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Abstract: Speciation of mixed ligand complexes of Co(II), Ni(II) and Cu(Il) with
L-glutamine and succinic acid was studied in varying amounts (0.0-2.5 %, w/v)
of sodium dodecyl sulfate (SDS) in aqueous solutions while maintaining an ionic
strength of 0.16 mol L' (NaCl) at 303.0 K. Titrations were performed in the
presence of different relative concentrations (M:L:X = 1:2:2, 1:4:2 and 1:2:4) of
metal (M) to L-glutamine (L) to succinic acid (X) using sodium hydroxide. The
stability constants of the ternary complexes were refined with MINIQUAD75.
The best-fit chemical models were selected based on statistical parameters and
residual analysis. The species detected were ML, X, MLX, MLXH and MLXH,
for Co(II), Ni(Il) and Cu(Il). The increased stability of the ternary complexes
compared to their binary complexes was believed to be due to electrostatic
interactions of the side chains of the ligands, charge neutralization, chelate effect,
stacking interactions and hydrogen bonding. The species distribution with pH at
different compositions of SDS and plausible equilibria for the formation of the
species are also presented.

Keywords: speciation; mixed ligand complexes; L-glutamine; succinic acid; SDS.

INTRODUCTION

The specificity and selectivity of enzyme—substrate reactions are achieved by
manipulating the equivalent solution dielectric constants at the active site. Know-
ledge of the equivalent solution dielectric constant can throw light on the mecha-
nism of the reaction. Furthermore, intramolecular and ligand-ligand stacking in-
teractions in mixed ligand complexes are favored in water—organic media, which
reduce the dielectric constant of the solution. Hence, modeling studies involving
ternary complexes have gained popularity in different aqua—organic mixtures
with varying dielectric constants.!~# L-Glutamine (Gln) serves as a vehicle for
transporting ammonia in a nontoxic form from peripheral tissues to visceral or-
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454 BINDU and RAO

gans where the ammonia can be excreted as ammonium ions (kidneys) or
converted to urea (liver).5 Gln is utilized in the brain for respiration and biosyn-
thesis of substances related to neuronal functions, such as y-aminobutyric acid,
GABA. 1t is also utilized for the growth and differentiation of the neural cells.© It
is often depleted in stress states, such as malignancy.” Gln has a possible thera-
peutic role in the prevention of damage to normal tissues, including peripheral
nerves, during chemotherapy.8

Succinic acid (Suc) is involved in the citric acid or tricarboxylic acid (TCA)
cycle and the glyoxalate cycle. It is synthesized in almost all microbial, plant, and
animal cells.? The concentration of Suc in human blood plasma is 1.0-6.0 mg L1,
Suc can be used for the manufacture of medicaments or nutritional supplements
effective for the treatment of insulin resistance in mammals, preferably in non-
insulin dependent diabetic humans.!% On the other hand, recent analysis showed
that the fermentative production of Suc from renewable resources could be more
cost-effective than the petroleum-based processes.!! Suc is a bidentate ligand. In
coordination chemistry, it forms strong complexes with many metal ions. The
mixed ligand complexes of Gln and Suc with calcium and magnesium in
acetonitrile—water and ethylene glycol-water and of cobalt and nickel in urea—
—water and DMF-water media were reported earlier.l:12-14 In this study, spe-
ciation of ternary complexes of Co(Il), Ni(Il) and Cu(Il) with Gln and Suc in
SDS—water mixtures was investigated.

EXPERIMENTAL

Solutions of Co(II), Ni(II) and Cu(II) chlorides (0.1 mol L-! were prepared by dissolving
GR Grade (Merck, India) salts in triple distilled water. Aqueous solutions of Gln and Suc
(Merck, India) were also prepared. To increase the solubility of Gln and Suc and to suppress
hydrolysis of the metal salts, the mineral acid concentration in the above solutions was main-
tained at 0.05 mol L-!. SDS (Merck, India) was used as received. A 0.2 mol L-! hydrochloric
acid (Qualigens, India) solution and a 0.4 mol L! sodium hydroxide (Qualigens, India) were
prepared. A 2 mol L! sodium chloride (Qualigens, India) solution was prepared to maintain
the ionic strength in the titrand. To assess the errors that might have crept into the determi-
nation of the concentrations, the data were subjected to analysis of variance of one-way clas-
sification (ANOVA). The strength of the alkali was determined using the Gran plot method.!3

Apparatus

The titrations were performed in media containing varying concentrations of SDS main-
taining an ionic strength of 0.16 mol L'! with sodium chloride at 303.0+0.1 K. A systronics
pH system (model 362) (readability 0.001) was used. The glass electrode was equilibrated in a
well-stirred SDS—water mixture containing inert electrolyte. The effect of variations in asym-
metry, liquid junction potential, activity coefficient, sodium ion error and dissolved carbon
dioxide on the response of glass electrode were accounted for in the form of a correction
factor, which was computed from simulated acid—base titration data calculated by the SCPHD
program.!®17 A correction was applied to the pH meter dial reading by using a correction fac-
tor. Titrations of a strong acid with alkali were performed at regular intervals to check the
complete equilibration of the electrode. The calomel electrode was refilled with an SDS—water
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COMPLEXES OF ESSENTIAL METAL IONS WITH L-GLUTAMINE AND SUCCINIC ACID 45 5

mixture of equivalent composition to that of the titrand. In each of the titrations, the titrand
consisted of 1-3 mmol of mineral acid in a total volume of 50 cm?. The titrations were
performed in the presence of different relative concentrations (1:2:2, 1:4:2 and 1:2:4) of metal
(M) to GIn (L) and Suc (X) with 0.4 mol L-! NaOH.

Modeling strategy

The best-fit chemical models consisting of stoichiometric coefficients and logarithm of
stability constants (log ) were arrived at using the computer program Miniquad 75.!® Some
heuristics were followed in refining stability constants and validating models.!®20 The for-
mation constants for acid—base equilibria and those for binary metal complexes of Gln and
Suc were fixed in the refinement of the mixed ligand stability constants using MINIQUAD?7S.

RESULTS AND DISCUSSION
Complex equilibria

A preliminary investigation of alkalimetric titrations of mixtures containing
different mole ratios of Gln and Suc in the presence of a mineral acid and an inert
electrolyte inferred that MLXH, MLX, ML,X and MLXH, species are formed
for Co(II), Ni(Il) and Cu(Il). The parameters of the best-fit models and statistical
parameters are given in Table 1.21 The very low standard deviation in the log f
values indicates the precision of these parameters. The small values of Uqyy indi-

TABLE 1. Best fit chemical models of Co(Il), Ni(II) and Cu(II)-L-glutamine—succinic acid
complexes in SDS—water mixtures. Temperature: 303 K; ionic strength: 0.16 mol L!

SDS log Buuixn (SD) NP U, Skew- Kurto- ) R
% wiv 1110 1111 1112 1210 x105 ness sis %  Factor
Co(II) (pH range 2.0-9.0)

0.0 8.12(13) 14.13(30) 18.99(21) 11.88(10) 152 1427 1.40 15.43 169.24 0.013
0.5 7.94(23) 14.85(15) 18.85(39) 11.90(13) 177 25.05 4.50 43.64 416.27 0.016
1.0 7.69(25) 14.23(30) 18.54(47) 11.65(13) 177 28.64 3.62 35.50 333.20 0.018
1.5 7.78(29) 14.47(29) 19.17(21) 11.85(11) 182 18.93 7.15 76.51 744.57 0.014
2.0  7.78(26) 14.05(52) 19.26(17) 11.81(11) 177 28.14 3.82 37.05 236.59 0.017
2.5 7.15(25) 14.15(14) 18.82(12) 11.06(12) 182 14.13  6.28 64.73 593.91 0.012
Ni(Il) (pH range 2.0-9.0)

0.0  9.09(19) 14.71(20) 19.79(10) 13.40(13) 168 18.03 -0.71 6.06 136.79 0.014
0.5 8.80(16) 14.17(24) 18.66(20) 13.00(11) 168 11.15 -0.09 12.45 313.38 0.011
1.0 8.79(13) 13.99(34) 18.68(19) 13.02(12) 167 16.09 -0.81 10.55 323.43 0.013
1.5 8.06(14) 13.83(23) 18.80(11) 11.95(20) 176 17.95 -1.01 8.50 289.27 0.013
2.0 8.14(15) 13.73(26) 18.69(12) 12.27(16) 173 20.39 -0.37 8.17 173.85 0.015
2.5 7.99(13) 13.51(24) 18.46(9) 11.66(44) 181 10.92 0.38 8.30 40.02 0.010
Cu(Il) (pH range 2.0-6.0)

0.0 11.73(7) 16.33(8) 20.13(10) 17.79(7) 153 2.73 -0.60 3.80 23.08 0.005
0.5 11.69(6) 15.99(6) 19.67(8) 17.58(6) 149 4.68 -1.69 991 138.36 0.007
1.0 11.18(8) 15.78(4) 19.23(7) 17.97(4) 161 421 -0.55 7.71 7441 0.006
1.5 12.40(9) 16.39(14) 20.59(7) 18.07(13) 150 15.08 0.03 4.75 5341 0.012
2.0 11.03(16) 15.29(19) 19.52(7) 17.31(7) 157 6.38 091 5.67 29.30 0.008
2.5 12.30(8) 15.75(28) 19.98(8) 18.31(11) 156 11.48 -0.24 3.20 1.69 0.010
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456 BINDU and RAO

cate that the model is consistent with the experimental data.22 For most of the
systems, the kurtosis values were around 3 and, hence, the residuals form a meso-
kurtic pattern. For very few systems are the kurtosis values more than 3 (lepto-
kurtic pattern). The values of skewness between —1.69 and 7.15 show that the re-
siduals form a part of a normal distribution and hence the least squares method
can be applied to the present data. The sufficiency of the model is further evident
from the low crystallographic R-factor values, which indicate the need for inclu-
sion of additional species in the model. 42 is a special case of a j«distribution that
measures the probability of residuals forming a part of standard normal distri-
bution.

The linear variation (Fig. 1) of the stability constants of the Gln and Suc
complexes of Co(II), Ni(IT) and Cu(Il) in SDS—water mixtures with mole fraction
indicates that electrostatic forces dominate the equilibrium process under the em-
ployed experimental conditions. The stability of a complex depends on the char-
ge of the Stern layer,23 polarity of the medium and the electrostatic attraction or
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repulsive forces operating between the complex species and the micellar surface.
This linear decrease?# is due to the decreasing dielectric constant of the medium
with increasing surfactant content.2> The charged species will be destabilized due
to the decreased dielectric constant of the medium with increasing surfactant con-
centration. The stability of the neutral mixed complexes (Fig. 1) is not influenced
by SDS. SDS acts as a denaturant of macromolecules by interacting with the pep-
tide groups. Hence, the stability of the species decreases with increasing SDS
content. Another reason for the decreased stability of the ternary complexes is the
ligation power of SDS.

Stability of the ternary complexes

The change in the stability of the ternary complexes as compared to their bi-
nary analogues was quantified.26-27 In one of the approaches, the difference in
stability (A log K) for the two reactions ML with X and M(aq) with X is com-
pared with that calculated purely on statistical grounds. Eq. (1) can be formulated
based on the properties of the cyclic systems reported earlier, from which it is
clear that both the ligands in the ternary complex mutually influence to the same
extent.28:29

Alog K =log KMby —log KMy =log KMX, —log KM, =
= 10gK11\\,[/[LX —10gK11\\,I/[L —logKll\\,I/[X @)

Both the electrostatic theory of binary complex formation and statistical ar-
guments clearly indicate that, in the case of a given multivalent hydrated metal
ion, more coordination positions will be available for the first ligand than for the
second one. Hence, the order of stability K}, >K%£2 holds well. This leads to the
natural expectation for A log K to be negative, although several exceptions have
been found.26-30 The statistical values of A log K for bidentate L and X are —0.4
and —0.6 for octahedral and square planar complexes, respectively, whereas for
distorted octahedral complexes, the values vary between —0.9 and —0.3. Negative
values of A log K can be understood as the secondary ligand forms a more stable
complex with the hydrated metal ion than with ML, which does not mean that the
ternary complex is absent.

Whenever the experimental value of A log K exceeds the statistical value, it
can be inferred that the ternary complex is formed as a result of interaction of
ML with X or MX with L. Sigel postulated that A log K values of ternary com-
plexes containing bipyridyl as the primary ligand were positive for O-donors
(malonic acid, pyrocatechol, efc.), negative for N-donors (ethylene diamine) and
intermediate or many times a small negative values for amino acids with both N
and O coordination sites.26-31.32 However, a very high negative value (-2.3) for
Cu(en)(iminodiacetic acid) and a positive value (0.82) in the case of Cu(ophen)-
(6,7-dihydroxynaphthalene-2-sulfonate) were also observed.26
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The formulae for the calculation of A log K values are given in Table II. The
A log K values calculated for the binary and ternary complexes are incorporated
in Table II. Co(Il), Ni(II) and Cu(Il) ions form octahedral complexes with Gln
and Suc. For most of the systems given in Table II, the values of A log K are
found to be higher than those expected on statistical grounds (—0.4). The in-
creased stability of the ternary complexes might be due to the interactions outside
the coordination sphere, such as the formation of hydrogen bonds between the
coordinated ligands. In addition, a similar stabilizing effect may likewise be
exerted by electrostatic interactions between non-coordinated, charged groups of
the ligands, such as the -NH3" of GIn and the -COO~ of Suc.2

TABLE II. Variation of stability of ternary complexes of Gln—Suc in SDS—water mixtures.
Alog K119 = log Bi110 — 1og Bi100 — 1og Bio10; A log K11 = log Bi111 — 1og Biioo — 1og Bioiis
Alog K112 = log B1112 — log Bi101 — log Bio11; A log Kyz19 = log B1210 — log Bi200 — 1og Bioio;
log Xi110 =2 log Bi110 — 10g B1200 — 10g B1020

SDS,%W/V AlogKlll() AIOgKllll AlogKlllZ AlOgKIZIO logXlllO

Co(ID)
0.0 1.1 1.87 0.06 1.36 2.72
0.5 0.72 2.7 -0.42 0.68 1.93
1.0 2.38 3.77 1.72 2.56 3.33
1.5 -0.54 1.78 -0.34 -0.04 1.02
2.0 1.17 3.33 1.87 1.32 2.57
2.5 0.47 3.22 1.19 0.29 0.49

Ni(IT)
0.0 0.84 1.56 1.0 0.37 2.52
0.5 1.89 1.93 0.41 1.12 2.88
1.0 0.83 1.06 0.19 0.48 1.93
1.5 0.49 1.56 1.93 -0.38 1.47
2.0 - 1.74 0.73 - 1.42
2.5 1.26 2.06 0.99 -0.43 0.82

Cu(1D)
0.0 -0.47 -0.58 -0.15 -1.16 1.85
0.5 - 0.38 0.39 - 2.97
1.0 - 1.42 1.4 - 35
1.5 1.78 1.44 2.07 0.78 4.48
2.0 -0.77 —-0.55 0.07 -1.1 0.34
2.5 1.8 0.72 1.61 0.57 3.56

Effect of influential parameters on stability constants

Any variation in the parameters (the concentrations of the chemicals) affects
the magnitudes of the equilibrium constants. Such parameters are called influ-
ential parameters. In order to rely on the best-fit chemical model for critical eva-
luation and application under varied experimental conditions with different accu-
racies of data acquisition, an investigation was undertaken by introducing pessi-
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mistic errors in the concentrations of alkali, acid, ligands, metal ions and correc-
tion factor. The results in Table III emphasize that the errors in the concentrations
of alkali and acid affect the stability constant more than the errors of the ligands
and the metal ion.

TABLE III. Effect of errors in the influential parameters on stability constants of ternary
complexes of Ni(II) with GIn—Suc in a 1.5 % w/v SDS—water mixture

Component Error, % log B(SD)
1110 1111 1112 1210
Alkali 0 8.06 (14) 13.83 (23) 18.80 (11) 11.95 (20)
-5 Rejected Rejected 19.55 (12) Rejected
-2 7.15 (41) Rejected 18.92 (08) Rejected
+2 9.54 (12) 15.25 (12) 19.71 (9) 13.99 (16)
+5 10.99 (18) 16.14 (18) 20.30 (13) 16.06 (24)
Acid -5 10.79 (13) 16.34 (12) 20.59 (9) 15.39 (16)
-2 9.46 (12) 15.32 (11) 19.88 (8) 13.68 (15)
+2 7.33 (24) Rejected 18.63 (9) Rejected
+5 Rejected Rejected 18.84 (12) Rejected
Gln =5 7.90 (15) 13.50 (36) 18.57 (13) 11.98 (17)
-2 7.99 (14) 13.69 (27) 18.70 (12) 11.95 (19)
+2 8.14 (13) 13.97 (20) 18.91 (10) 11.96 (21)
+5 8.33(13) 14.23 (16) 19.13 (9) 12.07 (21)
Suc =5 8.80 (13) 14.38 (15) 18.87 (14) 13.23 (16)
-2 8.36 (13) 14.09 (17) 18.80 (12) 12.53 (16)
+2 7.71.(17) 13.41 (45) 18.84 (10) Rejected
+5 7.68 (19) 13.86 (23) 19.24 (8) Rejected
Metal -5 8.18 (14) 14.02 (19) 18.90 (11) 12.24 (17)
-2 8.10 (14) 13.90 (21) 18.84 (11) 12.06 (19)
+2 8.02 (14) 13.75 (25) 18.77 (11) 11.82 (22)
+5 7.96 (14) 13.65 (28) 18.73 (11) 11.62 (26)

Distribution diagrams

A perusal of the distribution diagrams (Fig. 2) reveals that at very low pH
values, the concentrations of the mixed ligand complexes are lower than those of
protonated ligands. The concentrations of the ternary species increased with in-
creasing pH. The protonated ternary species, MLXH and MLXH, are distributed
at lower pH values and the unprotonated ternary species, MLX and ML,X at
higher pH values. Higher concentrations of the ternary species than those of
binary species indicate the higher stability of the former. The ternary species
exist in the pH range 2.0-9.0 for Co(Il), Ni(II) and 2.0-6.0 for Cu(Il), respecti-
vely. The formation of the complex species can be represented by the following
equilibria. The charges of the species are omitted for clarity.

M(II) + LH, + XH, S MLXH, + 2H* 2)
MLXH,; 5 MLXH +H* (3)
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460 BINDU and RAO

M(II) + LH, + XH, S MLXH + 3H* (4)
MLXH S MLX + H* (5)

M(II) +LH + XH S MLX + 2H* (6)
M(II) + 2LH + XH S ML,X + 3H* (7)
MXH + LH, 5 MLXH, + H* (8)
MLH + XH, S MLXH, + H* )
MXH + LH 5 MLXH + H* (10)

The protonated ligands LH> and XHj interact with the metal ion to form
MLXHj; (Eq. (2)), which successively loses protons to form MLXH (Eq. (3)) and
MLX (Eq. (5)). MLXH species may also be formed due to (Eq. (4)). LH and XH
interact with the metal ion to form MLX (Eq. (7)). ML, X is formed by (Eq. (6)).
MLXH, may be formed by the interaction of MXH and LH;, (Eq. (8)) and/or
MLH and XH, (Eq. (9)). MXH and LH interact to form MLXH (Eq. (10)). The
possible structures of these ternary complexes are proposed in Fig. 3. The exis-

Content, mol %
Content, mol %

Content, mol %

Fig. 2. Species distribution diagrams of ter-
“, nary complexes of GIn and Suc with A)
€ Co(Il) in 1.0 %, B) Ni(Il) in 1.5 %, and C)
Cu(Il) in 1.0 % w/v SDS—water mixture.
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tence of ML,X and the absence of MLX, are due to the higher affinity of LH
than XH towards the metal ion.

OH,
N
.:I M\ -':
AN
OH,
MLX MLXH
Ha0
Hy0 fa
: N
MHs*/ \M / ' \
/ ./ HO '
HoN" ™00 [ -t o
H,
MLXH, ML X

Fig. 3. Structures of ternary complexes of Co(Il), Ni(II), Cu(Il) with GIn and Suc.

Biological relevance of the present study

The presence of SDS considerably decreases the dielectric constant of the
aqueous solution and creates compartmentalization due to the formation of micel-
les. Thus, the surfactant solution is expected to mimic the physiological condi-
tions of the active site cavities with low dielectric constants and the concept of
equivalent solution dielectric constant in the active site cavities is invoked. The
stability constants determined and the species predicted under these mimicked
conditions can be extrapolated to those expected to be present in the active site
cavities of biomolecules. Such studies are useful to understand: i) the role played
by the active site cavities in biological molecules, i7) the type of complex formed
by the metal ion, iii) the bonding behavior of protein residues with a metal ion,
and iv) the greater significance of the concentrations of complex chemical spe-
cies than the total concentrations of essential metals in soils and water in pre-
dicting their bioavailability. The species refined and their relative concentrations
under the present experimental conditions represent the possible forms of Co(Il),
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Ni(IT) and Cu(II) ions in biological fluids and the speciation represents the biolo-
gical activity of these metals in the presence of glutamine and succinate residues.

CONCLUSIONS

The following conclusions have been drawn from the modeling studies of
the speciation of ternary complexes of Co(Il), Ni(II) and Cu(II) with GIn and Suc
in SDS—water media.

The species detected were MLX, MLXH, MLXH, and MLyX for Co(Il),
Ni(II) and Cu(II).

The linear variation of the log A values with mole fraction of the medium
indicates the dominance of electrostatic forces over non-electrostatic forces.

The change in the stability of the ternary complexes as compared to their bi-
nary analogues shows that the ternary complexes are more stable than the binary
complexes due to the interactions outside the coordination sphere.

The existence of ML, X and the absence of MLX5 are due to the higher affi-
nity of LH than XH towards the metal ion.

This study also gives an insight into the bioavailability/bioaccumulation of
these metals. The ternary complexes are more amenable for metal transport be-
cause of their extra stability while the binary complexes make the metal bioavail-
able due to their decreased stability.

M3BOJ

OOPMHUPAKE KOMIIVIEKCA ECEHITMJAJIHUX JOHA METAJIA CA MELIOBUTUM
JIMTAHAUMA L-I'JTYTAMMUHOM U RUJIMBAPHOM KUCEJIMHOM ¥ CMEILIN
HATPUIYM-AOAELINII-CYJIDATA (SDS) U BOJJE KAO PACTBAPAYA

GANDHAM HIMA BINDU' u GOLLAPALLI NAGESWARA RAO?

IDepartment of Engineering Chemistry, Andhra University u ZDepartment of Inorganic & Analytical
Chemistry, Andhra University, Visakhapatnam-530 003, India

VY pazauuauTEM OXHOCHMa HaTpHjyM-moienuia-cyiadara u Boae kao pactsapada (0,0-2,5%,
m/v) u joHckoj jauman oa 0,16 mol L1 (NaCl), va Temneparypu ox 303,0 K, uzyuasaHo je hopmu-
pame xomiekca Co(Il), Ni(Il) u Cu(Il) ca memoBnTM JMrananma L-rimyramuHoM 1 hnnbapHom
kucenuHoM. TuTparuje cy BplieHe pacTBOPOM HATPHjYM-XHIPOKCHAA MPU PA3IHIUTUM OJHOCHMA
KoHIeHTpanuja Metana (M), L-riryramuna (L) u hummu6apae kucenmmne (X) (M:L:X = 1:2:2, 1:4:2 u
1:2:4). Koncranre crabuiHOCTH Ccy m3padyHaTe momohy Miniquad 75 mporpama, ok je HajooJbe
clarambe XeMHjCKHX MoJiena 1001jeHO Ha OCHOBY CTaTUCTHYKUX MapaMerapa U METOZOM pe3niyall-
Hux ananu3a. HalheHo je ma y pacTBopy mocroje komIuiekcH ca cienehum ommuTuM Gopmynama:
ML,X, MLX, MLXH u MLXH, 3a Co(Il), Ni(II) u Cu(II). Beha crabuiHoCT TepHapHUX Y OIHOCY
Ha oarosapajyhe OMHapHE KOMIUIEKCE Ce OOjallibaBa eICKTPOCTATHYKAM HHTEpaKIfjaMa O0YHHX
JlaHal@a JIMraHazaa, XelaTHUM e(heKTOM, HeyTpalli3allijoM HACICKTPUCAba, Ka0 U IOCTOjalbeM OfI-
peheHnx nHTEepaKurja HalleTaka U BOAZOHUYHUX BE3a.

(TTpumsbeno 1. pebdpyapa, peuaupano 25. jyma 2011)
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