1.09NS.4S(H20)5.97. >. 

TABLE VII 

Values of the Equilibrium Constants and Molar Absorption Coefficients of Complexes at 580 nm, 
Calculated from Various Experimental Dependences in Solutions with Excess Reagent, Pr(IlI)
-TAR System 

Equilibrium: PrLH2 + +t PrL + + H+ (k2 ); Pr3+ + LH2 +t PrLH2+ + H- (k 1) 

Type 
of dependence 

A = [(pH) 

A = [(pH) 

Equilibrium: 

A = [(pH) 

Average 

Experimental 
£PrLH2+ 

conditions, molll 

cL 4·00. 10- 4 10800 
cM 2.00,10- 5 

cL 2.00.10- 4 11 000 

Pr3+ + LH2 +t PrL + + 2 H+; k3 

CL 9.995.10- 5 

cM 2.00.10- 5 

cM 4.00.10- 5 

pH 5·53 ± 0·02 

£PrL + log k2" 

21300 -5·82 

22900 -5·95 

19600 - 8·49 

20700 - 8·39 

10900 ± 50 21130 ± 1000 -8·44 ± 0'05-5·94 ± 0·06 

"The value of kl given in Table VI (-2·45 = log k 1 ) was used in the calculation of k 2 ; b the 
value of log k2 was calculated from the k3 value found according to the relationship log k2 = 

= log k3 - log k 1, 
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TAR also yields insoluble 1 : 2 chelates with Cd, Zn and Pb (ref. 35). The formation 
of a 1 : 2 complex with Pr(III) is also understandable as, at pH > 6·5 in solutions 
with excess reagent, most of the Pr is present as the PrL + complex and the reagent 
is present as LH- (Fig. llb). The complex is formed through the equilibrium (K): 

PrL + + LH- ~ PrL(LH).6 H20 (s) (K) 

CONCLUSIONS 

Both the reagents studied, TAR and T AN-3,6-S, yield intensively coloured com
plexes with Pr(III). In solutions with excess Pr(Ill) complexes with component 
ratios of 1 : 1 are formed; in solutions with excess reagent the reaction is somewhat 
different. In the whole concentration range at pH 2 - 6· 5, TAR forms a 1 : 1 
complex, which is gradually deprotonized as the pH increases. The formation of the 
1 : 2 complex was found only in solid form by isolation of the Pr(LH).6 H 20 com
plex, which is almost insoluble in water and common solvents. In solutions with 
excess reagent, T AN-3,6-S forms both a 1 : 1 complex and a complex with the 

1-0...-----,----.---,- -:;;;0---, 

FIG. 11 

Distribution Diagram for the Complex Equilibria of the Pr(lII) Complex with TAR and the 
Acid-Base Equilibria of the Reagent in Solutions with Excess Metal Ions (a) and Excess Re

agent (b) 
a: cL = 5·00. 1O-5M; cM = 9·62. 10-3M; b: cL = 4·00. 10-4M; cM = 2·00. 1O-5M. The 

curves were calculated using the dissociation constant values given in Table I and the complex 
equilibrium constant values given in Tables VI and VII. IX; = r[J\.\Lrl/cL for a and q[MqLr/CM 
for b where [M L I are the concentrations of the species formed with stoichiometric coefficients 
q and r. For b t'he

r 
lXi values of the individual reagent forms LHi are given by the [LH;l/cL ratio. 
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composition PrL(LH)2 +; however, relatively high reagent concentrations are neces
sary for the formation of the latter. The formation of the PrL~ + complex in solution 
was not demonstrated. While the chelates of Pr(III) have relatively high absorption 
coefficiertts, they are not particularly suitable for the spectrophotometric determina
tion of Pr(IU). With TAR, horizontal section of the A(pH) curve cannot be attained 
even in 30% ethanol because of the low solubility of the 1 : 2 complex formed; with 
T AN-3,6-S the Amax of the dissociated form of the reagent practically obscures 
the Ama. of the 1 : 2 complex. In the pH region 8 - 9, where according to the distribu
tion diagram the PrL complex should be formed quantitatively, the reagent absorbs 
very strongly. Consequently, the use of pyridylazodyes is far more suitable for the 
determination of the lanthanides1o. 
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