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Formation of Mixed Ligand Complexes of UO%+ Involving
Some Nitrogen and Oxygen Donor Ligands
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The complexation reactions of UO3" ion with nitrogen and oxygen
donor ligands, !-amino-2-naphthol-4-sulphonic acid, o-aminophenol (ap),
2-hydroxybenzoic acid (sa), 3-carboxy-4-hydroxybenzenesulphonic acid
(ss) and 1,2-dihydroxybenzene (ca) have been investigated in aqueous
solution employing the pH-titration technique. Aanalysis of the experimen-
tal data recorded at 25°C and at an ionic strength of 0.10 M KNOj indicates
formation of binary, hydroxo and ternary complexes including UO(an),
UO;(an)™, UOy(an)(OH)™. UOx(ap)*, UOa(ap)y, UOs(sa), UOx(sa)3™,
UO,(sa)(OH)™, UOs(sa)(OH)*", UOy(ss), UO(ss)s", UO(ss)(OH)*",
UO,(ss)2(0H)™, UOy(ca), UOx(ca)3”, UOy(ca)QH)~, UOs(an)(ap)™,
UOz(an)(sa)z‘, UO;(an)(ss)*, UOz(an)(ca)Z', UOzgap)(sa)',
UO,(ap)(ss)>”, UOy(ap)(ca)”, UOs(sa)(ss)*™, UOa(sa)(ca)*”, and
UOz(ss)(ca)3~ in mixtures containing corresponding metal-ligand pair of
ligand ratio. Formation constant values of the existing species have been
evaluated and the results have been discussed.

’

INTRODUCTION

Interesting and major results have been reported on coordination chemistry of
nitrogen and oxygen donor ligands. These ligands have been widely used in
kinetic studies' 2, and many analytical methods based on complex formation
reactions in solution®*. Problems related to equilibrium measurements have been
solved by means of various experimental techniquesS‘lo and methods of evalua-
tion of equilibrium constant. Besides the investigation of complex equilibria and
the kinetics of complex formation, an increasing number of other studies also are
currently devoted- to problems of structure, bonding and electronic structures
making extensive use of modern methods of structural analysis such as infrared
spectrometry, magnetic susceptibility measurements, nuclear magnetic resonance
and Mossbauer spectroscopy''™'%.

In spite of the extremely rapid development of coordination chemistry, the
equilibrium studies on. nitrogen and oxygen donor molecules with the metal ions
involving the formation of mononuclear complex species have not as yet reached
maturity. Such complexes have a potential for further developments. A knowledge
of mononuclear species provides an important tool in the investigation of other
complicated complex species including mixed ligand complexes existing in
solution. Thus, in the present communication a systematic study on the complex-
formation between UO3" jon and nitrogen and oxygen donor ligands, 1-amino-
2-naphthol-4-sulphonic acid (an), o-aminophenol (ap), 2-hydroxybenzoic acid
(salicylic acid, sa), 3-carboxy-4-hydroxybenzene sulphonic acid (5-sulpho-
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salicylic acid, ss), 1,2-dihydroxybenzene (catechol, ca) has been carried out using
pH-titration technique.

EXPERIMENTAL

Carbon dioxide free solution was prepared by dissolving 50 g of potassium
hydroxide (A.R.) in 50 cm® distilled water in pyrex flask. A suitable volume of
potassium hydroxide solution was diluted and standardized by titrating with 0.2
N oxalic acid solution. A stock solution of 0.2150 N potassium hydroxide was
thus obtained. Standard solutions of 1.0 M potassium nitrate and 0.0387 N
HNO; were prepared using analytical grade reagents. Aqueous solution
(5.0 x 107 M) of uranyl nitrate (Loba, G.R.) was prepared. UO%* content was
determined by oxine method'®. Aqueous. solutions (5.0 10 M) of each
3-carboxy-4-hydroxybenzenesulphonic acid (CDH) and 1,2-dihydroxybenzene
(BDH) were prepared by direct weighing. Compounds 1-amino-2-naphthol-4-sul-
phonic acid (CDH) and o-aminophenol (Loba) were purified by dissolving in
aqueous alkali medium and reprecipitating by dilute HCl. Monosodium salt
solution of 1-amino-2-naphthol-4-sulphonic acid (5.0 x 107} M) was obtained by
adding required alkali solution.

2-Hydroxybenzoic acid (B.D.H.) and o-aminophenol were dissolved in known
amount of alkali and the volume was raised to get 5.0 x 10~ M concentration of
each ligand. The excess of alkali present in titration mixtures of these ligands was
neutralized by adding known amount of nitric acid solution before titration.

Procedure

A number of mixtures (i) HNO;, (ii) 50x 10*M ligand + (i), (iii)
5.0% 10°*M metal nitrate + (i), (iv) 2.5x 107 M metal nitrate + (it), were
prepared for studying the equilibrium reactions involving proton-ligand dissocia-
tion and simple complex formation. Similarly, for the mixed ligand complex,
UO%*-AB (where A, B are possible pairs of ligands an™ , ap, sa, ss and ca), the
mixtures containing UO%*, A, B in 1:1:1 ratio (each 5.0x 107 M) + (i) were
prepared and titrated. Experiments were carried out, in an inert atmosphere of
nitrogen gas by bubbling oxygen-free nitrogen gas through the solution in the
titrating vessel keeping the initial volume of each mixture 50 cm®, at an ionic
strength of 0.10 M KNO; and temperature 25°C. The pH-metric titrations were
continued to a pH of ca. 11.00.

From the experimental data pH vs volume of alkali curves were plotted and
were utilized to calculate moles of alkali used per mole of metal/ligand (a) at
different pH.I7 Further, ‘a’ values were plotted against pH and the existing
complex equilibria were analysed. A scientific calculator Casio fx-910 was used
for calculation work.

RESULTS AND DISCUSSION

Proton-ligand dissociation constants

The titration curve of an” lies between a =-1 and | in the pH range 3.0-11.0
(Fig.1). A sharp inflection in the curve at a = 0 indicates that two protons are
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Fig. 1. pH vs. ‘@’ curves for UO%* complexes with an” and ap

liberated in steps, respectively, from protonated amino group and the phenolic
group. The stepwise proton dissociation constants are K} = 10727002 gp4
K? = 1078852004 At Jow pH values, the colour of the ligand is red. A gradual
colour change from red to orange takes place between pH 2.50 and 4.69 (below
a = 0) due to the deprotonation of the protonated ligand. A steep inflection in the
titration curve at a = 0 confirms that the neutral ligand molecule is orange. Further,
colour change (light brown) appears at pH ca. 6.45. The intensity of brown colour
gradually increases with the increase in anionic ligand concentration up to pH
ca. 10.0, where the value of a is 1.0 (Fig. 1).

Dissociation of two protons, in steps, from protonated amino group and the
phenolic group in o-aminophenol system has also been inferred. A gradual colour
change in the mixture, from brown to yellow and finally to yellowish-green at
higher pH values has been noted. The colour change may be expected due
to existence of protonated, neutral and anionic ligands, respectively. The
corresponding  proton-ligand dissociation constants (K!'= 10718003 54
KY = 1071053£002)  were evaluated as described earlier.

A sharp inflection in pH vs ‘a’ curve of sa system shows that protons from the
—COOH and —OH groups are dissociated in two distinct steps above pH ca.
2.4 (below pH ca. 4.6) and 11.8, respectively. The titration mixture, however,
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remains colourless throughout the titration. The calculated proton-ligand dissocia-
tion constants are: KH 107291 001 KH 10713:50£002

The proton of —SO;H group in ss system is dissociated at very low pH value
and the ligand mixture remains colourless under the experimental range of pH.
The steep inflection in the titration curve at a = 2 shows that the two proton-ligand
dissociation equilibria corresponding to proton dissociation from —COOH and
—OH groups exist 1ndependent1y The proton-ligand dissociation constant values
for these steps are: Kz =1072%*007 apd KH 1071152003 The higher value of
dissociation constant for the phenolic group than that of sa is probably due to
electron withdrawning nature of —SO;H group.

Proton-ligand equilibria, corresponding to dissociation of protons from the two
phenolic groups of ca, is evident from the titration curve. The dark reddish brown
colour of the neutral ligand molecule gradually turns into yellowish brown (at pH
ca. 8.6), and subsequently the mixture appears light reddish brown beyond pH
ca. 10.0. Proton-ligand dissociation constants, K} =10"%40*003 554
K = 10711582002 eyalyated as earlier can be compared with those of Martell

etal'®.

Binary complexes

1:1 Metal-ligand system: Formation of UO,(an) is indicated by 1:1,.
metal-an™ titration curve (Fig. 1). The colour of the complex is orange. Between
pH ca. 451 (a = 1.0) and 5.34, the colour of the solution changes to yellowish
brown with increase in pH values. Beyond pH ca. 5.34 the reaction mixture
appears turbid, and the intensity of the turbidity and its colour gradually increases
up to pH-11.0. The equilibrium constants of UO,(an) and UO,(an)(OH)™ species
(Table-1) were calculated as described earlier'”. The complex species UOy(ap)*
is formed below pH ca. 4.90. But, unlike an™ system the monohydroxo complex
UO,(ap)(OH) does not exist in solution as the reaction mixture remains in turbid
form (yellowish brown) above pH ca. 4.79. A comparison of pH vs. ‘a’ curves of
saand 1 : 1, metal-sa system, and an observation on the colour of reaction mixture
show that a light yellow colour UO,(sa) complex is formed, below pH ca. 4.54
(a=2.0). Further, between a=2.0 and 3.0, formation of soluble and anionic
species UO,(sa)(OH)" is indicated. The titration mixture becomes turbid (yellow)
from pH ca. 5.58. Formation of UO, (ss)” and UOz(ss)(OH)z’ is also evident
below pH ca. 5.60 (a =4.0) from a colour change identical to sa system and pH
vs. ‘a’ curve of corresponding system. The I:1, UO3*-ss mixture remains in
turbid form (yellow) beyond pH ca. 5.6. Formation of 1:1 metal-ca complex is
indicated below pH ca. 5.57 (a=2.0). Between a=2 and 3 (pH ca. 8.63),
UO,-(ca)(OH)™ association takes place in the mixture which turns turbid at pH
ca. 6.53 (a=2.53).

1:2, Metal-ligand system: 1:2 UO3*-an™ mixture turns into a light yellow
turbid form at pH ca. 5.80, and the amount of turbidity further increases.
Comparison of curves of |:2 metal-ligand system with that of composite curve
obtained from 1: 1, metal-an™ and ligand titrations indicates that the equilibrium
involving UO,(an)}™ exists in solution below pH ca. 5.75. Similarly metal-ap
mixture also remains turbid above pH ca. 4.74. However, the neutral complex
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species UO,-(ap), is formed below a=1.0 (pH ca. 5.81). It has also been
observed that the change in amount of turbidity is comparable with that of an™
complex system. The calculated equilibrium constant is given in Table-1. The pH
vs. ‘a’ curves for 1:2 metal-oxygen donor ligands (sa and ss) show ‘that
UO,(sa)3™ and UO,(ss);™ exist below pH ca. 4.65 (a=2.0) and 5.40 (a=3.0),
respectively. Further, formation of UOlz(sa)z(OH)“', UO2(ss)2(OH)5' is indicated
between a=2.0 and 2.5, 3.0 and 3.5, respectively. The titration curve for sa
complex system shows a steep inflection at a=3.0. A similar inflection also
occurs in the ss system after the formation of monohydroxo complex (at a = 3.5).
The reaction mixtures of sa and ss containing metal turn turbid at pH ca. 5.9 and
6.2, respectively. Only nonprotonated and monohydroxo complexes, in each
system, exist in solution. The pH vs. ‘a’ curve for ca system shows a weak
inflection at a = 1.0 (pH ca. 5.22) and a steep inflection at a =2.0 (pH ca. 7.90)
indicating the formation of UO,(ca) and UO,(ca)3 in two distinct steps. There is
a large difference in K, and K, values (the corresponding values in other systems
are either almost identical or show a very small difference). Beyond pH ca. 7.26
the reaction mixture being in turbid form did not permit any calculation.

TABLE-1
EQUILIBRIUM CONSTANTS OF BINARY AND HYDROXY COMPLEXES OF UO}*
with an”, ap, sa, ss and ca (25°C, p=0.10 M KNO3)

Reaction log K

UO3" +an*” 2 UO,(an) 7.85+0.11
UOy(an) + an®” s UOz(an)%" 7.11£0.02
UO,(an) + OH™ 2 UO;(an)(OH)~ 9.10

VO3t +ap 2 UOy(ap)* 9.79.+0.08
UO,(ap)* +ap~ 2 UOy(ap), 9.05 +0.05
UO3* + sa®” 2 UOy(sa) 13.50+ 0.25
UO;(sa) + sa>~ 2 U0y (sa)3™ 12.95+ 043
UO,(sa) + OH™ 2 UOy(sa)(OH)™ 8.99
UOy(sa)3"+OH™ 2 UOy(sa)(OH)* 9.05

UO% + s~ 2 UOy(ss)” 11.17+£0.22
UO,(ss)™ +ss*~ 2 UOs(ss)F 10.53+0.18
UOy(ss) +OH™ 2 UOy(ss)(OH)* 8.78
UOy(ss)i +OH™ 2 UOy(ss)2(OH)> 8.25

UOz +ca” 2 UOy(ca) 154110.04
UO,(ca) + ca®” 2 UOy(ca)3™ 12.76 + 0.05
UOy(ca) + OH™ 2 UOy(ca)(OH)™ 7.55

Comparing the values of equilibrium constants (Table-1) it is.concluded that
the complexing tendency of the ligands follows the order: ca > sa > ss > ap > an.
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The oxygen donors, ca, sa and ss, behave as stronger electron donor ligands than
the nitrogen-oxygen mixed donor ligands, ap and an. A large size of an may be
considered the cause of its lowest electron-donating capability.

The order of stability constant for coordination of OH™ ion with 1:1,
metal-ligand complexes: UO,(an) > UO,(sa) = UO,(ss)” > UOy(ca) can be ex-
plained on the basis of electron density around the central atom in the non-
protonated complex species. In 1:2, metal-ligand complexes OH™ ion attachment
follows a reverse order: UO,(sa); > UOz(ss)g". The low value in case of
UO,(ss)5™ system is probably due to larger repulsion between OH™ jon and highly
charged anionic complex as well as the steric hindrance.

Mixed ligand complexes

A gradual colour change (mixed ligand complex systems) in mixtures of ca
with sa, ss (from brownish yellow to light yellow, brownish yellow to light canary
yellow, between pH ca. 2.40 and 4.85, 2.40 and 4.17, respectively), an~ with sa,
ss, ca (from brownish red to dark red, red to orange, brownish red to yellow,
between pH ca. 2.42 and 3.35, 2.42 and 5.36, 2.42 and 5.16. respectively) and
ap with ss, sa, ca, an” (from orange to yellow, yellowish orange to greenish bilack,
light orange to green, dark red to dark brown, between pH ca. 2.40 and 3.85, 2.42
and 4.69, 2.50 and 4.20, 2.42 and 4.45, respectively) has been noted. The
UO3%*-sa-ss mixture is colourless in the pH range of mixed ligand complex
formation in solution. All the mixtures of UO3* with the pair of ligands an™-ap,
an -sa, an -ss, an -ca, ap-sa, ap-ss, ap-ca, sa-ss, sa-ca and ss-ca appear turbid
above pH 5.83, 5.58, 5.55, 5.53, 5.65, 4.55, 6.03, 6.56, 5.80 and 5.58, respectively.
Existence of turbidity did not permit further analysis.

On comparing the pH vs. ‘a’ curves of each mixed system with the
coresponding ligands, 1:1 and 1:2 metal-ligand systems, it has been concluded
that MAB type complex is formed in solution containing the metal ion and ligand
pair in 1:1:1 ratio. In some cases the mixed ligand comples formation is
supported by a colour change discussed above in the mixture.

[MAB]
[M][A][B]
Considering the existence of free M, MA, MA,, MB, MB, and MAB in solution,

[A] was calculated by Newton’s methods using equations as described ear-
lier'”"?

M+A+BZ2MAB; K=

Pi[A]’ + P[A)? + P3[A] - P4 =0
[A] value was further utilized to obtain [B], [M] and [MAB] as below:

Cu(n+1-2) a;[A]
b, T by

[B]=

=e—-d[A] , n

(v/l=1, 2 and 3 for nn, ap, an, ca, sa and ss respectively)
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alA]

(M= 1+ K;[B] + KIBKZB[B]2 - KlAKZA[AJ2 @
_ by[B]
1+ K alA] + K g Koa[A) — K gKop[B]?
[MAB] = Cy; - [MA] - [MA,] - [MB] - [MB,] - [M] 3)

where
P, = K 2K2a(a; — byd) + K pKop(bsd' — a,d?)
P, = K, AK,abse + K sKop(2a,ed — 3b,ed?) + K, za, — K, gb,d?
P, = K, gKype’(3byd — a,) + 2K, gdb,e + a; + byd

Py=bye + KlezeZ + KIBKZBb2€3

_ n[H")" (n—1HT" [H']
A ="H H H [ — nt-t TR
KiaKoaKsa . .. Kia KoaK3a ... Kja Kna
[HY]" (H"! [H']
Q= + +...+ +1
KKK, . K KhKha .. K Kia
_ IH" ) (=nH7"! [H']
b =" o H H H nt -t h
KisKsKsy, ... K K5sK3g . .. Kig Kis
[H+ ]/ [H+ ]l—~ 1 H+
by=—fmmn T eTa——T H+...+—-~[ H]+l
KisK3K3s ... K KKig. .. Kpg Kis
_Culn+1-a)
e= R
A
o

The values of equilibrium constants are reported in Table-2.

Formation constant value for the addition of ssto 1:1, UO%+ complex with sa
is almost comparable in magnitude with the values for the aqua-ion. A parallel
effect is noted on addition of sa to 1: 1, UO3*-ss complex. These informations are
in agreement with those of Perrin and coworkers® reported earlier on ternary
complexes of some biologically important ligands, ethylenediamire, histamine,
serine and salicylic and salicylic acid with Cu?*. But, for the reaction
CuA? + B 2 CuAB (where A =2,2"-bipyridyl and B is the anion of salicylic
acid, catechol or tiron), Martell er al.'® reported higher values of the stepwise
formation constants (from 0.9 to 1.5 logarithm units) than for the addition of B
to the hydrated Cu?* ion. Earlier findings'g'2l on mixed ligand complexes of
adenine, xanthine and hypoxanthine involving tripositive rare earth ions can also
be compared with the latter results. In all the remaining systems, studied here,
formation constants for addition of one of the ligands to 1:1 metal complex with
the other ligands are higher (from 0.89 to 3.33 logarithm units) than K, values
for the addition of the ligand to aqua-ion.
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TABLE-2
EQUILIBRIUM CONSTANTS OF TERNARY COMPLEXES OF UO3" WITH POSSIBLE
PAIRS OF an”, ap, sa, ss and ca (25°C, p = 0.10 M KNO3)

Reaction logK

UO3* +an® +ap~ 2 UOy(an)(ap)” 19.07+£0.37
UO;(an) +ap~ 2 UOy(an)(ap)”™ 11.22
UO,(ap)t + an®” 2 UOy(an)(ap)™ 9.28

UOZ* + an?™ + sa® 2 UOy(an)(sa)~ 22414036
UO;(an) + sa® g UO;(an)(»sa)z_ 14.56
UOy(sa) +an?~ 2 UOy(an)(sa)>” 891

UO¥ + an®™ +ss* 2 UOy(an)(ss)™ 20.06 +0.31
UOy@an) +ss>~ 2 UOy(an)(ss)*™ 12.21
UOy(ss)” +an* 2 UOy(an)(ss)*” 8.89

U0} + an? + ca>” 2UO(an)(ca)> 23744007
UOs(an) +ca’” 22 UO,(an)(ca)®™ 15.89
UOy(ca)+an™  2UOy(an)(ca)> 833

UO3* +ap™ + a2~ 2UO0x(ap)(sa)” 26.62 +0.27
UO,(ap)* + sa®” 2 UOy(ap)(sa)” 16.83
UOy(sa) +ap~ 2UO,(ap)(sa)” 13.12

UO3* +ap +ss°~ 2UO0(ap)(ss)® 23.63 1 0.40
UOs(ap)* +s8°~ 2 UOs(ap)(ss)*™ 13.84
UOy(ss) +ap™ 2 UOy(ap)(ss)*~ 12.46

UO%+ +ap + car” 2 UOy(ap)(ca)” 23.22+0.13
UOy@ap)* +ca®™ 2 UOy(ap)(ca)” 13.43
UOy(ca)+ap™ 2 UOy(ap)(ca)” 7.81

U3 + 52> + 58 2 UO(sa)(ss)* 25.18 £0.16
UOy(sa)+ss*™ 2 UOy(sa)(ss)™ 11.68
UOy(ss) +sa®~ 2 UOy(sa)(ss)>™ 14.01

UO%+ +sa% +cat” 2 UOg(sa)(ca)z' 30.89 £ 0.61
UOy(sa) +ca’™ 2 UOy(sa)(ca)® 17.39
UOy(ca) +sa>” & UOy(sa)(ca)®” 15.48

UO3* + 587+ ca?™ 2 UOy(ss)(ca)®” 12770 £ 0.56
UOy(ss)” + ca?” 2 UOz(SS)(Ca)}_ 16.53
UOy(ca)+ss’~ 2 UOy(ss)(ca)*™ 12.29
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From the distribution curves (Fig. 2—M-ap-an system) plotted between the
percentage of the metal ion present in different species and pH, it has been inferred

0o}

80

60

20
o~
* uoap)
U%(ap) 2°P
UOé an) e
an
Uofap), Uo, N
0 N ] . m
"30 w 38 42 46 5
PH _
Fig. 2. Percentage of metal ions distributed among various species withpHin1:1: 1

UO3*-an"-ap mixture

that the amount of free metal decreases with the increase of pH in all the mixed
ligand complex systems. In case of ap-ca mixture the amount of free vo3*
remains nearly negligible from the initial pH of ternary complex formation. The
percentage of free metal, mixed ligand species formed in solution containing
1:1:1, metal and ligand pairs, ap-ca, ap-sa, ap-ss, ap-an, ca-sa, ca-ss, ca-an, sa-ss,
sa-an and ss-an, mixtures are: 0.42, 8.40; 8.66, 88.98; 7.50, 88.23; 4.0, 9Q; 30.90,
32.92; 24.15, 8.94; 34.51, 26.21; 3.76, 87.06; 6.45, 81.21 and 7.18, 83.31
respectively just before th¢ pH of precipitation of the titration mixture
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