
Thermochimica Acta, 36 (1980) 329-342 
@ Elsevier Scientific Publishing Company, Amsterdam - Printed in Belgium 

329 

THE FORMATION OF PROTON AND ALKALI-METAL COMPLEXES 
WITH LIGANDS OF BIOLOGICAL INTEREST IN AQUEOUS SOLUTION. 
PART I. POTENTIOMETRIC AND CALORIMJXTRIC INVESTIGATION 
OF H* AND Na* COMPLEXES WITH CITRATE, TARTRATE AND 
MALATE * 

GIUSEPPE ARENA, ROSAR.10 CALi, MAURO GRASSO, SALVATORE MUSUMECI 
and SILVIO SAMMARTANO 

Istituto Dipartimentale di Chimica e Chimica Industiale dell’Vniversit& V-le A. Doria, 
S-951 25 Catania (Italy) 

CARMELO RIGANO 

Seminario Matematico dell’Vniuersitti, Cso Italia, 55-95129 Catania (Italy) 

(Received 10 July 1979) 

ABSTRACT 

The thermodynamic parameters for the interaction of H* and Na* with citrate, tartrate 
and malate are determined potentiometrically and calorimetrically in aqueous solution. 
The investigation is carried out at various ionic strengths and temperatures. The data ob- 
tained by direct calorimetry are reported for the first time. The species NaA and NaHA 
are found to exist for tartrate and malate only, whereas the species NaHzA is found to 
be present for citrate also. Simultaneous analysis of the potentiometric and calorimetric 
data enables the temperature and ionic strength dependence of the equilibrium parameters 
to be obtained for the complexes. 

INTRODUCTION 

Although alkali-metal complexes have been known for a long time, 
Sidgwick and Plant [l], their thermodynamic properties in aqueous solu- 
tion have been very little studied [ 2-41. Recently there has been great inter- 
est in the complexes of biological interest of these metal ions 151. Sodium 
and potassium are the main ionic constituents of all intra- and extra-cellular 
liquids and play a fundamental role in electrical communication through 
membranes [6,7]. For this reason, greater attention is now being paid to the 
study of the interaction of these ions with natural and synthetic ligands 
called “ion carriers”. When complexed, these ions can be made soluble in 
non-polar solvents. Thermodynamic investigations have been, and still are, 
concerned mainly with the search for possible selectivity of these ligands. 
In consequence, the thermodynamic data have been almost exclusively ob- 

l Presented in part at Euroanalysis III, Dublin, 1978. 
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tamed in non-aqueous solvents owing to the liposoluble characteristics of the 
compleses formed, thus neglecting the behaviour of these ions in aqueous 
solution [ 8,9]. Furthermore, although the number of works reporting the 
complesing capacities of cryptated and polypeptide macrocyclics [lo-121 
has always been substantial, there are few data (and in some cases they are in 
disagreement) on the interactions of alkali-metal ions with low-molecular- 
weight organic ligands [ 131. Finally, even though the protonation constants 
of such ligands have been estensively studied, there is a lack of data on 
protonation enthalpies [ 141. These enthalpies are often obtained from the 
pk- temperature coefficient and sometimes this method gives unreliable 
results, especially when the pK values have not been measured with high 
precision over a wide range of temperatures [ 151. 

In view of the above, we considered it useful to undertake a series of 
studies on the protonation and formation of alkali-metal complexes with 
ligands of biological interest. This paper represents the first stage in this 
programme. 

Because of the biological interest of citrate, tartrate and malate, as well as 
the high sodium ion concentration in biofluids, we have made a detailed 
study of these ligands both with Na’ and the proton. It is well known that 
the ligands form weak compleses with alkali-metal ions [ 16-221. Thus, 
protonation constants determined in solutions containing NaCl, KCl, 
NaN03, KNOX, NaCIOJ, all of which are used to keep the usually high ionic 
strength constant, are subject to error; that is protonation constants, as a 
function of the alkali-metal concentration, are lower than the true values 
[ 16-591. 

The formation constants for H’--Na’-A systems (where A denotes citrate, 
tit; tartrate, tar; malate, mal) have been determined using a glass electrode 
at various temperatures, 20°C (in some cases), 25°C and 37”C, and various 
ionic strengths, (0.05 (in some cases), 0.05, 0.1, 0.15, 0.2, 0.5, 1.0 and 3 (in 
some cases). The formation enthalpies have been determined at 25°C and 
ionic strengths of 0.05, 0.1 and 0.15 mole drns3 in NaClO,. The simultane- 
ous analysis of our potentiometric and calorimetric data has enabled the 
temperature and ionic strength dependence of log /3, 4H, and 4S to be ob- 
tained for the complexes studied. 

EXPERIMENTAL 

Materials 

Trisodium citrate, disodium tartrate (both C. Erba) and disodium malate 
(hierck) were recrystallized from water-ethanol. Titrations with standard 
HC104 or HCl gave a purity >99.5%. Citric acid (Merck), tartaric acid and 
malic acid (both C. Erba) were recrystallized from hot twice-distilled water. 
Titration with standard NaOH gave a purity >99.7%. Sodium-perchlorate- 
free heavy metals were prepared according to Holmes and Williams [60]. 
NaOH solutions 0.05-l mole drns3 were prepared by diluting Normes C. 
Erba ampoules and standardized against potassium hydrogenphthalate 
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(Merck). The perchloric acid solutions 0.05-l mole drns3 were prepared by 
diluting 70% solutions (C. Erba) and standardized against THAM (Merck). 
All solutions were prepared with freshly twice-distilled water. Grade A glass- 
ware was used in all operations. 

Instrumentation 

Potentiometric measurements were carried out with titration equipment 
composed of: (1) an Orion 801A pH meter, (2) an Amel timer-printer 
(Model 882), and (3) an Amel dispenser (Model 232). The electrode cclaple 
consisted of an EIL glass electrode and an Ingold saturated calomel elec- 
trode. 

The potentiometric vessels were fitted with a thermostatic jacket con- 
nected to a Haake thermostat. The temperature was maintained constant to 
O.l”C. LMagnetic stirring was used. The solutions were degassed with purified 
nitrogen and presaturated in NaC104 solutions of the same concentration 
used to keep the ionic strength constant. Calorimetric measurements were 
carried out using an LKB precision calorimeter (Model 8700). The titrant 
was delivered by means of a motorized Radiometer ABU 12-b burette. 

Po ten tiome tric measurements 

20-25 cm3 of solution containing the acid or the di (or tri)-sodium salt 
were titrated with standard NaOH or HCIOJ, as appropriate. The solutions 
contained an amount of NaClO, according to the ionic strength desired. The 
electrode system was calibrated before and after each run by titrating 5-75 
mmole drnm3 THAM with standard 5-10 mmole drnB3 HC104 or HClO, with 
standard NaOH at the same ionic strength as the solution under study. The 
pH reproducibility was kO.005. Other details of potentiometric measure- 
ments have been reported elsewhere [ 61-671. 

Calorimetric measurements 

80-90 cm3 of solution containing the neutralized acid were titrated with 
HC104 to complete formation of H,A or H3A. Some trials were carried out 
by titrating the acids with NaOH, but the results obtained with the first 
method were far more reliable. The Q-value reproducibility was 20.015 Cal. 
Other details of calorimetric measurements have been reported elsewhere 
[61-65]. In Table 1 some experimental details are given. 

Calculations 

Calculations of (1) purity of acids and the corresponding salts, (2) deter- 
mination of the E” value of the electrode system, and (3) determination of 
the protonation constants (not corrected for Na’ complex formation) were 
performed with the ACBA least-squares computer program [68]. Calcula- 
tions for the simultaneous determination of protonation constants and 
sodium complex formation constants were carried out with the SCOGSB 
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TABLE 1 

Experimental details of potentiometric and calorimetric measurements 

CAIT * I* PH No. of 
titrations 
(points) 

Citrate 0.005 -0.175 0.015-1.0 (3.0) 1.9-7.1 20 (1000) 
Tartrate 0.01 4.222 0.02 -1.0 1.9-5.5 15 (750) potentiometry 
Malate 0.01 -0.217 0.02 -1.0 2.5-6.2 13 (650) 

Citrate 0.0015--0.01 0.004+I.175 22 (142) 
Tartrate 0.005 -0.01 0.02 -0.17 10 (64) calorimetry 

Malate 0.011 -0.026 0.02 -0.21 8 (93) 

a Concentrations and ionic strength in mole dmB3. 

[69,70] and MINIQUAD 76 [71] computer programs. The calorimetric data 
were analysed by the DOEC computer program [ 721. All these programs use 
the least-squares method. 

Potentiometric measurements were carried out at temperatures of 20°C 
(in some cases), 25°C and 37°C and ionic strengths 0.05, 0.1, 0.15, 0.20, 
0.50, 1.00 and 3.00 (only in the case of the citrate at 25°C). The ionic 
strength varied during titration by +2% at most. The data were examined 
initially without taking into account the formation of sodium complexes_ 
The protonation constant values thus obtained were fitted by means of the 
equation 

RESULTS 

log p = a1 + a2 I l(* + aJ + QJ2’3 (1) 

The coefficient values for eqn. (1) are reported in Table 2. The pK values of 
the citric, tartaric and malic acids are markedly lower than those obtained 
in the absence of alkali ions [16-221 as can also be seen from Fig. 1, where 
the pR vs. 1”’ and pR’ vs. I”’ curves are reported together (where the prime 
den.otes that the constants were calculated without allowing for sodium com- 
plex formation). Firstly the values of formation constants of the ligands 
formed in the presence of sodium ions can be estimated by using the equa- 
tion 

log K = log K’ + log(1 + KN”[Na]) z log K’ + log(1 + KN”l) (2) 
The approximated values thus calculated for the formation constants are 
then used as input data for the SCOGSB and MINIQUAD 76 programs. In 
Table 3 the protonation constant values are reported, corrected for sodium 
complex formation, for 25” C and 37” C and various ionic strengths. A statis- 
tical analysis of potentiometric data [73,74] has revealed NaA and NaHA 

complex formation for tartrate and malate, and NaA, NaHA and NaH2A for 
citrate. 



T
A

B
L

E
 2

 

C
oe

ff
ic

ie
nt

s 
fo

r 
th

e 
eq

ua
tio

n 
lo

g 
j$

 =
 e

r 
+

 a
#‘

* 
+

 a
sI

+
 

04
1 U

* 
ob

ta
in

ed
 

by
 t

he
 l

ea
st

sq
ua

re
s 

m
et

ho
d 

fo
r 

th
e 

pr
ot

on
at

io
n 

of
 c

itr
at

e,
 t

ar
tr

at
e 

an
d 

m
al

at
e 

w
ith

 n
o 

al
lo

w
an

ce
 f

or
 f

or
m

at
io

n 
of

 s
od

iu
m

 c
om

pl
ex

es
 

A
 

FC
) 

i 
a4

 
R

 x
 l

o3
 b

 

C
itr

at
e 

26
 

1 
6.

41
8 

-3
.6

67
 

4.
04

9 
2 

11
.1

9 
-6

.4
89

 
6
.
0
0
9
 

3 
14

.3
1 

-6
.1

06
 

6.
14

3 

37
 

1 
6.

44
4 

-3
.8

08
 

4.
47

6 
2 

11
.2

0 
-5

.7
36

 
6,

46
9 

3 
14

.3
0 

-6
.4

74
 

6.
85

9 

T
ar

tr
at

e 
26

 
1 

4.
38

3 
-1

.6
67

 
0.

96
2 

2 
7.

44
 

-1
.1

48
 

-1
.6

28
 

37
 

1 
4.

38
0 

-2
.4

82
 

3.
41

4 
2 

7.
41

4 
-3

.5
39

 
4.

77
7 

M
al

at
e 

26
 

1 
5.

11
9 

-1
.3

84
 

0.
80

7 

-1
.6

78
 

-2
,3

53
 

-2
.1

56
 

-1
.9

06
 

-2
.6

30
 

-2
.5

76
 

-0
.0

66
 

1.
81

4 

-1
.6

50
 

-2
.3

02
 

- 

2.
2 

1.
4 

0.
8 

2.
6 

2.
6 

2.
8 

1.
9 

6.
4 

1.
6 

3.
1 

3.
0 

a 
T

he
 v

al
ue

 a
t I

 =
 0

 (
ca

lc
ul

at
ed

 t
ak

in
g 

in
to

 a
cc

ou
nt

 t
he

 f
or

m
at

io
n 

of
 s

od
iu

m
 c

om
pl

ex
es

, 
se

e 
T

ab
le

 3
) 

W
IL

L
 

w
ei

gh
te

d 
he

av
ily

 i
n 

th
e 

ca
lc

ul
at

io
n.

 
b 

Se
e 

re
fs

. 
73

,7
4.

 



T
A

B
L

E
 

3 

Pr
ot

on
at

io
n 

co
ns

ta
nk

, 
at

 v
ur

io
us

 
io

ni
c 

st
re

ng
th

s 
nn

d 
te

m
pc

ra
tu

rc
s 

(t
he

 
io

ni
c 

st
rc

ny
th

 
w

as
 a

dj
us

te
d 

by
 a

dd
in

g 
N

nC
lO

q)
, 

I’
or

 c
itr

ul
c,

 
ta

rt
ra

te
 

an
d 

m
al

a 
te

 

T
 

1 
C

itr
nt

c 
T

nr
lr

at
e 

M
nl

nt
e 

(“
C

) 
(m

ol
e 

dm
-“

) 
L

og
 K

1’
 1

’ 
L

og
 K

i’ 
L

og
 h

’;
5’

 
L

og
 I

(‘
,{

 
L

og
 K

i’ 
L

og
 I

(\
’ 

L
og

 K
i’ 

(+
o.

oo
s)

 
b 

(+
o.

oo
s)

 
(2

0.
00

7)
 

(k
O

.0
06

) 
(L

cO
.0

14
) 

(f
0.

00
6)

 
(f

0.
01

5)
 

25
 

0 0.
05

 
0.

10
 

0.
15

 
0.

20
 

0.
50

 
1.

00
 

3.
00

 

37
 

0 0.
05

 
0.

10
 

0,
15

 
0.

20
 

0.
50

 
1 

.o
o 

6,
41

9 
4.

76
9 

3.
12

4 
5.

90
3 

4.
43

2 
2.

97
2 

5.
77

1 
4.

35
2 

2.
94

9 
5,

69
7 

4.
30

9 
2,

94
4 

5.
65

0 
4.

28
5 

2.
94

9 
55

96
 

4.
29

2 
3.

05
3 

5.
78

0 
4.

48
7 

3,
31

9 
c 

7.
16

 ’
 

6.
68

 
c 

- 

4.
30

2 
3,

05
0 

5,
11

5 
3.

47
2 

4,
25

1 
2.

88
6 

4.
80

7 
3.

30
8 

3.
96

8 
2.

85
0 

4.
75

5 
3.

27
1 

3.
92

8 
2.

83
3 

4,
74

2 
3.

25
3 

3.
90

6 
2.

82
5 

4.
74

7 
3.

24
5 

3.
92

2 
2.

86
4 

4.
92

8 
3.

26
4 

4.
13

3 
2.

99
3 

5.
41

2 
c 

3.
40

2 
c 

6,
44

5 
4.

75
8 

3,
09

8 
4.

37
9 

3.
03

3 
5.

12
6 

3,
45

6 
5.

91
9 

4.
41

3 
2,

94
2 

-1
.2

45
 

2.
86

4 
4.

81
3 

3.
28

7 
5.

78
6 

4.
33

0 
2.

91
8 

3.
95

6 
2.

82
6 

4.
76

1 
3.

24
9 

5.
71

1 
4.

28
6 

2.
91

3 
3.

91
5 

2.
A

08
 

4.
74

8 
3.

23
0 

6.
66

5 
4.

26
1 

2.
91

7 
3.

89
2 

2,
79

9 
4,

75
4 

3.
22

1 
5.

61
9 

4.
26

7 
3,

02
1 

3.
91

1 
2,

82
3 

4.
94

5 
3.

24
3 

5,
82

4 
4.

46
3 

3.
28

8 
c 

4.
13

0 
2.

95
7 

5.
45

0 
c 

3.
37

3 
c 

p 
K

i”
 f

or
 H

I-
IA

 
+

 H
 =

 
H

,A
. 

b 
3~

. 
’ 

f0
.0

5,
 



335 

Fig. 1. Dependence of log KY and log KY for citric acid on ionic strength_ (- ) Proto- 
nation constants corrected for sodium complex formation. (- - - - - -) “Apparent” protona- 
tion constank 

For the formation constants of sodium complexes with citrate, tartrate 
and malate, it can be seen that allowing for the equilibrium (for simplicity, 
charges have been omitted) 

HjA+Na*NaHj_iA+H (3) 

a value of the equilibrium constant is obtained which is independent (with- 
in experimental errors) of temperature and ionic strength. In Table 4 these 
equilibrium constant values are reported for the acids studied here. 

The OH protonation values are given in Table 5 and those for sodium 
complex formation in Table 6. The pR values obtained at various tempera- 
tures have been fitted together with the AEI values by 

PK=m ?+B+CT 

TABLE 4 

Log values for the constant of the equilibrium HjA + Na * NaH,-_-lA + H * 

-Log K1 -Log Kz -Log K3 
(f0.06) b (fO.l) (20.1) 

Citrate 4.99 4.2 2.9 
Tartrate 3.56 2.8 - 
Malate 4.46 3.3 - 

aThese values are practically independent of temperature and ionic strength (within 
experimental error). 
b 30. 
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TABLE 7 

Dependence of the protonation constants of citrate, tartrate and malate on temperature 
and ionic strength a 

A x lo-’ B Cx103b !+o’ c’ 

(20.2) (kO.05) = 

Citrate Log h’, 48749 2.5 571 7.467 4.5 0.95 
Log h’, 4.8012 1.8970 4.2324 1.0 0.75 
Log K3 3.8118 1.2619 1.9565 0.5 0.7 d 

Tartrate Log Ii1 4.1354 1.7351 4.227 2.0 0.80 
Log K2 3.4677 1.2056 2.286 -0.6 0.48 

Malate Log K, 4.2491 2.0258 5.580 4.2 1.3 d 
Log R2 3.5348 1.3836 2.692 0.7 0.15 d 

a Log h* = A/T + B - CT with T expressed in K. Log I;i = Log hy - Z*A’{f”‘/(l + I”” )} 
+ Cjf at 25OC. Z* = 3 -J + 1 for citrate; Z* = 2 -J + 1 for tartrate and malate; A’ = 
Debye-Hiickel coefficient. 
b With data at only three temperatures this parameter must be treated with caution, and a 
value for ICp cannot be found. 
= 30. 
d io.2. 

(T = temperature in K) the parameters of which are shown in Table 7. 
Finally the dependence of the sodium complex formation constants on 

ionic strength was calculated; the parameters for this dependence are shown 

in Table 8. In Figs. 2-4 the distribution diagrams of the systems Na-tit, Na- 
tar and Na-ma1 are reported. 

The extrapolated values of protonation constants to zero ionic strength 
are in good agreement with those reported previously by other authors and 
obtained by measurements in cells without liquid junctions [ 24]_ However 
it should be noted that their values are systematically lower than ours, which 
might be because no allowance was made for potassium comples formations 

TABLE 8 

Ionic strength dependence for complexes of citrate, tartrate and malate with sodium a 

Log@b 
(20.05) = 

Log Kq Log k’j 
(kO.1) (&O-l) 

Cl; C; C; 

(kO.1) (f0.1) (20.1) 

Citrate 1.35 0.6 0.25 0.4 0.4 0.5 
Tartrate 0.95 0.2 - 0.4 0.4 - 
Walate 0.63 0.15 - 0.6 0.5 - 

= Log Ki = Log q - ZfA’(, + 1,,2 - - c,!‘r)_ z* = 3 - J + 1 for citrate; Z* = 2 -J + 1 for 

tartrate and malate; A’ = Debye-Hiickel coefficient. 
bNa ‘Hi-IA * NaHj_1 A. 
= 3a. 



35 50 65 pH 

Fig. 2. Distribution diagram for the Na-H-tit system at 37OC. [Na]= = 0.15 mole dmw3; 

[tit ]T = 5.0 mmole dmS3. 1. H(cit); 2. Hz(cit); 3. Ha(cit); 1. Na(cit); 5. NaH(cit); 6. 
NaHz(cit). 

Fig. 3. Distribution diagram for the Na-H-tar system at 37OC. [Na]T = 0.15 mole dmm3; 
[tarIT = 5 mmole dme3. 1_ H( tar); 2. Hz( tar); 3. Na( tar); 4. NaH( tar)_ 

in their studies, and the subsequent lowering of the constants might have 
affected the extrapolation of the protonation data to zero ionic strength. 
Our formation constants for Na-tit, Na-tar and Na-mal complexes are also in 
good agreement with those in the literature. The formation of protonated 

3.5 5.0 65 pH 

Fig. 4. Distribution diagram for the Na-H-ma1 system at 3?c. [Na], = 0.15 mole 
dme3; [malIT = 5 mmole dme3. 1. H(mal); 2. Ez(mal); 3. Na(ma.l); 4. NaH(ma1). 
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complexes has been found previously only in the case of Na-tar [20,211, 
whereas we have found that these complexes are formed in all three systems 
studied. 

Till now the protonation enthalpies of citrate, tartrate and malate have 
been studied using the method of temperature dependence of potentiometric 
data. An exception to this is the recent calorimetric determination of proto- 
nation enthalpies of tartrate [75] (M, = -1.5 kJ mole-’ and M, = -3.3 kJ 
mole-‘, values obtained without allowing for potassium complex forma- 
tions). The values reported here are the first obtained by direct calorimetry. 
However, the values obtained using the two methods are not very different. 

In the literature there are no data of any kind for sodium complex forma- 
tion enthalpies for the ligands under study. As has already been observed 
previously [13 J, the order of stability for sodium complexes is citrate > tar- 
trate > malate. This order of stability is also followed for protonated com- 
plexes. It can further be observed from Table 6 that whereas this order 
remains the same for entropic stabilization, there is an inversion for enthalpic 
changes. 

The role of thermodynamic parameters in the formation of sodium com- 
plexes with citrate, tartrate and malate can only be discussed further in the 
light of additional thermodynamic data for other alkali-metal ions (in par- 
ticular K’ and Li’) and other ligands that form weak complexes with these 
metals. This will follow from subsequent papers in this series. 
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