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ABSTRACT

Chemical speciation of Co(ll), Ni(ll), Cu(ll) andn#dl) complexes of malonic acid in 0.0-60.0% v/v 2t,
propanediol-water mixtures maintaining an ionicestgth of 0.16 M at 30340.1 K has been studied phtioadly.
The predominant complexes formed are ML,MUL,H and MLH, for Co(ll) and Cu(ll) and M}, ML,H and
ML,H, for Ni(ll) and Zn(ll). Models containing differemumbers of species were refined by using the ctampu
program MINIQUAD75. Selection of the best-fit cheahimodels was arrived at based on statistical paegers.
The trend in variation of complex stability congtamith change in the dielectric constant of thedimen is
explained on the basis of electrostatic and nowtabstatic forces. Distributions of species, forioatequilibria
and effect of influential parameters on the stéypitionstants have been presented. Possible stegtfrthe various
species present in solution are also indicatedrenltasis of the analysis of the pH metric data.

Keywords: Binary species, Stability constant, Chemical gaémn, Malonic acid, 1, 2-Propanediol.

INTRODUCTION

Malonic acid (MA) has received considerable attamtfollowing reports that it can be metabolizedatetyl
coenzymeA (AcCoA) and that it is involved in fattgid synthesis, aromatic synthesis, and meval@eatthesis [1,
2]. It is important intermediates in synthesis @¢amins B and B, barbiturates, non-steroidal anti-inflammatory
agents, other numerous pharmaceuticals, agrochismitaors and fragrance compounds [3]. Malonateam
inhibitor of cellular respiration; it binds to tleetive site of the succinate dehydrogenase inithie acid cycle but
does not react, thereby competing with succinate. tRe oxidative phosphorylation reaction, malon&tean
inhibitor for complex II, which again contains suwte dehydrogenase [4, 5].

Living organisms store and transport some impomtasential metal ions both to provide appropriatecentrations
of them for use in metalloproteins or cofactors tmgrotect themselves against the toxic effectsetfal excesses;
metalloproteins and metal cofactors are found anfd, animals and microorganisms. The normal cdretémn
range for each metal ion in biological systemsasaow, with both deficiencies and excesses causailgological
changes [6-8]. Hence, chemical speciation studgseéntial metal ions complexes is important fouraterstanding
of their distribution, mobility, bioavailabilityoixicity and for setting environmental quality stands [9, 10].

Cobalt is essential for the production of red blaadl. It acts as coenzyme in several biochemicatgsses. It
speeds up ATP turnover. It present as corrin caeeziy glutamate mutase, dialdehydrase and argiswasgén non
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corrin form in dipeptidase [11]. Nickel is assoemtwith several enzymes [12-14] and any variationit$

concentration leads to metabolic disorders [15]pfgeaw is largely rejected from cells but outside dedl, it is

essential for the metabolism of many hormones amthective tissue. The biological functions incluglectron

transfer, dioxygen transport, oxygenation, oxidaticeduction and disproportionation [16-19]. Ziscthe second
most abundant essential trace metal after iroritgulelys vital roles in biological systems [20-23].

Mixed solvents have been employed in differentdBeincluding pharmaceutical and analytical scien8esfar no
systematic report has appeared on studies speciatigA with essential elements in PG-water mixtuod various
concentrations. Hence, stability constants and a@repeciation studies of MA with some essentiatats like Co,
Ni, Cu and Zn in PG-water mixtures are reportethia paper.

EXPERIMENTAL SECTION

Chemicals

1, 2-Propanediol (propylene glycol, PG), obtainmaif Merck, India, was used as received. A solufid® mol dm

% of malonic acid (Himedia, India) was preparedriplé distilled water. 0.1 mol dfhaqueous solutions of Co(ll),
Ni(ll), Cu(ll) and Zn(Il) chlorides(Merck, India) &re prepared. To increase the solubility of Malaaied and to
suppress the hydrolysis of metal salts, hydrocbladid concentration was maintained at 0.05 mof.dutetal ion
solutions were estimated using the conventionaidsted method [24]Carbonate free sodium hydroxide solution
was prepared and standardized by oxalic acid amaspiom hydrogen phthalate. Hydrochloric acid sotutvas
prepared and used after standardization using boraxassess the errors that might have entered thgo
determinations of the concentrations, the data veetgected to analysis of variance of one way diaaton
(ANOVA) [25]. The strength of the alkali and minkegid were determined using the Gran plot metta&qg. [

Apparatus

The titrimetric data were obtained with a calibcatelico (Model L1-120) pH meter (readability 0.0Which can

monitor changes in the *Htoncentration. The pH meter was calibrated withG5 mol dr? potassium hydrogen
phthalate solution in the acidic region and a (vl dm?® borax solution in the basic region. The glasstebele

was equilibrated in a well-stirred PG-water mixtemtaining an inert electrolyte. The effects ofiathons in the

asymmetry potential, liquid junction potential, igity coefficient, sodium ion error and dissolveatiocon dioxide on
the response of the glass electrode were accofort@dthe form of correction factors (log F) [228].

Procedure

The titrations were performed at 303+0.1 K in mathataining 0.0-60.0 % v/v PG, whereby the ionresgth was
maintained constant at 0.16 mol drwith sodium chloride and a total volume was kephstant 50ml. The
electrode was kept, usually for 2-3 days, in thguieed solvent system for equilibration. To veniffether the
electrode was equilibrated, a strong acid wast¢itkavith an alkali every day until no appreciabiffedences were
observed between the pH values of two titrationghat corresponding volumes of titrant. Under thevab
conditions, the electrode was assumed to be erpiidih. A calomel electrode was refilled with PG-gvanixture of
the equivalent composition to that of the titrafalee acid titrations were performed before the mkgand

titrations to calculate the correction factor. lack of the titrations, the titrand consisted of meral acid of
approximately 1 mmol in a total volume of 50 %rfitrations with different ratios (1:2.5, 1:3.7Rca1:5.0) of
metal-ligand were performed with 0.4 mol dsodium hydroxide. Other experimental details averyelsewhere
[29]. During the titrations a stream of nitrogenswaubbled through for both stirring and for mainiagy an inert
atmosphere.

Modeling strategy
The approximate complex stability constants of tré&@ complexes were calculated with the computergoam
SCPHD [30]. The best fit chemical model for eackestigated system was arrived at using MINIQUAD35][

RESULTSAND DISCUSSION
The results of the best fit models that containtyipe of species and overall formation constarda@lwith some of
the important statistical parameters are givendhlds 1. A very low standard deviation in the ffogalues indicates

the precision of these parameters. The small vabfetl.,, (sum of the squares of the deviations in the
concentrations of ligand and hydrogen ions atxgkeeimental points corrected for degrees of fre€dioticate that
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the experimental data can be represented by thelmSchall values of the mean, standard deviatiath raean
deviation for the systems corroborate that thedteds are around a zero mean with little dispersiar an ideal
normal distribution, the values of the kurtosis ak#éwness should be three and zero, respectivaly.Klrtosis
values in the present study indicate that the vedsdform a leptokurtic pattern and a few form atylurtic pattern.
The values of the skewness given in the Tablebetngeen -1.34 and 0.97. These data evince thaesiduals form
a part of a normal distribution, hence, the legsiases method can be applied to the present dagasdfficiency of
the model is further evident from the low crystghaphicR-value recorded. Thus, these statistical paramsters/
that the best fit models portray the metal-ligapelcges in PG-water mixtures.

Effect of systematic errorson best fit model

In order to rely upon the best chemical model fotical evaluation and application under varied erimental
conditions with different accuracies of data acifjois, an investigation was made by introducingsi@sstic errors

in the concentrations of alkali, mineral acid, iga metal and volume (Table 2). The order of thepounds that
influence the magnitudes of the stability constathte to incorporation of errors is alkali > acidigand > metal >
volume. The increased standard deviation in stability camist and even rejection of some species on the
introduction of errors confirms the correctnesshaf proposed models. This type of investigatiosigmificant as

the data acquisition were done under varied expariat conditions with different accuracies.

Table 1: Parameters of the best fit chemical models of Co(l1), Cu(ll), Ni(I1) and Zn(I1) MA complexesin PG-
water mixtures.
Temperature 303#0.1 K, ionic strength 0.16 moldm

%p\év I l\/ll_lgg B mlh('\SAI:L))zH M, NP Ucor v Skewness Kurtosis R-Factor pH-Range
Co(ll)
0.00 2.59(58) 4.97(52) 10.17(69) 14.71(22) 53 3.392 31.54 -0.51 4.02 0.0156  2.50-6.50
10.00 2.13(88) 5.49(11) 10.65(17) 13.90(65) 51 0547 22.63  -1.00 627 00064 2.60-6.40
20.0C 3.08(38 5.55(32 10.66(68 14.58(60 3% 2.21( 847 0.52 3.31 0.014: 3.00-6.2C
30.00 3.18(19) 6.15(7) 11.29(18) 15.49(11) 36 0.288 14.96 0.36 4.65 0.0050 3.00-6.20
40.00 3.37(58) 6.42(19) 11.78(47) 16.33(15) 45 2.837 12.02 -0.14 259 00150 2.90-6.60
50.0C 2.99(80 6.22(18 11.77(51 16.90(11 55 2.45: 28.3] -0.58 3.61 0.011: 2.40-6.2(C
60.00 3.56(17) 6.37(10) 12.12(30) 17.22(6) 33 3.903 20.03 0.00 5.39 0.0051 3.10-6.10
cu(ll)
000 5.33(77) 885(11) 12.71(11) 1598(8) 77 1.680 13.05 -0.39 399 00088 2.106.20
1000 552(13) 9.16(7) 12.97(47) 16.34(12) 40 0597 13.07  0.09 498 00068 2.20-6.30
20.00 5.81(9) 9.60(8) 13.84(16) 16.55(22) 46 0237 4.14 088 319 00045 2.60-6.80
30.00 6.07(21) 9.99(10) 14.19(29) 17.73(8) 79 2.182 951  -0.73 699 00098 2.00-6.20
40.00 5.91(14) 9.54(10) 13.81(42) 16.86(42) 51 1.671 29.33  -0.02 191 00105 2.50-6.10
50.00 6.09(5) 9.30(4) 13.78(37) 17.62(8) 56 0217 1400 -0.30 558  0.0034 2.40-6.10
60.00 5.74(29) 10.32(5) 15.54(6) 1872(6) 55 0.470 1250 -0.11 312 00049 2.40-6.10
Ni(Il)
0.00 - 5.90(11) 10.91(16) 15.01(17) 77 6.200 19.70 -0.26 3.21 0.0171 2.10-6.20
1000 - 6.13(7) 11.27(9) 14.96(22) 41 1.256 16.64  -1.03 518  0.0093 2.20-6.30
20.0¢ - 6.14(11 11.59(13 15.99(9 63 5.00C 19132 -0.8t 4.8 0.016¢ 2.2(-6.0C
30.00 - 5.94(7) 11.46(9) 15.25(24) 60 2.034 37.78 -1.34 6.69 0.0105 2.30-6.10
4000 - 6.78(6) 12.25(6) 16.26(9) 70 1.376 1400 -0.71 3.99 00080 2.20-6.20
50.0¢ - 6.31(12 12.05(18 16.95(15 61 4.78( 26.7( -0.74 4.3C 0.014¢ 2.2(-6.0C
60.00 - 6.10(8) 12.31(9) 16.49(35) 72 1.814 5422  0.97 3.95 00082 2.10-6.20
Zn(ll)
000  —  552(16) 10.89(21) 15.70(16) 53 7.902 3758 027 392 00235 240640
10.00 - 6.14(9) 11.21(15) 15.56(12) 45 2.158 24.11 -1.00 4.38 0.0116  2.10-6.30
20.00 - 6.18(15) 11.58(19) 16.21(13) 62 10.32 18.04 -0.40 3.52 0.0241  2.20-6.00
30.00 -  6.13(10) 11.63(13) 16.24(11) 54 4.077 985  -0.77 455 00162 2.40-6.50
40.00 - 6.10(7) 11.70(8) 15.97(13) 66 1.562 29.72 -0.30 3.03 0.0085 2.20-6.10
50.00 - 6.25(14) 11.97(22) 17.26(15) 58 7.357 24.80 -0.97 4.62 0.0198 2.30-6.40
60.00 -  7.5(12) 12.95(17) 1829(9) 57 5036 32.27 -1.25 754 00159 2.30-6.30

Ucorr = U/(NP-m) X 16; NP = number of points; m number of protonation constants; SD = standaevidtion
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Table 2: Effect of errorsin influential parameterson Cu(l1)-MA complex stability constantsin 30% v/v PG-
water mixture.

10g Brin (SD)
ML ML, ML,H ML H,
0 607(21) 9.99(10) 14.19(29) 17.73(8)

Ingredient % Error

5 7.85(56 13.15(57 15.54%) 18.71%)
2 6.80(22) 11.38(14) 14.65(65) 18.10(23)

Acid +2 5.52(21) 8.35(16) 13.16(70) 17.25(7)
+5 3.75(9 Rejecter  12.35(10 16.40()
-5 Rejected Rejected 11.77(11) 16.37(7)
Alkali 2 5.37(29 7.74(37 13.25(57 17.34(7
+2 6.77(26) 11.53(16) 14.36(**) 17.99(29)
+5 7.43(62) 13.19(35) 14.10(98) 18.75(57)
-5 6.20(30) 10.75(13) 14.33(46) 17.84(14)
Ligand 2 6.13(24) 10.31(11) 14.26(34) 17.77(10)
9 +2 5.99(24) 9.63(11) 14.13(30) 17.71(9)
+5 5.84(30) 8.99(14) 14.03(32) 17.68(9)
-5 6.18(24) 10.27(11) 14.30(32) 17.80(10)
Metal -2 6.11(23) 10.10(10) 14.24(31) 17.80(9)
+2 6.03(22) 9.88(10) 14.15(31) 17.71(9)
+5 5.47(14) 8.00(21) 12.75(**) 17.32(6)
-5 5.98(21) 9.89(10) 14.10(28) 17.62(8)
Volume -2 6.03(22 9.95(10 14.16(30 17.69(9

+ 6.11(23) 10.03(11) 14.23(32) 17.78(9)
+5  6.17(24) 10.10(11) 14.29(34) 17.86(10)

** |ndicates high standard deviation

Effect of solvent

The dielectric constant is one of the charactesstf solvents. The metal-ligand stability constaate strongly
affected by the dielectric constant of the mediuwgnduse of the fact that at least one of the cowesiis is charged
and other is either changed or has a dipole. Vianigtin the relative strengths of acids and basés ehanging

solvents should be a function of the charge, tdausaof the ion and the dielectric constants ofrtrelium [32].The
dielectric constants of PG at different percentd@e60.0% v/v) of water were taken from liter&(i83]. PG is an
amphiprotic and coordinating solvent. It is a stnue former and hence it enhances the structurgatér in PG-

water mixtures. It also removes water from coortiimasphere of metal ions, making them more readdwards

ligands. As a result, the stability of the compkei® expected to increase with increasing concéotraf PG. On

the other hand, PG is a coordinating solvent andpates with ligands for coordination with the mefghis

decreases the stability of the complexes. Hena&gtian in the stability of complex with solventdsresult of both
the opposing behaviors.

The variation of the values of the overall stapilionstant or change in free energy with contentafolvent
depends upon two factorgz. electrostatic and non-electrostatic. The Borsgitzal treatment accounts well for the
electrostatic contribution to the free energy cleaf8s, 35]. According to this treatment, the enewfglectrostatic
interaction is related to the dielectdonstant. Hence, the Ifigvalues should vary linearly with the reciprocakioé
dielectric constant of the medium. The plots giwerrigure 1 show that the values of Ipgncrease linearly with
decreasing value of the dielectric constant. Tteed indicates the dominance of the structure fognmature of PG
over its complexing ability.
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Figure 1: Variation of stability constants of metal-M A complexeswith reciprocal of dielectric constant (1/D)
in PG-water mixtures. (A) Co(l1); (B) Cu(ll); (C) Ni(ll) and (D) Zn(11); (V) log gmizn2, () 109 pmL2n,(O) log
puL2: () 10g pu

The cation stabilizing nature of co-solvents, sfecolvent-water interactions, charge dispersioml apecific
interactions of the co-solvent with the solute i@aded by the changes in the solubility of différepecies in aqua—
organic mixtures) account for the small deviatioonf a linear relationship. Since the complex foiorattan be
viewed as the competition between pure and solvateds of the ligand and metal ion, solute-solviaberactions,
relative thermodynamic stabilities, kinetic labhdi play an important role [36, 37].

Distribution diagrams

MA has two dissociable carboxyl protons. The défdrforms of MA that exist in the pH regions 1375, 1.7-6.0
and 4.0-7.0.0 are LHLH™ and L%, respectively. Hence, the probable species egistirdifferent systems can be
predicted from these data. The present investigatueals the existence of ML, MLML,H and MLH, for Co(ll)
and Cu(ll) and Mk, ML,H and MLH,for Ni(ll) and Zn(Il).

Typical species distribution diagrams of varioustegns are shown in figure 2 which indicate the fation of MA
complexes of Co(ll), Cu(ll), Ni(ll) and Zn(ll) irhe pH ranges 2.4-6.50, 2.1-6.8, 2.1-6.3 and 2.Q;8espectively.
ML ,H, ML,H, and ML, are formed simultaneously and their percentagease in the same order with increase in
pH. From the distribution diagram the percentageMaf for Co(ll) and Cu(ll) are greater at higherhamnt
concentration. Except Zn(ll) the percentage of,MLis very low in all composition of solvent.
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Figure 2: Distribution diagram of MA-metal complexesin 30% PG-water mixtures. (A) Co(ll), (B) Cu(ll)
(C) Ni(l1), and (D) Zn(11)

The equilibria for the formation of various binarymplexes can be represented as;

M(l) + 2LHy; —= ML H,+2H" —— (1)
M(Il) + 2HL =——== ML,H+H" — (2
ML ,H,, —— MLH+H —— (3
M(Il) +LH, ——— ML+2H" ——— (4)
M) +LH ~ —= ML +H"* — ()
M) +2LHy =—= ML, +4H" — ()
ML ,H,, ——— ML, +2H —
ML H — ML,+H — (8
M() +2LH  —= ML, +2H' —(9)
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Gollapalli N Raoet al
At low pH, ML,H, species is formed from free metal ions interachwH, form of the ligand (equilibrium 1). The
interaction of free metal ions with LEt lower pH (equilibrium 2) and deprotonation of M, at higher pH
(equilibrium 3) result the formation of MH species. Higher concentration of M than that of MLH, signifies
the ML,H is formed from equilibria of 2 and 3. The Mkpecies is formed from interaction of free metal with
LH, and LH (equilibria 6 and 7) or deprotonation of Mk and ML,H (equilibria 8 and 9). In the case of Co(ll) and
Cu(ll) ( Figure 2A and 2B) the ML species may bered from the interaction of free metal ion withlior LH

(equilibria 5 and 6).
likely to form. By using these data, the bioavailiabof a metal can be predicted. For instancefigure 2 the
concentration of free metal ion (FM) is very highaicidic pH values. Hence, in these pH ranges #étalmare more

bioavailable than in higher pH ranges. Hence, tbecentrations of the complex chemical species lrawee

The distribution of the species over the entirerpHge is useful to understand the pH where a pdaticpecies is
significance than the total concentrations forlifeavailability and toxicity of essential metalsdoils and water.

Structures of Complexes
MA acts as a bidentate ligand from two strong oxyderadooxylic acid that can form complexes with nhédas.
Generally, from table 1 the final model containMg, ML ,, ML,H and MLH, appropriately fits the experimental

data. Octahedral structures (Figure 3) are proposetie complexes of all the metal ions. The VSEREory
suggests that (Cu(ll), Ni(ll), Cu(ll) and Zn(ll) splexes shall be octahedral because there areusix electron

A

ML ,H

Figure 3: Structure of MA complexesof Co(l1), Cu(ll), Ni(ll) and Zn(l1). Siseither solvent or water molecule

1731



Gollapalli N Raoet al J. Chem. Pharm. Res., 2012, 4(3):1725-1733

CONCLUSION

In the present work, pH-metric study was perforrteedetermine stability constants and to asses pispecies for
MA with essential metal ions in 0.0-60.0% PG-wat@xktures in pH range of 2.0-7.0. The following chrsion

have been drawn: (1) The binary species formedtaltiee interaction of MA with metals are WH,, ML,H, ML,

and ML for Co(ll) and Cu(ll) and MiH,, ML,H, ML,. For Ni(ll) and Zn(ll). These models are validated
statistical treatment of data. (2) The linear éwra of stability constants as a function of 1/D tbe medium
indicates the dominance of electrostastic forces aen-electrostatic forces and the dominancerotstre forming
nature of the co-solvents over its coordinating @ow3) The order of ingredients influencing thegmitudes of
stability constants due to incorporation of eriiortheir concentrations is alkali > acid > ligandaretal > volume.
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