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1:1 Binary Complexes of Citric Acid with Some Metal Ions:
Stability and Thermodynamic Parameters
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determined potentiometrically. The
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ation between metal ions and various
¢ y important ligands), have received consid-
long tfme. Using such as potentiometric, spectropho-
ic methods the stabilities of most of these complexes

nature of bonding in the metal complexes, further information may be
8P from the thermodynamics of their formation. For this reason the
y constants should be determined at different temperatures.

Citric acid is chosen as ligand in this work. It is important compound
in nature and present in many natural products. It is extensively used in
food and pharmaceutical industries. In pharmaceutical industry it is an
ingredient for the preparation of a large number of pharmaceutical formu-
lations because of its blood preservative and taste improver properties.

tDepartment of Basic Pharmaceutical Sciences, Faculty of Pharmacy, Marmara University,
Haydarpasa, 34668, Istanbul, Turkey.




1270 Bastug et al. Asian J. Chem.

In the present work, performing potentiometric pH titrations, the
formation of 1:1 binary complexes of citric acid with Cu**, Ni**, Co*", Mn**
and Ce’" metal ions (hereafter the charge will be omitted to prevent confu-
sion) were studied in aqueous solution at 15, 25 and 35 °C and constant
ionic strength (I = 0.1 mol L™ NaClO,) according to Irving- Rossott1 s
method'. The free energy, enthalpy and entropy changes associated
the formation of the metal complexes of cit were calculated. Thg
were tried to explain according to the HSAB theory. On the @
UV-Vis spectroscopic studies were also performed at pH
order to identify complex species formation. But
constants of the Cu-citrate complexes could be calcul
method.

EXPERIMENTA

Sodium perchlorate, perchloric acid,
copper(Il) and
cerium(I1l), citric acid were of analyf were provided
,-free water was
used throughout. The aqueous sto i rresponding metal salts
DTA. A standard aque-
ous stock solution of cigdes . was prepared daily and
stored in the dark.
Potentiometric meas pH were performed on an auto-

ing unit, the electrode and nitrogen inlet and outlet tubes.
ixing of the solution was achieved by means of a magnetic stirrer.
ating water from a thermostat (Grant W 14) through the cell’s

; the temperature of the solution to be titrated was kept constant with
accuracy of + 0.1 °C.
The experimental procedure involved the potentiometric titrations of
the solutions listed below:

(a) HCIO, (10.0 mmol L)

(b) HC1O4 (10.0 mmol L) + citric acid (2.0 mmol L")

(c) HCIO, (10.0 mmol L) + citric acid (2.0 mmol L) +M(2.0 mmol L)
M is any five metal ions used in this work. The total volume of each solu-
tion was 50 mL. The ionic strength of solutions was maintained constant at
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0.10 mol L' by the addition of an appropriate amount of 1.0 mol L™
sodium perchlorate stock solution. The titrations were carried out in an
inert atmosphere by bubbling purified nitrogen through the solutions. For
each solution at least five replicate titrations were made. All the potentio-
metric titrations were made over the pH range 2-11.

UV-Vis spectroscopic studies were performed on a double-beary
Vis spectrophotometer (Shimadzu UV-2100 S) equipped with g
jacketed cell-holder at 25 °C (£ 0.2 °C).

Applying Job’s method to the suitable M-citric acid sys
ity constant of 1:1 binary complexes may be found s
cally. For this purpose equimolar solutions (20.0 m
tants were made up and mixed in volume ratios

Calculations

The protonation constants (p
constants of 1:1 binary M-citric a
potentiometric pH titrations dat
according to Irving and Rossotti’

ns (a)-(c) listed above
procedure adopted and

In order to calculate i 1rst the average proton-ligand
determined by following equa-
tion:

tration of NaOH titrisol = 1.00 x 10, [A]./
entration of HC1O, solution = 1.00 x 102, [L],/mol

nd. The values of pK,s, were calculated with a personal computer via a
ftware (MS Excel) at n, = 0.5, 1.5, ...>".

(v —w)([B]+[A], +[L],(p—n,)

(V, +v,)n,[M],
where, [M],/mol dm: total metal concentration = 2.00 x 107, vs/cm®: is
the volume of NaOH for the solutions (c) for the same pH value as that of
v, and v, and the other symbols are the same as above. Then pL (the free
ligand exponent) values were calculated using the equation:

n, =
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(I+B[HT+B[H T +B[HT +..)
[L], —n [M],

pL =log

_wH _wH HL _ 1w H HL 1 H,L
Here, Bi=Ky.B, = KHLKHZL»B3 _KHLKHZLK

H,L >

For the corresponding values of n; and pL, the formation curve g4
metal-ligand system is drawn and the stability constants are calculg
a PC via a proper software (MS Excel) at n; = 0.5>°.

The values of enthalpy change, AH®, were estim
temperature coefficient of the stability constants. Ass
constant in the range of temperature studied, the AH’,
protonation and complex formation reactions w

relationship:

dinK

d(1/T)

The free energy changes, AG, es, AS°®, were
calculated from the stability cons i
AG°=-RT InK —TAS®

where; In K: stability constant, R: 314 J K" mol™), T/K:
temperature. As it is w in J d the stability constant of

1:1 binary complexes is

: absorbance, I: the optical path length in
L]: ligand concentrations. Rearranging this

rotonation constants of citric acid were determined under the
1on of the present work. The potentiometric titration curves at 25 °C
shown in Fig. 1 (‘A’ and ‘A+citric acid’ curves). Similar titration curves
were obtained at the other temperatures studied. Each curve shows an
inflection at a point corresponding to the concentration of protons dissoci-
ated as expected (citric acid gives three protons)*. The moles of NaOH (m)
added before and after neutralization of HCIO, are also indicated in the
graphs. The buffer region between m = 0 and 3 indicates that the neutral-
ization of three protons dissociated successively from three —COOH groups
of citric acid. Average protonation degree of citric acid vs. pH and the mol
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fractions of the species derived by citric acid vs. pH is presented in Fig. 2
and 3, respectively. The values of protonation constants determined at 15,
25 and 35 °C are listed in Table-1. They are in good agreement with that
found previously® . The corresponding thermodynamic parameters of
protonation processes are presented in Table-2.
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Fig. 1. Potentiometric titration curv + citric acid, A + citric
acid + M solutions, upper: fo r Ni (Ce, Co or Mn)
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Fig. 2. Average protonation degree of citric acid vs. pH (I =0.10 mol L™ and
t =25 °C, included the data of four replicate experiments
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HERMODYNAMIC PARAMETERS FOR THE
PROTON-LIGAND SYSTEMS

K AHC (J mol ™) AG® (J mol™) AS° (JK ' mol ™)
¢ (15-35°C) (25°C) (25°C)

(COOH), 14 -17 103
pK(coon), 16 -24 135
pK(coon), 19 -32 171

The AH® value is accurate to 1 kJ mol" and AS° value to +2 JK "' mol”
(2a=0.10).

All the three protonation constants of citric acid increased with in-
creasing temperature as seen in Table-1. Therefore, corresponding enthalpy
changes are endothermic (Table-2). Thus, it can be concluded that the higher
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temperature is favourable for all protonation reactions of the ligand in aque-
ous solution. As it is well known citric acid is an oxygen donor and its
protonation processes are hard-hard interactions according to HSAB theory®.
As a rule this kind of reaction is entropy-driven. The enthalpy change is
positive and counteracts the protonation process as found in this study.

Complex systems
The titration curves of the solution (c) included Cu or Ni a

occurrence of M-citric acid complexes. The colg
blue for Cu-citric acid, light green for Ni-cit

that three -COOH groups and —O
deprotonated (and neutralized) be
plexation occurs. But only three

f three -COOH groups

were displaced (and neutralized) b the Ni-citric acid, Co-
citric acid, Mn-citric aci i plexation reactions®. No
precipitation occurred i Jutions (c) during the titrations up to
pH 6.0-6.5. Average form M-citric acid complexes in this

|
ar i Pt cit = Citric acid
%.._ | |||
+ + +
-t
E‘t t *+ Ii—.u-ul 1l— .
,l'_’ -I- é—;F :'i el
0.3 -:l-?’}‘*
I :
¥ : :
B R
S S : :
SR T
: E E=S P4
- Hhih*Lﬁg J
0 e (k. St 1T e o
3 4 5 [ 7 R o n
nl.

Fig. 4. Average formation degree of M-citric acid complexes vs. pH (I=0.10
mol L' and t = 25 °C; included the data of three replicate experiments)
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The calculated stability constants of 1:1 binary complexes of citric
acid with metal ions employed in this work are presented in Table-3. The
corresponding thermodynamic parameters are given in Table-4.

TABLE-3
STABILITY CONSTANTS, log K OF M-CITRIC ACID AT
[NaClO,] = 0.10 mol L"

T (0
System s s
Ce-citric acid 7.52 7.66
Cu-citric acid 5.81 5.94
Ni-citric acid 5.09 5.19
Co-citric acid 4.62 47
Mn-citric acid 3.68

log K values are accurate to + 0.03 log K u

T
THERMODYNAMIC P
M-CITRIC ACID at [Na

System AHC (J mol ™) AS° (JK ' mol ™)
(25°C)
Ce-citric acid 229
Cu-citric acid -34 174
Ni-citric acid -30 154
Co-citric acg =27 158

Mn-citri -22 120
i mol’, AS°value to +2 JK' mol" (2a.=0.10).

. Thus, citric acid is a hard ligand as mentioned above. In agree-
with this the reactions between citric acid and hard acceptors (such
Ce’") or borderline acceptors (like Cu*, Ni** and Co*") should be char-
acterized by positive entropy and enthalpy changes®. It is well known that
hard acceptors and hard donors are highly hydrated in aqueous solutions.
During complexation, remove of water molecules from hydration layers
around acceptor and also donor molecules need a large amount of energy
which is not compensated by the energy liberated from new metal-ligand
bond formation. Therefore an endothermic reaction occurs. In other words,
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the complex is entropy stabilized and positive enthalpy change counteracts
its formation as found for all M-citric acid complexes in this study.

The order of the stability constants is: Mn < Co < Ni < Cu < Ce. It
means that dipositive metal ion complexes follow the Irving-Williams
stability series. As it is known the hard acceptors have the higher values of
charge/radius ratio””. The order of charge/radius ratio is almost the
as the order of the stability constants above although the differen
give conflicting values for ionic radii of metal ions in this wor

UV-Vis spectra of Cu-citric acid, Ni-citric acid, Co-cjii

Ni-citric acid
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Fig. 5a. UV-Visible spectrum of the aqueous solutions of Co, Ni and Cu metal
ions and their cit complexes at pH 4 (¢ =2.0 x 102> mol L")
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