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The equilibria of UO?* and Th** with pyrocatechol violet were studied spectrophotometrically.
Various mononuclear and dinuclear complexes of both metal ions are formed in solutions in de-
pendence on the acidity and concentration of components. The spectrophotometric characteristics
and equilibrinm constants for various species were calculated.

Pyrocatechol violet (3,3’,4’-trihydroxyfuchson-2”-sulphonic acid, PCV) is an excellent non-
selective metal indicator and chromogenic reagent widely used in the analytical practioel‘5.
In general, PCV resembles triphenylmethane dyes with o-hydroxyphenyl groupings in its beha-
vior of analytical and complexing agent. For the reaction of pyrocatechol violet with uranyl6
and with thorium” there exist only scarce data. There is a spectrophotometric method for the
determination of thorium in slightly acidic solutions with which a number of cations and anions
interfere®. PCV is also a promising metallochromic indicator for EDTA-titrations of thorium
at pH 2:0—2-5 in the presence of 5-sulphosalicylic and ascorbic acids®.

In this paper the reactions of uranium(VI) and thorium(1V) are studied spectro-
photometrically in detail.

EXPERIMENTAL AND RESULTS

0-01m stock solution of uranyl sulphate (Merck, GFR) in 1M-HCIO, was standardized gravi-
metrically via 8-hydroxyquinolinate. During further dilution the hydrolysis of UO% * was avoided
keeping the acidity of the diluted standard solutions not lower than 0-1m by perchloric acid.
0-01m stock solution of thorium nitrate (Merck, GFR) in IM-HCIO, was standardized via EDTA-
titration. Because of easy hydrolysis of Th** the acidity of difuted standard solutions was kept
not lower than 0-1m by perchloric acid.

Stock solutions of pyrocatechol violet (Merck, GFR) were prepared by dissolving the reagent
in doubly distilled water. The reagent was doubly recrystallized from hot ethanol and contained
999 of active dye. Its purity was checked by elemental analysis, spectrophotometrically and by
potentiometric titration with 0-1mM-NaOH for two protons per reagent molecule. Fresh aqueous
solutions were used only to which 1—2 drops of diluted ammonia were added to avoid formation
of colloid particles in solution. The acidity of solutions was adjusted by dilute perchloric acid
or ammonia (i.e. buffers were not used during complexation studies) and expressed in pH units
or by the Hammett H-function related to perchloric acid!® !, The ionic strength I = 0-1 was
kept by sodium perchlorate with the exception of some measurements in stronger perchloric
acid (Fig. 1).
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Reaction of Uranium(VI) and Thorium(IV) with Pyrocatechol Violet 1479
Beckman DU or DK-2A spectrophotometers with standard silica cells and precision pH-me-
ters PHM 22 Radiometer, Copenhagen or MEL 331A, Milan with standard glass and saturated
calomel electrodes were used. All measurements were carried out at 25°C.

A similar graphical way of interpretation of absorbance data was used during these studies

as in our previous work!2 =15 especially using the slope-intercept and logarithmic transforma-

tions of the particular equilibrium constant derived and discussed earlier. Throughout the whole
text the symbol pH denotes —log [H*].

Actdobasic Equilibria of PCV

Various forms of the reagent are present in solutions, i.e. H,L™, HyL™, H,L?~, HL*~, L*~
in dependence on acidity. The aqueous PCV solutions are red at pH 0-5, yellow at pH 135,
violet at pH 6:5—8-5, red-violet at pH 9— 11 and sky-blue at pH > 12. Distinct isosbestic points
appear on the absorption curves for particular acidobasic equilibria (Fig. 1).
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Absorption Spectra of PCV in Dependence Absorbance vs Acidity Plots of PCV Solu-
on Acidity tions

e = 2:00. 107 m; 1% NH,OH.HCI. pH:
Curves 1 9:6; 2 9°9; 3 10-4; 4 10-8; 5 11-0;

FiG. 1

Curves 1,2 550 nm, 4M-NaClO,, ¢ =

=200.107%w; 3 590 nm, 0-1M-NaClO,,
612:0; 7 12:8; 8 13:6; 9 >14. ¢y =2:49.1075m 4, 5 as 3, with 1% NH,OH.
JHCL.

The absorbance vs acidity plots for various wave lengths were interpreted according to
log {(4 — egarer)/ea_ 1oL — A} vs pH or Hy-transformations of the acid dissociation con-
stant assuming that a particular equilibrium is solely constituted under selected conditions. Parti-
cular pH or Hy-intervals are to be seen from Figs 2, 3 and the optical characteristics and pK,
values are compared with those of previous authors2'16 =19 in Tables I—III. There is some doubt

about the sequence of hydroxylic protons being liberated during the PCV dissociation but ‘the
following dissociation scheme is assumed: cr e
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Logarithmic Plots According to Eq. (5) vs pH

Y =log (4 — ey ycp)/(ey, —& e, — A). Curves 1 ¢y =2:00.107 °M, 4M-NaCIO4, X = —log
[H*], 2¢; = 2:49.10~°M, 0-1M-NaClO,, X =pH, 3, 4 ¢; = 2:00.107 %™, 0-1M-NaClO,,
1% NH,OH.HCl, X = pH. 5 ¢ =2:00.10™ %y, 4u-NaClO,, X’ = H,.

TasLE I
Optical Characteristics of Different Species of the Pyrocatechol Violet

. A pnax> M
© Species. pH Colour . Rybaand  Mustafinand

E ’ ' this work coworkersl (ZOWO]‘](E!’Sl 8
H,L* “ 0 red 545 550 560
H,L 05 red 550 550 -
H,L~ 1-5 yellow 445 445 445
H,L2~ 65—85  violet 590 590 600
HL? 911 red-violet 555590 560 560— 580
| R 13 blue 645 560; 680°; 6607 4

“1In 4Mm sodium perchlorate; b with 1% hydroxylamine hydrochloride, € according to ref.”, 4 ac-
cording to ref.! 6,
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TaABLE 1T
Molar Absorptivities of Different Forms of PCV

Species 530 nm 550 nm 580 nm 590 nm 5907 600 nm
H,L 2:95.10*  3.70.10% - — — ~
H;L~ 140.10°  1.75.10°  420.10%  415.102 — 4-00 . 102
H,L2~ 1-80.10*  225.10*  3.00.10*  3-03.10* 3.60.10%  2:96.10%
H,L3~ — — — - 1-60 . 10* —
L4 — — — — 2:00. 10* —

“ With 1% of NH,OH.HCI.

TasLE III
Dissociation Constants (pK,,) for Acid-Base Couples of PCV

Isosbestic PKin
kK, Species hP01nlsk hi Ryba and Wang and Mustafin and
(this work) this work coworkers? coworkers? coworkers!8
pK,, H,L/H;L~ 488 08 +0-1° — — —
pK,, HsL7/H,L?>~ 492 7-80 & 0-02¢  7-81% 7-82° 7-8¢ 6914
pK,; H,L?>7/HL3™ 9525630  9-76 + 0-02° 9-80% 9-76" 10-1¢ 7-87°
pK,, HL®~ /L4 568 12:8 £ 019 11-73%; 12:50%¢ - 10-84¢

7 Spectrophotometry; ? potentiometry; € polarography; ¢ solutions with 1% (w/v) hydroxyl-
amine hydrochloride; € ¢f. ref.16. Recently following values were also published: pK,, 7-90;
PK, 3 9:94; pK,, 1182 (for I = 0:1)3°.

There is some optical evidence for the protonated H5LJr form in strongly acidic medium such
as 7—10m-HClO,, where the —SOj5 group is protonated. In turn the protonation of H,L™,
corresponding to the protonation of the quinoid oxygen, is controlled by a single proton equi-
librium till 4M perchloric acid (Fig. 3, curve 5). In strongly alkaline medium the reagent is easily
oxidized which causes a hypsochromic shift of the absorption maximum and colour fading with
time. The excess of hydroxylamine or hydrazine hydrate can serve as sufficient protective. The
pH interval 1-5—6-0 is most promising for complexation studies because of large optical .con-
trast between the yellow reagent form HyL™ (4., 445 nm) and the metal complexes formed. |

THE SysTeM UQ%*—PYROCATECHOL VIOLET

The reaction between UO%+ and PCV occurs at pH > 2-5 at room temperature where soluble
coloured complexes are formed. The solutions with excess of uranyl ions show 4 .. 550 nm

Collection Czechoslov. Chem. Commun. /Vol. 38/ (1973)



1482 Chiacchierini, Gocchieri, Sommer 2

at pH 3:0 but a A, 620 nm at pH > 4-0. There is only one A ;. 550 nm for solutions with ex-
cess of ligand at pH < 6-0. This is an evidence for the existence of more than one UO%*’—comp]ex
with PCV under various conditions.

Solutions with excess of UOZ* ion: The acidity vs absorbance curves of the
PCV—UO3" system show different shapes depending on wave length (Fig. 4) which is
an evidence of the existence of at least two complexes in this case. Respecting the
equilibrium (4) following transformations are valid (the charge of complexes is
omitted): )

' mM+nH, L2 M,LH, +qH"; *B. (4)

(A = Ay) = nfes + {[Z(A — Ay) —5e,] [n8, — Ze, ]~ [H]9}/(A = Ay,).

< [Eaer — n(4 — AW)]* ! *Buneacht )
or R
A — Ay = g0 — {[(A - AM) Z — ey |_H]q/c§ *ﬂ,,m} (2)
O5F
A
025
03F A
020
015
o1
010
. "Ce_ 0
2 -loglH*) 4 2jogiH) 4
"Fic. 4 FiG. 5
Absorbance vs pH plots for PCV Solutions Absorbance vs pH Plots for PCV Solutions
in the Presence of Uranyl Ion Excess with Various Uranyl Ions Excess
e = 200 . 1075m, ¢y = 4-00 . 107 3m. 530nm, ¢ =2:00.107°m. Curves 1
Curves 1 600 nm, 2 560 nm, 3 530 nm, 4 emfep =1, 2 eyfep =20, 3 eyfep = 80, 4
500 nm. epmfeL = 150, 5 cpfey = 200.
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considering the partial dissociation of the ligand:

HL=H_L+H"; K,. (41)
If H,L reacts:

&= e + o [H][Kas Z =1+ K,/[H] &)

and in the case of reaction of H, _,L:
B = &y, + g Ko/[H]; Z =1+ [H]K,,. 4
The increasing part of the absorbance vs pH plot at 530 nm for solutions with
cufer, ~ 20—200 was analyzed according to (1) and (2) to test the occurrence of the

usual equjlibria (B) and (C) (Fig. 5):

M + H,L =2 MH,L + HY, (B)
M + H,L 2 MHL + 2H"*. (@)
The hydrolysis of the UO3* ions alone could interfere with the equilibria at pH > 4

only as a result of the increasing concentration of UO2* in solution?®:2!, The trans-
formations (I) and (2) represent straight lines for g = 1 and n = 1 (Fig. 6). The

Fi1G. 6
Analysis of the Increasing Part of the Absorbance vs pH Plots According to Eq. (I}, (2)
Experimental conditions the same as in Fig. 5. Curves: T eyfep =20, X = A; ¥ = {(A — A4p)
[Hl/ep} . 10% 2 cyfep =20; X = (cp/4) . 107; Y = [(4— 4)) [HI/A.cyl 3ey/cp = 80;
X=AY={4— 4). [Hey}.10% 4 cyfe, =156, X = 4, Y = {(4 — 4) [Hl/ey} . 10%
Scyfep =200, X = A4, ¥ = {(4— A [Hljcy} . 10 boyfep =20, X = A Y = (4 — Ap)
(H) ey 7 epfey, = 20; X = cpJ4; Y = (A — A) . [HP/4 . cy.
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logarithmic analysis of the increasing part of the absorbance vs pH plots according
to the derived equation (5):

log {[Z(4 — Ay) — Ecer][[eace — n(4 — 4Ay)]"} =
= mlog ey — qlog [H] — (n — 1)log (né, — Ze,) + 108 *Bums (5

into which the values of ¢, from the intercepts of the Eq. (1) and (2) were inserted,
leads to straight lines with monotonous slopes, g = 1, if n = 1 is assumed again
(Fig. 7). The set of absorbance vs pH curves for varying metal ion excess was analysed
under the conditions of the so-called corresponding solutions**~!% according to Eq.

©)

(pH)g. = m[q(—log cy) + const. (6)
05
A
2
03 -
o1l 4
- 1 ' t P —e
10 30 3 g 90 2-logltt) 4
F16.7 Fic. 8
Logarithmic Analysis of the Absorbance vs Absorbance vs pH Plots for PCV Solutions
pH Plots According to Eq. (5) with Increasing UO3 *-Concentration
Experimental conditions the same as in ¢p, Fig. 5, 600 nm; curves: cM/c,_; 11,220,
Fig. 5 Y =log(4— 4)//{(dgy — (4 — 380, 4150, 5200.
— Ap)}; curves 1 cyfcp = 20; 2 80, 3 150,
4 200.
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The slope was m/q = 1in the broad interval of pH 2-5—4-4. Thus, the equilibrium (B)
was proved under the above-mentioned conditions. A similar analysis of absorbance
plots at 600 nm for solutions with increasing concentration of uranyl ion gave in turn
the value ¢ = 2 if n = 1. A liberation of two phenolic protons was unambigue-
ously proved, the Eq. (C) had to be checked, since both the equilibria (C) and (D)
cannot be distinguished from the absorbance vs pH plots for solutions with constant
metal jon concentration:

2M + H,L = MHL + 2HY; *B,,. (D)

The liberation of the second phenolic proton is, however, responsible for the con-
siderable bathochromic shift of A, in the UO,-complex formation. The species
with A,,,, 610—620 nm is formed at pH 3-5—4-5 in solutions with increasing excess
of uranyl ion. The bonding of two metal ions was proved according to Eqs (I) and
(2) at constant pH 4-2 and 4-0 for solutions with ¢, = 40 . 10~° and ¢y = (1-6—4-0)
. 107% or with an even larger excess of metal ion. The plots A vs (ZA — £cy)/chy were
straight lines for 560 and 620 nm for m = 2 and n = 1 only. The simplified loga-

oS T
X
of 4
[
~osl- 4
$ 3 g /
L ! [
30 40 loglr] 45
F16.9 FiG. 10
Analysis of the Increasing Part of the Ab- Logarithmic Analysis of the Absorbance vs
sorbance vs pH Plots ¢f. Fig. 8 According pH Plots at 600 nm According to Eq. (5)
to Eq. (1), (2) X =log (4 — AD/{do; — (4 — AD};
Curves: 1 ¢yfep =200; X = 4; ¥ = curves: ey/eg: 120, 2 80, 3150, 4 200.

= {(4— 4p) [H/ck} . 104 Zeyey, = 150;
X =AY ={(4— 4) HP/c} . 10% 3
epfep = 150; X7 = (¢ /4) . 10% ¥ = {(4 —
— Ap) [HI*/ckA} . 10°, 4 cpyfep =200, X' =
= (/) . 105 Y = {(4 — Ap HI/c}y .
. 4} . 10%
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rithmic plot (7):
Z4 - 5C,

lo
gEC,_—nA

gpH + mlog Cy + log *B;, )

indicates the successive formation of complexes with M :L = 1:1 and 2:1 fol-
lowing the increased metal ion concentration. The formation of a dinuclear species
was also confirmed by the Asmus plot?2 or indicated on the usual Job curves for the
same wavelengths.

Solutions with excess of ligand: The absorbance vs pH plots show different shapes
for solutions with excess of ligand (c /ey ~ 1—15) depending on the acidity and the
wavelength (Fig. 12), so that the existence of at least two complexes is evident.
The first increasing part of these plots was interpreted by means of transformation (8):

eul( = ) =" ZIARE D7 ®
s—mst c _nA_—AL (80 _mA)m~1 =’ ’
t & — nep M

T T T T
20k E
o3k i
4 3pf2
aA
o5
02+ f 1
ok
01+
—osF
L 2 0 1
-45 =40 logg, ~35 3 -logtH 3
FiG. 11 FiG. 12
Logarithmic Analysis of Absorbance wvs Absorbance Difference against pH in UO%+
U0} *-Concentration Plots at Constant pH Solutions with Various Excess of PCV
According to Eq. (7) 530 nm, cpy =2:00.10" SM. Curves: cpfemt
Curves ® pH 4:20; 620nm, ¢y =40. 15,210, 315,
.107%; 0 pH 400, 560nm, ¢ =20.

L1077 5m.
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where ef = & [Z. Assuming m = 1, an equilibrium of the type (E) is to be tested:
M + nH,L =2 MLH, + ¢H*. (E)

Some consumption of the ligand during complexation is respected and the total
amount of the ligand is corrected as follows:

ot =[ep — n(4d — A)|(e — ney)], (8a)

where 4, is the absorbance of the blank under the same conditions, Z — 1, since the
dissociation of the ligand can be neglected in the interpreted pH interval. The simpli-
fied transformation (8) gives straight lines assuming ¢ = 1 (Fig. 13) and this result
is fairly confirmed by the logarithmic analysis according to Eq. (9) assuming m = 1

(Fig. 14)
log (4 - A4)2" } =
(e — nef) epg — m(A — Ay)
=gqpH + nlog(c,_ - nA—_—A—:) + log *p — (m — 1) log (e — ne*). 9)
£ — ng

05

-05
-0
X : ’ v ‘ %6 5
0% 0 s y 20 35 -log(H
FiG. 13 FiG. 14
Analysis of the First Increasing Part of the Logarithmic Analysis of the Absorbance
Absorbance vs pH Plots According to Eg. (8) vs pH Plots According to Eq. (9) (Fig. 12)
Exp. conditions same as in Fig. 12, Curves: Y = log Ad[(ecyy — AA).

1 ey =15 2 cpfey =10, 3 cifey =15;
X ={(4— A [H]fc}. 10% Y = . 10*/A4.

Collection Czechoslov. Chem. Commun. /Vol. 38/ (1973)



1488 Chiacchierini, Gocchieri, Sommer :

The corresponding solutions lead to nfq = 1 for pH 3-5—4-8 according to the plot
(10):
(PH)o. = nfq(—log cf) + const. (10)
Thus, the equilibrium (B) is clearly confirmed in solutions with a limited excess
of ligand and pH < 4-5.
The second increasing part of the absorbance vs pH plot at 600 nm and between
pH 5:0—6'5 (Fig. 12) agrees with some of the equilibria of the type (F):
MHL + pH;L =2 M(H,L),., + ¢H"; ¥k, (F)
for which transformations (1/) and (12) were derived earlier:
A — Ay = esey ~ {[Z(4 — AL) - ech][H]q/ctkv} ’ (11
A — Ay =eon — {[Z(A — AL) — e0m] bk [[H], (12)

where ¢, ¢, are molar absorptivities of MH,L or M(H,L),+,, respectively. A cor-

T T
o8- E
A
04F 4
4,
2
1 L L !
0 1 2 x 3 0" 2 -logll 3
FiG. 15 . FiG. 16
Analysis of the Second Increasing Part of the, Absorbance vs pH Plots for PCV Solutions
Absorbance vs pH Plots According to Egs in the Presence of Various Excess of Th**
un, (12 580 nm, ¢; = 1-00. 307%;15:0 cm. Curves
cp = 1-00.107%M, ¢y = 400 . 107 %n; 1 ligand only, 2 cyfep =5, 3 eyfey = 10,
600 nm. Curves 1.X = {[(4 — Ap) — Ag,]. 4 cpfep = 15.

CIHYE 107 Y = 4 — 4, 2 X =
=[doy— (A— ADIBE] el Y =4 — 4.
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rected value of ¢; was inserted into (1) and (12):

cF=cC, - [e20m — (A — A ]+ (p + 1) [(4 — 4)) — &1eu]

(12a)
g2 — &

to respect the ligand consumption during complexation. The transformations (11)
and (12) are straight line plots for p = 1 and q = 1 only (Fig. 15).

The values of ¢; and ¢, from the limiting intercepts were used for a derived loga-
rithmic transformation (/3):

log {[Z(A — A4,) — e.cn][[e20m — Z(4 — AL)] =
= g pH + nlogef + log *f (13)

The slope of (13) g = 1 for 600 nm as well as previous results clearly indicate the
formation of UO,(H,L), from UO,H,L with the splitting off of one proton from
H,L within the pH values 5:0—6-5. Molar absorptivities for various complexes
found from limiting intercepts of particular transformations and the values of the
equilibrium constants calculated from logarithmic plots, supposing that the left
side of such transformation tends to zero, are summarized in Tables IV and V.

Job Curves for equimolar solutions. The Job curves indicate a single component ratio M : L =
= 1:1in the UO,-complex with PCV at pH 3 and for ¢y = cy+cp, = 1073, 1 = 0-1 and 550 to
600 nm. At pH4-0and ¢y = 50. 10~ “*m both complexes with M : L. = 1 : 1 and 2 : 1 are indicat-
ed at 600 or 550 nm, respectively, which is in good agreement with the results in non-equimolar
solutions.

TABLE 1V
Molar Absorptivities of Particular Thorium(IV)- or Uranyl(I)-Complexes with Pyrocatechol
Violet

The tabulated values are means of at least 4 values for solutions with excess of ligand or metal
ion. I = 0-1 (NaClO,).

Complex A, nm £.107% Complex 2, nm 2.107%
Th,HL 580 1-50° (UO,),HL 600 2:407
ThH,L 580 0-874; 0-86° UO,H,L 530 1-57% 1-58°
Th,L, 580 1:30° 600 0-83%
ThyLy 580 2:05° . UO,(H,L), 600 2-12°

% From the absorbance vs pH plot for solutions with metal ion excess; b from the absorbance
vs pH plot for solutions with ligand excess.

Collection Czechoslov. Chem. Commun. /Vol. 38/ (1973)



1490 Chiacchierini, Gocchieri, Sommer :

TABLE V
Equilibrium (log *$) and Stability Constants (log ) for Particular UO,-Complexes with Pyro-
catechol Violet

The values are averages of more than 4 values for various excess of ligand or metal ion; I = 0-1
(NaCl0,), r = 250 4 0-2°C.

Equilibrium K log constant
[MH, L][H]/[M][H,L] *Biy (—0-75 - 0:03)% (—0-72 + 0-03)°
[M(H,L),][H])/[MH,L][H,L] *B1, —221%
[M,HL][HI?/[H;L][M)* *By —2-82 + 0-10°
[MH,L)/[M][H,L] Byy 7-05%4
[M(H,L),)/[MH,L][H,L] Biz 5-60%¢
[M,HL)/[M]2[HL] By 14-7%4

% From the absorbance vs pH plots for solutions with metal jon excess; ? from the absorbance
vs pH plots for solutions with ligand excess; € from the mean of results a and b; ¢ By = *By1/K,z
¢ Bz = *B12/Ky2, /321 =*B31/Kaz - Ky3-

T T
o5
4 147243, 45
oF B
- 1 1
05 20 25 logiitl 30
Fic. 17 Fic. 18
Analysis of the First Increasing Part of the Logarithmic Analysis of the Absorbance
Absorbance vs pH Plots (Fig. 16) According vs pH Plots (Fig. 16) According Eq. (5)
to Eqs (1), (2) Y =log (ZA — ey ¢;)/(ec, — A). Curves
Curves: 1 cM/cL =5 X= {(ZA — &) 1— 3 belong to the first complexation in-
[H]}cM 1071 ; Yi=4; 2 cyleg =15 X" = terval 4 and 5 to the second one.

= (ZA—;LCI) [H]/ep} - 10, Y7 = 4; Jeygfep, =
10; = {(Z4 — &) [Hlfey}. 1075
Y =4 4cM/c,_ 15X ={(Z4— AI)[H]/ACM}
Y = (¢, /A).108; SCM/c‘L—S X’ —{(ZA A)
[H/Acy} . 1072 Y = (cp /4). 105; 6 cpgfcy, =10;
=[ZA— AL) [H)/Aeyl; ¥ = (c,_/A) . 106,
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Reaction of Uranium(VI) and Thorium(IV) with_' Pyrocatechol Violet 1491

THE SYSTEM THORIUM (1v)-PYROCATECHOL VIOLET

The reaction of Th** with PCV reaches the equilibrium state two hours after mixing the com-
ponents and soluble coloured compounds are formed at room temperature and in dependence
on the acidity and the concentration of components. At pH > 4 a dark precipitate is likely to
appear in solution with Jigand excess or a pH > 35 in those with metal ion excess. There is A,
530 nm for solutions with ligand excess and at pH < 3-0. New maxima appear with increasing
concentration of ligand and larger pH, i.e. at 600 and 450—470 nm and in turn two maxima
at 450 bm and 530 nm for solutions with low metal ion excess and pH 2-2 on increasing the
metal ion concentration the maximum at 530 nm is shifted to 610 nm in acid solutions, whereas
the lower-wavelength maximum disappears from pH > 2'5.

Solutions with excess of metal ions. The absorbance vs pH plots show at least
two complex equilibria with Th** at 530 nm (Fig. 16). As reported for the system

1
3 “log(H'] 4

Fla. 19

Analysis of the Second Increasing Part of the
Absorbance vs pH Plots According to Eqgs (1),
(2) (Fig. 16)

Curves: 1 ¢yfep = 15 X = (Z4 — &ep) -
CHY ek Y = A3 2cyfep = 10; X = (ZA —
— ep) [HP /e . 1072 Y = 4; 3cyey, = 10;
X' = (ZA — A) [HP/chA 1072 ¥ =
= (e /d) . 105 4 cy/CL = 15, X’ = (ZA —
— AD[HP?/c}A . 1071, Y = (¢ /4) . 10°.

F1G. 20

Absorbance vs pH Plots for Th**-Solutions
with Increasing PCV Concentration

580 nm, cy =4-00.107°m (the absor-
bance of the ligand blanc subtracted). Cur-
vesicpfey: 125,25, 375, 415,
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UO3}* —PCV, the equilibria (B)—(D) were tested with the use of transformations
()= (3). For the first increasing part of the curves (Fig. 16) at pH 1:7—2-6 the trans-
formations (1), (2) give straight lines for m = n = g = 1 (Fig. 17) and n = 1 and
g = 1 were further confirmed by the course and the slope of the logarithmic plot
(3) inserting the value of ¢, from the limiting intercepts of (1), (2) (Fig. 18). For the
second increasing part of the absorbance vs pH plots at pH > 2-6 the transformations
(1), (2) gave straight lines for ¢ = 2 and n = 1 (Fig. 19) and the liberation of two
protons was confirmed from the logarithmic plot (3) between pH 2-5—3-5 (Fig. 18).

The interpretation of absorbance vs metal ion concentration plot confirms the suc-
cessive formation of complexes with M : L = 1 : 1 and 1 : 2 at pH ~2-8 and 620 nm.
The simplified transformation (2) gave straight line plots A vs(ZA4 — &.c;)fcx
for g = 2and n = 1 and the logarithmic plot (6) such as log(Z4 — &.c,)[(Ec;, — nA)

a7

3

-05

20

1 } L
25 ogtH 30 35

FiG. 21

Analysis of the Successive Increasing Parts
of the Absorbance vs pH Plots (the Second
and Third Complexation Interval) According
to Eqs (11), (12) (Fig. 20)

¢y jeyy =15 Curves: 1 Y = (4 — Ap);
X' =[Z(4 — A4) — ejcy HP/cF. 1075
2Y =(4— Ap; X' = [Z(4 — 4) —
— eyl CfHI% 3 Y =(4—4); X =
= [Z(4 — AD — o] [HP /3 4 Y =
= (4 — A X' = [Z(4 — 4)) — eycp].
< et/

Fic. 22
Logarithmic Analysis of Various Successive
Parts of the Absorbance »s Acidity Plots
According to Egs (5), (13) (Fig. 20)

Curves: 1 first complexation interval: ¥ =
= log [Ad/(ecpyy — AA)]; 2 second, 3 third
complexation interval, Y = log[Z(4 — 4})
— Ao1)/[Agy — Z(A — AP
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vslog ¢y gives an intersection of two straight lines with slopes m = 1 and m = 2
from for 10~ %+ < ¢y < 107%*°, respecting the values of molar absorptivity found
from extrapolated plot (2). Thus the equilibria (B) or (D) respectively were proved
in the particular interval of the metal ion concentration or pH.

Solutions with Excess of Ligand. The absorbance vs pH plots for solutions with
Jigand excess show different shapes in dependence on the ligand excess and wave-
length used, i.e. 550, 580 and 600 nm. For solutions with ¢, = (1—6).10™*M and
cfem = 225—15 at least two different equilibria are evident depending on pH
(Fig. 20). The general equilibria (E) and (G) were tested by interpretation of various
parts of these plots.

MLH, + pHL™ = ML, H, + ¢H*. (G)

The equilibrium (B) was confirmed by means of transformations (6)—(1I) at pH
1-6—2+6 (Fig. 21 and 22). With pH > 2'5 the coordination of further ligand species
and liberation of two protons per ligand has been confirmed, i.e. the equilibrium (H):

MH,L + HL = MH,L, + 2H". (H)

An analogous equilibrium (I) is indicated at pH > 3-3, if the influence of hydrolysis

TABLE VI
Equilibrium (log *8) and Stability Constant (log f) for Particular Thorium({IV)-Complexes with
Pyrocatechol Violet

The values are average of more than four values for various excess of ligand or metal ion;
10-1 (NaClOy), t = 25-0 £ 0:2°C.

Equilibrium K log constant
[MH,L][H]/[M][H,L] *Bis 2:05 & 0-03% 2:00 - 0-02°
[MH,L,1[H]*/[MH,L][H,;L] *B1a —218 + 0-04°
[MH,L|[H]*/[MH,L,][H;L] *Bs —3-94 + 0:02°
[M,HL][H]?/[M]*[H,L] *Bat 2-48 + 003
[MH,L]/[M]{H,L] Bis 9-83¢4
[MH;,L,]/[MH,L][HL] B2 15-38%¢
[MH,L;1/[MH;L,1[HL] Bis 13-6297
[M,HL}/[M]*[HL] B2y 20-04™9

“ From the absorbance vs pH plots with metal ion excess; bf{rom the absorbance vs pH plots
with ligand excess; © the mean of values from @ and b; ¢ B, = *B,,/K,2, © B12 = *By2/K,2K,s»
fﬂxs = Bya/Kaz Koz, ¥ B2y = *Br1/Kaz - Kaz-
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is neglected at equilibrium conditions (Fig. 21, 22)
MH,L, + H;L =2 MH,L; + 2H". (n

The absorptivities and equilibrium constants for particular complexes are collected
in Tables IV and VL.

Job Curves in equimolar solutions. The Job curves for the Th**-pyrocatechol
violet system are indicative only. The species with the component ratio Th : L =1 :1
is always evident in solutions at pH 3-0—3-5 and 500—570 nm but the general
shape of the curve indicates the formation of a complex with m > 1 or n > 1 in
M, L, for ¢y = 2:00. 107 °m, 0-1M sodium perchlorate and 500 — 570 nm.

DISCUSSION

In the system UOZ*—PCV the mononuclear complex UO,H,L (4,,, 550 nm)
is formed at pH 2-5—4-3 either in solutions with metal ion excess or a limited ligand
excess. In solutions with metal jon excess a binuclear species (UO,),HL" is also
formed especially at pH > 35 (4., 620 nm). Both species are readily hydrolyzed
from pH > 4-5, in agreement with previous results on UO3* hydrolysis in aqueous
solutions?-21, In solutions with limited ligand excess the presence of [UO,(H,L),]*~
(Amax 550 nm) becomes evident at pH 5:0—6-5. This complex is then hydrolyzed
from pH > 6:5. For the complexes [UO,(H,L)] and similarly [UO,(LH,),]*~
there may be some hesitation between the structures (I) and (II) but there is only
one possible bonding scheme in [(UO,),LH]** (III). Some uncertainty remains
with respect to the second hydroxylic protons in the catechol nucleus. The libera-

UOZ—O oH (FU;)z(*) OH o— Uo2
HO—‘/\ HOW/"\ /l\éo HO )\ )\
\/L /U QD/‘\CJ\//| - @L 5 ior
R %
I I
vo,—0 0-Uo,
0\/H AN A0
QL 1 o
NN e ( SO
[ -0
mr
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tion of the second proton from the ortho- or peri-dihydroxyl group could not be
proved spectrophotometrically during the formation of mononuclear UO3* complexes
with catechol and derivatives or chromotropic acid. Some problems of UO3*-bonding
with ortho- and peri-diphenols were discussed elsewhere??~25. Comparing 4., of
particular acido-basic ligand forms and the 1:1-UO,-PCV complex the structure
(II) is to be preferred to (I) in agreement with the similarity between A, of the com-
plex (530 nm) and the protonated HyL-form (4,,, 550 nm). A similar structure was
earlier assumed for the 1 : 1-complex of UO3* with Chromazurol S in acidic me-
dium!#, An 1 : 1-complex of UOZ* with PCV was also indicated at pH 6-5 in diluted
equimolar solutions by Job curves (¢, ~1.107*M) but its A, is 600 nm (see®).
Thus it seems that a different 1 : 1-chelate is formed under these conditions with the
UOZ%* bonding towards the o-dihydroxylic group, besides of the dinuclear chelate
which predominates in solutions with larger metal ion concentrations.

A similar complexation scheme was observed for the Th** —PCV system in acid
solutions if the own complicated hydrolysis of Th** is prevented?®. A mixture
of the binuclear complex ThyHL** (1, 610 nm) with ThH,L?** (4, 450 and 530
nm) is formed from which the mononuclear species predominates at pH < 2-6 in solu-
tion either with metal ion or limited ligand excess. In solution with limited ligand
excess the mononuclear species is successively converted into ThH;L3 and ThH,L%~
(Amax 600 nm) but two protons are always liberated in this case per one H;L™ and
the number of ligand species in the chelate does not influence the A.,, and only
slightly the molar absorptivity of metal chelates.

(H)Ojij/ \/\/ \ /O PN (|:§|/\/O(H)
|
\/\o/' \O/JR NS0
ThH;3L,
v

The following structure can be adopted e.g. for the Th:L = 1:2 species IV.
Even in this case the binding of the quinoid group is more probable in the 1: 1-com-
plex but the o-diphenolic group of the other nucleus takes rather part in bonding
in the higher complex species (2 protons are clearly liberated). The A, 600 nm is
similar to the A, of the HL®~ and L*~ forms of the ligand in alkaline medium.
There is some ambiguity with the 1 : 3-complex of Th** with PCV but it seems that
this complexation scheme with three mononuclear complexes of Th** with PCV
being successively formed is indirectly confirmed by the previous results of Bartufek
for the catechol-Th** system?” although the formation of binuclear species of Th**
with catechol and other polyphenols cannot be excluded?”~2°.
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