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ABSTRACT

A method is described for calculating equilibrium concentrations of all
species in multi-metal -multi-ligand mixtures from the pH of the solution;
total concentration of each metal, complexing agent, and the rel evant equi-
librium constants (pK (a) values and stability constants). Ternary and qua-
ternary metal chelates of some biologically important bivalent transition
metal ions viz. Co(ll), Ni(Il), Cu(ll) and Zn(I1) formed with biologically
significant ligands, viz. IMDA/Uracil and Proline have been investigated.
Therelevant stability constants and complexation equilibria of quaternary
metal chelatesin solution at 37+1°C and at constant ionic strength (1=0.1M
NaNO,) have been studied potentiometrically. Species distribution curves
are obtained by plotting percent (%) concentration of the species ob-
tained through SCOGS computer technique against pH. The distribution
curves arefinally sketched by running the computer program ORIGIN 4.0.
The metal ligand formation constant of ML, ML, ML.L,and M M_L L,
type of complexesfollow Irving William order. The order of stability con-
stants of quaternary systems has been observed and probable solution
structures of metal complexes with said ligands have been discussed.
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INTRODUCTION

Thechemisiry of metd ionsinsolutionisessentidly
the chemistry of their complexes. Metal complexes of
polydentateligands continuesto activate agrest deal of
research owing to its relevance in various fields of
anadytica™2 biologicad®4 andindustria importance®9,
The polyaminocarboxylic acidshavewidely been used
as antidotes”® in heavy metal detoxification. The
interactionsbetween metalsand amino acidshave also

become of considerable interest as coordination
phenomenaasmodelsfor metal proteininteractions.
Theuseof transition metal complexesof IMDA have
beenwidely adopted in biology, and aregaining usein
biotechnology, particularly inthe protein purification
techniques as immobilized metal ion affinity
chromatography (IMAC)!. Proline protects
membranesand proteins against the adverse effects of
high concentrations of inorganicionsand temperature
extremes. Proline may aso function as a protein
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compatible hydrotrope and as a hydroxyl radical
scavenger. Uracil serves as allosteric regulator and
coenzyme for reaction in the human body and in
plants?. Uracil can be used to determinemicrobial
contamination of tomatoes™¥. Itsderivativesareused
in pesticides. It is aso used as anti-photosynthetic
herbicides and destroysweed*2.

Inthestudy of bio-fluid, knowledgeof formation of
ternary and quaternary complexes is important
particularly when hyper accumulated metal ionsare
present of physiological or pathological nature™3.

In continuation to our recent communi cati on45
on multi-metal multi-ligand complexes, wereport here
comparative order of stability of quaternary metal
complexes of Cu, Ni,Co and Zn meta ions with
IMDA (imino di acetic acid) and Uracil where Proline
behaves as secondary and primary ligand respectively
using pH-metry in agueous medium. The species
digtribution at different pH, formation constant, probable
structure and plausible equilibriafor theformation of
speciesarereported in this paper.

EXPERIMENTAL

All reagentsused were of A.R. grade (sigma) with
99% purity. Solutionswere prepared indoubledistilled
CO, free water. Metal Nitrate solutions were
standardized by EDTA complexometric titration.
Carbonate free NaOH solution (0.1M) was used as
titrant[16]. pH measurementswere made with century
model CP 901-S pH meter using a specia glass
electrode (accuracy = 0.01 pH) at 37+ 1° C. Binary
M:L /ML, (L:1) ternary ML ;L (1:1:1) and quaternary
M, :M,L :L(1:1:1:1) meta-ligand mixturesof following
composition were prepared for titration, keeping total
volume50ml ineach case. Strength of metd and ligand
=0.01M and 1= 0.1 M NaNO,

SolutionA: 5ml NaNQ, (1.0 M) +5ml HNO, (0.02M)
+water

Solution B: 5ml NaNO, (1.0 M) +5ml HNO, (0.02M)
+5ml L, (0.01M) + water

Solution C: 5ml NaNO, (1.0 M) + 5ml HNO, (0.02M)
+5ml L, (0.01M) +5ml M, (Il) (0.01M) + water
Solution D: 5ml NaNO, (1.0 M) + 5mI HNO,(0.02M)
+5ml L, (0.01M) + 5 ml M, (Il) (0.01IM) +5ml L,
(0.01M) + water

—= Fyll Poper

Solution E: 5ml NaNQ, (1.0 M) + 5ml HNO, (0.02M)
+5ml L, (0.01M) + 5ml M_ (I1) (0.01M) + 5ml L,
(0.01M) +5ml M (I1) (0.01M) + water

WhereM (I1) and M, (I1) areCo/Ni/Cuand Zn L,
= Primary ligand and L, = Secondary ligand. Each st
of solutionwasthentitrated againgt dkai (NaOH). The
pH meter reading with progressive addition of alkdi to
thetitration mixtureswere noted, when thereading of
pH meter stabilized. Thetitration wasdiscontinued at
theappearanceof turbidity. The pH vaueswere plotted
against thevolume of NaOH and thetitration curves
were obtained. From the shift of thepH titration curve
thevalueof nH, n, pL arecalculated as:

(N"+E”) (V2-Vy)
mH= {YTCL,

FRCT 1)
(Vo Vi)

Similarly, nvaueswereevaluated by theequation,
(N"+E°) (V3-V2)

n= — %)
(Vo+V,) x T H x TCM,

and pL wascal culated by the equation,
K [H]+ KK, [H]?+

pL= log
TCLy-n xTCM,)
VotVs
— 3
Vo
The stability constant for the system mentioned above
had been cal culated using theformula:
logK={log (TCL ,xm)-log(TCM ) (1-m)+pL} 4
Where,
nH =Average number of protonsattached to the
ligend
Y =Number of dissociableor replacesble protons

attached totheligand

TCL, =Tota concentrationof theligand

N°  =Concentrationof akali

E° =Total concentration of freeacid

V,  =Volumeof akali neededto reach aspecified
pH for solution ‘A’ (i.e. Acid)

V,  =Thetota volumeof reaction mixture

n =Averagenumber of ligandsattached per meta
ion

V,  =Volumeof alkali required to attain the same
pH inthe(acid +ligand) curves
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Vv, =Volumeof akai requiredto attain the same
pH inthe(acid Hligand+metal) curves

TCM,, =Tota concentrationof metd presentinsolution
K", KK " =Protonation constants of theligands
H* = Hydrogenion concentration
log (TCL, < n) =Theamount of complex formed
log{TCM, x (1-n)} =Theamountof freemetd ion

HHHhhhhhhh

=Theconcentration of freeligand
For evaduation of stability constants by the SCOGS
computer program*7 in asystem of thetwo different
metal ionsM, and M, and two different ligandsL, and
L, in aqueous solution, complex formation may be
described according to equilibrium.
pM, +gM,+rL1+ s+ t(OH)
(Mp)a (A)r (B)s(OH)t

Theoverdl stability constant (qum) Isdefined as:

[(M1) p (M2) q (L1) 1 (L2) s (OH) 1]

Pparst= - ®
[M,]? [M>] ¢ [A] [B]* [OH]'

may beused to ca cul atethe speci esditribution curves
that providesthe cluesfor theformation equilibriaof
thecomplexes.

Va ues of constants were supplied to the computer
as input data to obtain distribution curves of the
complexesoccurring a different pH. lonic product of
water (kw) and activity coefficient of hydrogenion under
the experimental conditions were obtained from
literature.

pL

(M)p

RESULTSAND DISCUSSION

Protonionizationfrom uracil inthestrongly acid
region (pK < 0.5) has been reported, based on
spectrophotometric data. On the basis of UV
measurements’®19 jn agueous solution, uracil exists
primarily inthediketo formwhereassinakainesolution,
it existsasapproximately 1:1 mixtureof thetwo possble
deprotonated forms.

Two overlgpping absorption bandswith A max 260

D ? OH

/C\ PLONG /C\
HI‘\J %H_ Hl‘\l ﬁ:H |‘\1/ ﬁ:H
_C. _CH _Cs. _CH _Cs _CH
O N HO N HO N

Lal_(|;tam Lactim Double L actim

Figurel: Ketoenol tautomer sof Uracil

and 284 nm have been reported for protonionization
from neutrd uracil with aconclusonthat protonsionize
simultaneously from both N,H and NH groups.

Fully protonated form of ligand proline (L") is
represented by H_L*. It usually functions asbidentate
ligand, using one carboxyl and oneimino group for
coordination. Itsprotonation can be expressed as:

L +H* HL pK,
HL + H* H,L* pK,
Q\COOH
H

Figure?2: L pyrolidine-2-carboxylicacid (Proline)

The complex formation between atrangtion metal
ion, M2+ and iminodiaceticacid (IMDA) involve N-
imino and O-carboxylato atoms. It behaves as a
tridentate ligand, whereiminodiacetate diaion (A2-)
coordinatesasa (0, O, N) 22, With alkalineearth
metal ions, it forms only a 1:1 chelate?? but with
transition metal ions it forms both 1:1 and 1:2
complexes?. Its protonation equilibriaare expressed
asbelow:

L2+H" HLpK,
HL-+H-+ H,L pK,
HL+H+ H,L*pK
- CHy-coon
-
__,.f-"”_
S
N—H
™ CH ~ COOH

Figure3: Iminodiaceticacid (IMDA)

Protonation constants for the ligands have been
determined by Irving-Rossotti titration techniqueé! and
arepresented in TABLE 1. Preliminary estimates of
binary and ternary constants obtained by least-square
method werefurther refined by SCOGS. Thesevadues
arelisedinTABLE 2, 3. Which arein good agreement
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TABLE 1: Proton-ligand for mation constant (L og p 00rst) of
ligandsand hydrolytic constants (L og p pO00t) of different
metal ions under study in aqueous solution at 37+1°C | =
0.1M NaNO,

Proton-ligand for mation constant (L og p 00rst)

—= Fyl] Paper

withthosereportedintheliterature?!.

Larger concentration of mixed ligand complexes
relative to binary isreflected in speciesdistribution
diagram (Figure 4, 5) which indicates marked
stabilization of ternary over binary ineach of thesystem

Ligand Species  logB Reference  ¢)died. Mixedligand complexation equilibrium hasbeen
Hal 14.26 13.82 assumed asfollows:
[LH]* + M > + [LH]* [M_(II)- L,-
IMDA H,L 12.03 11.98 L H]*+H*
- + % |-
HL 08.80 912 [M, O(II) LH]* + [LH] [M.(I1)-L,
L H]*+H*
H,L 12.79 12.28 The concentration of quaternary complex is
Proline increasing gradually with gradua increasein pH and
HL 09.37 10.07 attainsamaximum value~ (60-95%) inthe pH range
Uracil HL 947 9.34 ~3.0-10.5. The complexation starts from the very
beginning of the titration ~3.1, which shows the
Hydrolytic constants(L og p p000t)
Complex Cu reference Zn reference Ni reference Co reference
M(OH)* -6.29 (-6.4) -7.89 (-7.9) -8.10 (-8.5) -8.23 (-8.7)
M(OH), -13.10 (-13.3) -14.92 -16.87 (-16.9) -17.83 (-18.00)

TABLE 2: Sability constantsof binary ternary and quater nary complexesof IM DA (Ll) and Proline(L ) with different metal

ionsin aqueoussolution at 37+1°C 1 =0.1M NaNO,

M etal-Ligand constants(L og p pOr0t/ Log B p00st) Binary System

Complex Cu reference Zn reference Ni reference Co reference
ML, 10.07 (10.47) 7.44 (7.24) 8.22 (8.15) 7.42 (6.98)
ML, 9.05 (8.95) 5.98 (5.20) 6.54 (6.07) 5.74 (4.82)*

M etal-Ligand constants(L og p pOrst) Ternary System
Cu Zn Ni Co

Complex

ML,L, 19.02 13.10 14.70 13.07

M etal-Ligand constants(L og p pqrst) Quaternary System

Complex Cu-Ni Ni-Zn Cu-Zn
26.65 23.30 26.42

MiM,L 4L, Cu-Co Ni-Co Zn-Co
26.28 22.94 23.24

simultaneous process of complex formation. For
guaternary system, the species distribution curve

indicates the formation of heterobinuclear complex
accordingtothefollowing equilibria
[LH]” + M1%* + [LH]*+ M2
M,(I)-L,-L ] + 2H*

Thedternativeequilibrium may a so beindicated
asfollows:

_—

[M,(I1)-

M, (I)-L -LH]®+ M2 ——= [M_ (I1)-M, (I1)-
L-L]+H
[M,, (I1)-L -LH]% + M2 [M, (Il)- —— M_(Il)-
L-L]+H

Formation of hydroxo speciesviz.-Cu(l1)(OH), and
Ni(I1)(OH)* have been taken into consideration, asthe
buffer regions corresponding to meta-ligand complex
formation equilibriaare found to be overlapping with
thehydrolytic equilibriaof M2*(ag.) ions.
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TABLE 3: Sability constantsof binary ternary and quater nary complexesof ProIine(Ll) and Uracil (L) with different metal

ionsin aqueoussolution at 37£1°C | =1.0M NaNO,

M etal-Ligand constants(L og  p0r0t/ Log B p00st) Binary System

Complex Cu reference Zn reference Ni reference Co reference
ML, 9.05 (8.95) 5.08 (5.20) 6.54 (6.07) 5.74 (4.82)*
ML, 8.25 6.61 (6.42) 6.80 (6.82) 6.28 (6.39)

M etal-Ligand constants(L og p pOrst) Ternary System 60 T ———
Complex Cu Zn Ni Co 3 “\_15
/ :
ML,L, 16.51 11.40 11.66 11.54 \ /
i 1 T
M etal-Ligand constants(L og § pqrst) Quaternary System i
Complex Cu-Ni Ni-Zn Cu-Zn 40 - \\
2335 19.68 2315 £ T " A
S e T [\
(] \
M;M,L 4L, Cu-Co Ni-Co Zn-Co £ 0 o\
g \5 [/ ,‘;"
22.84 19.61 19.15 8 \‘\ /
20 X .,
*hyd l A\ /
ydroxy proline 1 Yoy /

90 — /

80 ;

70\ wa

60 —_ : gL W

75 80 85

a0 e

30
20 —\I
10 N\
_/"’"7“(‘1

0 T

( % ) Concentration —

Figure4: Distribution Curvesof 1:1:1:1 Cu (I1)-Ni (I1)-
Proine-Uracil system; (1) L. H,(2) L H (3) L ,H (4) Cu(OH)*
(5) Cu (OH), (6) Ni (OH)* (7) Ni (OH), (8) CuL , (9) CuL, (10)
NiL, (11) NiL,(12) CuL L, (13) NiL L, (14) CuNiL L,

Cu?*+2H,0 Cu (1) (OH), + 2H*
Niz“+H,0 Ni(I1)(OH)* + H*

CONCLUSON

We have confined our discussion totransition metal
centers, copper (11), nickd (1) cobalt (11) and zinc (I1).
In aqueous solutions Cu?* (d°) is tetragonally

-

pH

Figure5: Speciation curvesof quaternary Cu(l1)-Ni(l1)-
IMDA-Prolinesystem: (1) H A (20 H A (3)HA (4)H B (5)HB
(6) Cu (OH)*(7) Ni(OH)*(8) CuA(9) CuA-(OH) (10) NiL, (11)
CuL,(12) NiL,(13) CuL L, (14) NiL L (15) Cu-NiL L,
coordinated by six water molecules. Two axial water
moleculeslieat longer distancesfrom the copper and
aremorelabilethan thefour other water molecules.

Thehydrated nickel ion presentsregular octahedra
configuration. Six equivaent sitesof coordination are
available unless a stronger ligand field provokes a
tetragonal distortion and ultimately a square planar
configuration. Hexacoordinated nickel isexpectedto
form agreater number of isomeric complex speciesthan
copper, whose coordination geometry is usually
dominated by thefour “equatorial bonds”.

The configuration of zinc can easily move from
tetrahedral geometry to octahedral geometry depending
upon the nature of bound ligands?®l. Consequently the
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Figure6: Probable structureof quaternary M, (11)-M (11)-
IMDA-Prolinesysem(M (1) and M (11)=6 coor dinated)

Figure7: Probablestructureof quaternary M (11)-M (I1)-
IMDA-Prolinesystem(M ,(11)=6 coor dinated, M (I1)=4 coor -
dinated)
possi blemixed speciesarein greater number thanwith
copper.

Thecobdyt (1) chd ateof thedipeptideglycylglycine
was also found to absorb oxygen reversibly?. This
field hasbeen recently reviewed by Wilking®. These
examples tend to show that oxygen absorption isa
specific property of cobat complexes.

Metashaving higher logp value of metal-L complex
will bethefirst to attach with ligand(L ,) which further

—= Fyl] Paper
OH, H

Figure8: Probablestructureof Quaternary M, (11)- M, (11)-
Proline-Uracil (M, (I1)and M, (I1) =6 coor dinated)
atachestoanother ligand (L) tosatisfy itscoordination
number. Coordination sitesof ligandstill left freewill
then be occupied by another metal ion. Indl thebinary,
mixed ligand and mixed-meta mixed-ligand sysemsof
present study following possibilitiesfor the binding of
ligandswith variousmeta ionstaken understudy may
be deduced:

Inthe caseswhereM1 (11) and M2 (I1) both have
octahedral geometry. M12+ ion is coordinated to
IMDA by the two carboxylate O-atoms on the
equatorial plane. The imino N-atom however
coordinatesaxialy, thusIMDA coordinateswith M 12+
ioninatridentate mannert®, Coordinately unsaturated
M1- IMDA complex bindswith O-atom of prolineand
takes up two mol ecul es of solvent H,O as additional
ligands, thereby satisfying coordination number. M 12+
doesnot coordinatewith theimino-N of prolinebecause
of stereo chemical consderations. Thiscoordinationdte
isleft for M 22+, which takes up required mol ecul es of
H20 to compl ete the coordination number. However
in case of tetrahadral metal ions, metal having higher
dability bindswiththree coordination postionsof IMDA
in atridentate manner and with one carboxylate oxygen
of proline. Thus, no additional water istaken up by it.
Another meta ion gets bound to theimino nitrogen or
prolineand threewater molecule.

In theformation of mixed-ligand complexes, the
secondary ligand(Uracil) coordinatesthrough N and
carboxyl atoms with the tetra coordinated or hexa
coordinated metal ionswhich are already coordinated
withtheprimary ligand Proline. Valences are satisfied
utilizingwater molecules, whileoneimino ‘N atom still
remainsfree. Thismay further lead to theformation of
quaternary complex whileadding secondary metd ion
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intheabove mixed ligand complex.

The probabl e structure of the chelatesin solution
areshowninfigures6-8

Theoverd| gability congantsof mixed-metd mixed-
ligand
[IMDA (L)-M_ (Il)-Proline(L.,)-M,, (II)] quaternary
systems havebeen found to follow thefollowing order:
Cu-Ni> Cu—Zn> Cu-Co>Ni-Zn>Zn-Co>Ni-Co and
for
[Proling(L,)-M 1(11)-Uracil (L )-M2(I1)] quaternary
systems havebeen found to follow thefollowing order:
Cu-Ni>Cu—-Zn>Cu—-Co>Ni—-Zn>Ni—Co>
Co-Zn
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