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ABSTRACT

Formation constants of calcium complexes with malonate (mal?~), in the ranges 10 < ¢ <
50°C and 0.05 < I < 0.9 mol dm~3, were determined by means of alkalimetric titrations in
aqueous solution. The species found in this system were {Ca(mal)]° and [Ca(Hmal)]*; also,
the hydrolysis of Ca?* was taken into account. The effect of ionic medium on the formation
constants was studied by using different background salts (KNO,, NaNO,, Et,NI and
Et,NBr); the parameters defining ionic strength dependence were calculated from the values
of stability constants obtained at different ionic strengths. AH and AS values were obtained
from temperature coefficients of stability constants.

A general equation, useful for correlating the formation constants in the studied tempera-
ture and ionic strength ranges, has been found. It has also been found that, by considering all
the significant interactions in the solution, the formation. constants are dependent on
temperature and ionic strength only.

Literature data are discussed and compared with those obtained in this work.

INTRODUCTION

The calcium ion plays a fundamental role in all natural fluids, in which it
is always present in more or less considerable amounts. Potassium and
sodium, and in particular the latter, are also present both in biological fluids
and in waters (seawater, riverwater, lakewater, etc.). Although these cations
are obviously interesting from a practical point of view, the study of their
complexes aroused little interest until recently [1]. This is for two reasons: (i)
for a long time the interactions between these metals and ligands of different
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nature were explained with electrostatic models; and (ii) also, their low
stability (in particular with regard to alkali metals) makes it hard to
determine stability constants experimentally.

However, it is known that these metals appear in biological fluids, often as
complexes, and, in most cases, the biological activity is due to the type of
complex formed. Furthermore, the complexation of these cations involves a
considerable lowering of the ionic strength, which may change the model
systems substantially. For example, neglecting the formation of ion pairs,
seawater ionic strength is 7 = 0.72 mol kg !, whilst, taking into account ionic
interactions, Johnson and Pytkowicz [2] calculated 7 = 0.53 mol kg~ 1.

The main difficulty concerning the determination of stability constants of
alkali and alkaline-earth metal complexes is represented by their low stabil-
ity. In fact, when dealing with weak complexes the numerical values ob-
tained are very sensitive to the assumptions made in deriving them. In short,
the problem arising from the weakness of these complexes in the experimen-
tal determination of formation constants are: (i) the high concentration of
the reagents makes control of the ionic strength very difficult; (ii) when
working under imperfectly constant ionic strength conditions, it is necessary
to consider the junction potential each time [3]; (iii) the activity coefficients
of components may be different in solutions at the same ionic strength with
different ionic species; (iv) the calibration of the potentiometric system must
be made systematically under the same conditions for both the ionic strength

“and ionic medium of the measurement solutions; and (v) the interactions
between the background and the ligands under study must be taken into
account. It has been shown for a large number of ligands [4—-7] (EDTA,
NTA, phosphate, tartrate, citrate, dicarboxylate ligands, etc.) that they form
complexes with alkali metal ions; if we consider that a constant K = 10
mol ™! dm?’ for a species [Na(L)] at a metal concentration ¢y, = 1 mol dm~3
implies a log K™ lowering of about one unit, it is clear that these interactions
must be considered.

Moreover, it is necessary to determine the temperature coefficients of
formation constants for a better knowledge of the system. Other problems
come from the junction potential variation with temperature and also from
the necessary corrections of the concentrations due to thermic expansion *.

Bearing in mind the above-mentioned problems, we here report a
potentiometric study of the complexing properties of malonic acid (H,mal)
under different experimental conditions (i.e., large ranges of temperature,
ionic strength and concentration in different ionic media). Further, an
accurate analysis of literature data [8—42] (Table 1) has been carried out in
order to define the system H*—Ca?*-mal?~ in the presence of the cations

* A direct technique to determine the temperature coefficients is the calorimetric technique
which, however, shows some difficulties as regards the accuracy of the log K values and the
dilution heat, when dealing with weak complexes and high reagent concentrations.
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TABLE 1

Literature data for Ca“-malona;e complex formation in aqueous solution

1(°C) I(mol Medium log KC* log K£° Ref.

dm™3)
20 0.1 NaClo, 1.85 0.80 19
25 -0 2.501 32
30 o 258l AH =445
35 266 {AC, =0

P

40 2.74}
25 0.16 (Na*) 1.36 17
25 0.1 NaClO, 1.51 R . 25
25 >0 2.35 11
25 0.037 1.73
25 0.2 KCi 1.46 0.47 8
25 -0 2.49 11
25 0.042 1.84
15 -0 2.47 39
25 250 AH =19
30 252{AC, =0
35 2.57)
25 -0 AH =23 39

Na*, K* and Et,N* (tetracthylammonium), in the temperature range 10 < ¢
< 50°C.

EXPERIMENTAL
Chemicals

Malonic acid (Merck p.a. or Fluka purissimum) was used without further
purification. From alkalimetric titrations, we calculated a purity > 99.5%.
Tetracthylammonium iodide was Fluka purissimum and Et,NBr was C.
Erba (RPS, purity > 99.5%). Calcium nitrate (Fluka) was standardized by
EDTA titrations [43]. NaOH, KOH and HNO, stock solutions were pre-
pared by diluting concentrated ampoules (Merck, BDH or C. Erba). Grade
A glassware and twice-distilled water were employed for ail solutions.

Potentiometric measurements
The free hydrogen ion concentration, ¢y, was measured by means of the

systems: (a) potentiometer Orion 801A with glass-saturated calomel
(Metrohm) electrodes; and (b) potentiometer Metrohm E600 with the same
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electrode couple. The titrant was delivered by (a) an Amel dispenser (mini-
mum reading 0.001 cm®), and (b) a microsyringe (5000 divisions cm~?). The
calibration of the electrode couple, in —log ¢, units, was achieved by
titrating HNO, (5-20 mmol dm~3) in the same conditions as the considered
solution (i.e., in the presence of Ca?*, Na*, K* and Et,N™ at the same
concentrations) with standard carbonate-free NaOH (system a) or KOH
(system b). The junction potential was taken into account in all calculations.
The measurement cells (50-100 ¢cm®) were thermostated at ¢ + 0.2°C. Mag-
netic stirring was employed.

Procedure

25-50 cm® of the solution under study were titrated with NaOH 0.3 mol
dm~? (system a) or KOH 1 mol dm™2 (system b) up to pH 12 (35-50
experimental points). An excess of HNO, (10-40 mmol dm~?) was added to
all the solutions in order to complete the protonation of malonate, to
calculate the junction potential and to calculate directly internal E°, E O (the
value calculated by separate calibration is ES)). If |[E2, — E2 | > 1.5 mV the
titration was rejected. All the titrations were carried out by bubbling purified
N, through the solutions. The pH reproducibility for both systems was
+0.005 in the range 3 < pH < 6 and +0.02 at pH < 3 and pH > 10.

Calculations

The potentiometric data were analyzed by the least-squares computer
programs ACBA [44] (which refines the values of protonation constants
along with other parameters, such as analytical concentrations, £° and the
junction potential, by minimizing the error-squares sum for the volume of
the added titrant) and MINIQUAD 76A [45] (which refines the values of
formation constants by minimizing the error-squares sum for the analytical
concentrations); a modified version of this program, which allows the
simultaneous refinement of formation constants and the parameters which
define the dependence on ionic strength, was used.

The formation constants are expressed as follows (L is malonate, M is
Ca?*, Na* or K™ and c is the free concentration of the species or of the
components)

KM =cy onlen!
J H,L’H CH,_ L

M _ -1.-1
K" =cun, 1€mCH, L

- ~1,.-1
K \ony = Cmom)M Con

Throughout this paper the errors associated with the parameters are
> 95% confidence intervals.
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RESULTS

The potentiometric data obtained at different ionic strengths and temper-
atures, and in different ionic media, have been grouped and analyzed as
follows.

t=25°Cand1=0.72 + 0.03 mol dm*

Under these conditions 9 (duplicate) titrations were carried out at con-
stant malonate concentration (5 mmol dm~3) and variable calcium con-
centration (0-0.23 mol dm~3). The value 7=0.72 mol dm~3 was kept
constant by adding Et,NI. Because of the presence of Ca’* (and Na™* from
the titrant), malonate protonatlon constants, calculated without allowing for
calcium and sodium complexes, are

log K" =log K} —log(1 + K e, + KN%cy,) j=i (1)
where K j"” is the conditional protonation constant, or
K,-H" = KjH/(l + KicacCa + KiNacNa) (2)

The lowering due to Na* complexation [4] is very low; since Na formation
constants and an approximate K J.H value are known, a correction can be
made by means of the equation

/R = (1K) = (KoK ®
Then eqns. (1) and (2) become

log K" =log K}' — log(1 + K “°cc, ) (4)
/KM = (1/KP) +( K Pec/KF) (5)

In Fig. 1, 1/K vs. ¢, is reported; as can be seen the linearity is quite
good. K can be calculated in two ways: (i) directly from eqn. (4), point by
point; and (ii) by linear fitting of eqn. (5), which is a straight line with
intercept 1/K; H and slope K C“/K H At pH> 10 the hydrolytic species
forms: the calculation of K Ca(oH) 1 similar to the calculation of ) Gl

The free calcium concentration, c,, which appears in eqns. (4) and (5)
may be calculated in two ways: (i) iteratively; and (ii) from [Ca(H,_,mal)]
data in the literature, approximate formation constants by means of a
calculation program simulating titration curves. We have chosen the latter
procedure.

Some experimental and calculation details concerning this group of mea-
surements are reported in Table 2.

* Baes and Mesmer [46] calculate from the data of Bates ct al. [47] K ¢yopy =11.9 mol ™! kg?
at 0°C and I = 0, K¢ yony =15.5 mol ! kg* at 40°C, and A H = 2.5 kcal mol ~ ! at 7 = 0-40°C.
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Fig. 1. 1/KP’ vs. ¢(, at t = 25°C and I = 0.72 mol dm™?

The error coming from the uncertainties about c., and log K, in the
calculation of K using eqn. (4), may be deduced from eqn. (6)

aKC\? aK )’
O e L e ©)

dce,

(8=1og K" —log K" or
a a \ 2
62(KC*) = [ln lO(cCaKC +1)}2 2+(KC ) ,

Cca % Cca ac(~,_, (7)
From eqn. (7) it can be seen that for o5 = 0.02 and o, = 1% ¢, (maximum
error in our case), o,(u < 3 or o(log KC*‘) < 0.03. This error, for a constant K
of ~ 40 mol 1 dm?, is quite reasonable. It can be seen (Table 2) that the
value of K.£? is constant in all mixtures of Ca**+ Et,N* and the error + 0.02
(>95% confidence interval) appears considerably lower than the standard
deviation expected for the error propagation. Similar considerations may be
made for [Ca(Hmal)]* and [Ca(OH)]* complexes. The fit for eqn. (5) seems
to be good and also gives log K j”, log K,,, K® and K,on values that agree
with those calculated point by point. The correlation coefficient value, r, is
always > 0.898 (> 99.9% confidence interval for 7 degrees of freedom). The
solutions 1-9 show quite a different composition and the activity coefficients
of the components may change by changing the ionic medium. However, the
constancy of K°, K{<? and Koy calculated point by point and the highly
significant correlatlon coefficient values show that the background has little
influence on activity coefficients.
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TABLE 3
Initial concentrations of reagents in experiments at 10, 25 and 40°C and / = 0.31 mol dm™?
cr* & o’ I
0 50 150 300
50 10 220 300
0 100 0 300
220 10 50 300
100 33 100 300
140 50 10 300
270 10 0 300
0 10 270 300

2 Concentrations in mmol dm 3.
® I’: ionic strength, in mmol dm ™3, without considering the contribution of malonate (3—6
mmol dm~?) and HNO, (10-20 mmol dm~>) added in excess.

Therefore, all the potentiometric data have been analyzed simultaneously
by the computer program MINIQUAD 76 A, giving the following results
—log K, =13.95+0.01
log Kc.on =1.10 £ 0.03
log K'=5.55+0.01 log K2 =1.57 £ 0.02
log KJ'=2.74 + 0.02 log K2 =10.50 + 0.03

These values agree with those obtained by the above-mentioned methods.

t=10, 25 and 40°C and 1 = 0.31 + 0.02 mol dm—°

24 titrations were carried out under these conditions. The composition of
the solutions was: malonate 3-6 mmol dm~3; Ca(NO,),, KNO, and Et ,NBr,
see Table 3. The potentiometric data, analyzed as described in the preceding
section, led to the results reported in Table 4. Also, the linearity of the pairs
1/K j“’, ¢, fitted to eqn. (5) is satisfactory. The potentiometric data concern-
ing the alkaline region of the titrations have been elaborated only with the
program MINIQUAD 76 A and have given the following results: log
K caomy = 1.07 £ 0.02 at 10°C, 1.12 £ 0.01 at 25°C, and 1.19 £ 0.02 at 45°C.
These values may be expressed by the equation

log K¢omy = 1.13 + 0.0040(7 — 25) (8)
t=10, 25, 32, 40 and 50°C and 1 = 0.25 mol dm 3
40 titrations were performed under these conditions. The solutions con-

tained, besides the ligands, NaNO,, Ca(NO,), and Et,NI. Potentiometric
data, analyzed as in the preceding section, gave the results reported in Table



313

“[EAIRIUL 35UIPIUOD %66 'L'C =) 'WOPIDIJ JO $2133p 9 10j 1) JUpMIg
"¢ WP [oWW * B JO SUONEIIUIOU0D sa1q

LT 86 0¢'s 1'6
L7 86 6TS 6'8
Ol=1'pc0 = Y 801 cg =, Iy 1707 = Y 901 ‘7€L6°0 =4
GP01=1960 = I¥ B0y igg = 1Y 'TLT = [ ¥ 801 'T€L60 97 06b coe op
(01X T(™2) §9900°0+006'1 =, 5 ¥ /01 69T 1443 1483 $6T
0L'T 86 0g’s 16
097 L6 123 £¢6
* =1‘'pp' 1= ! w ‘90 =1 L6€°C = [ wo ' ‘NO=4
QLT =10 1=y ¥ 0L 18°LT = oy ¥ 6€°S = I 301 11966°0 T %6 05 og
(01X H(™2) LELT0+580F =,y ¥/,01 v9'C 0’6 00§ LSy oF
997 0'6b 66y LSy
we 86 Lrs 68
L=1Ep0 =LY B0l T =N e T =Y o1 0=4
GTL=VEr0=oIN 801 LT =Y ‘€T =¥ 900 'TLY60 g %6 9z I'6
(01X 4(™2) 905000+ 198 1=, { ¥/, 01 ¥9'C L'L6 (434 $'S6
89T vTe or's 70¢
€LT 86 LTS '8
) =11 = Ly So1 ‘9 = Yy ‘icec= 1y Gor ¢ ‘N =
GEEE=1 1P 1= oy ¥ 801 '9ST =y ¥ mmm WX 301 '6L66°0 =4 L7 26 o 6
OLX H(™2) LELLO+ 08Ky =, 113 /501 L9 0'6p 06 8'9¥ Y4
§9°C L'L6 €8y $s6
£LT 86 §T'¢ 1'6
G V8 =1680=¢ Y 801 16T = I¥ LT = {¥ 80100960 =1 897 06v ws 39y
< (") . q= 897 06p 66'% 89
cOTX 422} psp000 + LES' T =, f X /01 Lt 96 Pt I'6
69T v'Te e T0¢
‘ =1'¢ 1= L wo e =_1 eetC = ! mo ¢ ‘O=4
Q9IE =119 1=, ¥ 801 'L'TT= oy ¥ *€€°S = ¥ 300 '0L66°0 g 26 vZ's T'6
(01X '(°22) 8901°0+60LY =, ¥ /501 we 8'6 YA 68 oL
s)[nsal paje[nofe) N Sop e C(*9) X 30 ¢ (%22) (Do)

Do0p ‘ST ‘0L =! Pue (IGN*I1T ‘"ONN) (WP [ow (€0 = ] IE Stuswadxa 10 §)nsa1 pajejno[ed swog

v 414VL



314

BE0 =3 ¥ 301 p'T = o ¥ ‘89T = ¥ 801 ‘LIp60 =4 we ve e BOC

192 09 S6 €S
¢0LX E(*22) 016000+ 1117 =,,2¥ /01 §L9'T $8°0 we's L0
9T vL -oTs 61
IV 1=y 801 16°6T = o1 ¥ 'SE'S = /¥ 0] 169660 =+ 9T 0'ey v0's $'8¢
< ("> 0+88bb =, 197 '8 8TS TL

(01X H(P22) 19110+ 88bY =,/ ¥ /501 97 1 be's b1 o
0= 2y 800 06 = . Iy 71T = T3y B0 12660 = 4 €97 v'TL €6t 80L
89°0 = s ¥ 801 :0°¢ = o T¥ 'TLT = ,F¥ 801 {1266°0 o r'eo 96D e
(01X °(722) 185000+ 516 T=,2¥/,01 we 80 0¢'s Lo
697 vLT 176 791
€E€°T= 0y ¥ 301 :C°IT = o5 ¥ ‘7E'S = J ¥ 80| *5€66°0 = 4 197 L'ty 90°S $'8€
5 {("3) Z601°0+ LO8'D = .| 0Lt '8 §T$ TL

(01X '(*22) ZE01°0+ L08'Y =,/ ¥/,01 707 T " o o1

SInsal pareno[e) .+ 801 ¢ £(79) .uX 80 o '(720) (Do)

3008 PUE Op ‘Z€ *ST ‘0L=17 Pue (IN*13 ‘"ONEN) (WP [OW §7°0 = J 1e sjudwuadxa 10) SIENSax paje[nofes awos
MR CAAN



315

‘e WP [OUIW ¢, ,B) JO SUONEBIIUIOUOD 331

WO=os¥B01'97=I¥ 997 =,F¥ 30 '€66670 =1
(01X E("22) 665000 —891°C =.,F ¥/, 01

SO L=y ¥ 801 TCh = .3 ¥ 'STHS = ¥ FO 6866°0 =4
01X (P22) Z0LT0+19L°€ =, X /501

9€0 =i X B0l €T =X 19T =l ¥ 01 iT680 =4
01X E("22) 58¥00°0+ 0PL'T =, , 5 ¥/ 01

09°T=uy¥ BOI 186 = o) ¥ ‘6€°S = .} ¥ 801 '66666'0 =+
(0T X H"22) 6091°0+9¥0 =, 4 ¥/501

PE0 = f¥ 80177 =¥ 697 =¥ B0 L8660 =
c01X E(™2) 06¥00°0 + TTTT =, i ¥/ 01

8P 1= 5¥ 0[ '§°0E = o1 ¥ 59€°¢ = ¥ F01 ‘€666°0 =

(01X H(P23) 91ET0+61EF =, ¥ /501

65T
09'C
$59'C
9T
997
$99'7
09T
99'7
$9Z
$$9'7
99'7
L9t
65T
09°C
£9'7
197
99'7
$99°C

¥l
019

L1y
L1
$8°0
L'19
180
(Urad
991

Lt

vl

079
'y
144

$8°0

18
687
1e's
66t
or's
ws
6v
8¢S
00'¢
6T’
6T'S
Le's
L8y
6t
£e's
'S
se's
9t's

8oL
P Y
L9
SLE
91l
80 0¢
£1s
$9'0
(UF2)
st
89
13 oy
8'0L
14y
0¢
SLE
ST
SLO (4%



316

5. The alkaline region data, elaborated with the program MINIQUAD 76 A,
gave the following results: log K¢, ony = 0.99 + 0.02 at 10°C, 1.07 + 0.02 at
25°C, 1.12 £ 0.02 at 32°C, 1.15 +£ 0.01 at 40°C, and 1.20 + 0.03 at 50°C.
They may be expressed by the equation

10g Kcaom = 1.07 + 0.0057(1 — 25) (9)

t= 10, 25 and 40°C and variable ionic sirengih

- The ionic strength dependence of formation constants may be expressed
by the semi-empirical equation [48]

log K = log K® — Az*[VI /(1 + BVT)| + CI + DI*” (10)

where log K° is the constant at infinite dilution; 4 =0.5115+ 8.84
X1074(t — 25) +2.95 X 1076(¢ — 25)%;, B =1.489 + 8.77 X 10~ 4(t — 25) +
4.69 x 10~%(r — 25)%; z* = Z(charge)?,, ... — =(charge)? y..; and C and D
are empirical parameters to be determined experimentally. 15 solutions for
each temperature were prepared in order to give the following conditions:
0.03 <7<0.95 mol dm™?% 0.005 < C, <0.1 mol dm~?% 0.01 < Cy,, Cei,N
< 0.4 mol dm~?; and 0.005 < C,,; < 0.05 mol dm™>.

The potentiometric data, analyzed with the program MINIQUAD 76 A,
modified in order to calculate the parameters defining the ionic strength
dependence, gave the following results.

(a) For the complex [Ca(mal)]®, D = —0.8 (at all temperatures), C = 1.95
4 0.06 at 10°C, 2.05 4+ 0.05 at 25°C, and 2.15 £ 0.07 at 40°C. These results

may be expressed by the equation
C=2.05+6.7x10"3%(t—25) (11)

(b) For the complex [Ca(Hmal)]*, D = — 0.4 (at all temperatures), C = 1.0
+ 0.1 at 10°C, 1.08 4+ 0.07 at 25°C, and 1.14 + 0.08 at 40°C. These results
may be expressed by the equation

C =1.08 + 0.004 (¢ — 25) (12)

Besides calculating the formation constants of Ca?* complexes, we also
tried to calculate those of potassium and sodium complexes (present in
rather high concentrations in the solution with 7 = 0.31, 7= 0.25 and varia-
ble I). As regards Na™ complexes, the following have been found at ionic
strength zero (I — 0):

¢ log KN?
10 045
25 0.58
40 0.64

log KN* = 0.56 + 0.006(z — 25) (13)
1
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These values agree substantially with those found previously. For the proto-
nate complex [NaH(mal)}, at 7 — 0 and 10 <t < 40°C

log KN2= —-0.2+0.1

As regards potassium complexes, only the first constant may be calculated:
I=0.31,¢=25°C, and log KX =0.3 +0.2.

ANALYSIS OF LITERATURE DATA
Protonation constants of malonate and complexes with Na™

Analyzing all the most important literature data [8—42] about malonic
acid protonation at I — 0 and at different ionic strengths in the presence of
Na™* (taking into account 63 protonation constants), the following results
were obtained for the first step (at /= 0.25 mol dm~3 and 1= 25°C):
log K1 =5.342 + 0.012; olog KP}/0T=(3.0+0.9)x107% d%log KP/0T?
= (8.2 £2.5)x107% log KN* = 0.26 + 0.06; and dlog K2 /0T = (5.7 + 2.3)
X103

As regards dependence on ionic strength, parameters C and D were found
to be practically equal for log K and log KN*: D, = —0.40 + 0.05; C, =
1.12 + 0.08; and 90C, /97 = (3.4 + 1.3) X 1073,

Literature data concerning the second step of protonation are much less
accurate and it was only possible to deduce the dependence on T of the
constants at 1 — 0: log K =2.849 1+ 0.002; dlog K} /3T = (1.05 + 0.15) X
1074 and 3% log KX /372 = (6.9 + 1.4) X105

Complexes of Ca’™* with malonate

The different values of log K,“® reported in Table 1 show the following
mean values at ionic strength / ~ 0.1 mol dm~?: log K ~ 1.5; and at 7 — 0,
log K ~ 2.5.

While the former value agrees with that found in this work, the latter is
appreciably different (~ 0.3 logarithmic units). This is probably due to an
incorrect treatment of ionic strength dependence. In fact, by considering our
data, which are also confirmed by the findings for similar complexes
previously, we obtained for the complex [Ca(mal)]® at = 25°C, C=2.05
and D = —0.8. Introducing these values into eqn. (10) gives

log K (I=0)—log KF2(I=0.1)=0.7

Using Davies equation

(14)

log K® = log K *(1=0) —4.1( N i CI)

+VI
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Qmal

0.6

0.4

1
40 50 6.0 pPH —»

Fig. 2. Distribution of species in the system Ca?*-mal?~, at ¢ =25°C and /= 0.25 mol
dm™3, vs. pH. C, =1/3 Cc, =2 mmol dm™3. Curve 1, [H(mal)]~; Curve 2, [H,(mal)]°;
Curve 3, [Ca(Hmal)]*; Curve 4, [Ca(mal)]°.

For C=0.2 or 0.3
log K*(I=0)—1log K£(I=0.1)=0.86 — 0.90

(this depends on the use of either C =0.2 or C =0.3).

The average value of the temperature dependence for the formation
constants in Table 1 is (I =0, r =25°C)

dlog K2 /9T =(6.2+2.1) x 1073

DISCUSSION AND CONCLUSIONS

In Table 6 the values of formation constants for complexes Ca?*—mal?~

obtained under different conditions are summarized in the following equa-
tions

log KC* = 1.40(+0.03) — SA[ vI_ 025
1+BYI 1+ B/025

+[2.42 + 0.0060(t — 25)] (7 — 0.25) — 0.122(13/2 — 0.25%2)
+0.0058(7 — 25) + 1.8 X 10~ %(¢ — 25)° (15)
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TABLE 7

Thermodynamic parameters?® for the formation of [Ca(mal)]® and [Ca(Hmal)]* species, in
aqueous solution at 25°C

1 [Ca(mal)]® [Ca(Hmal)]*
AG AH AS ‘AG AH AS

0 2.95+0.05 2.4+0.6 1842 1.08 +0.06 -1.0+0.8 0+3
0.1 1.96 + 0.04 22405 1442 0.61+£0.05 —-09+0.7 -1+3
0.25 1.91 + 0.04 24105 1542 0.56 £0.05 -0.2+0.7 1+3
0.5 2.0310.04 2.8+0.5 1642 0.62+0.05 1.010.7 543
0.7 2.14+£0.05 33106 18+2 0.67 +£0.06 1.9+0.8 9+3
1 2.99 +0.07 3.9+0.8 21+3 0.74+0.08 33+1.2 1445

* AG and AH in keal mol™'; AS in cal mol™! deg ™.

Vi /o33
1+BYT 1+ By/0.25
+[1.07 + 0.012(¢ — 25)} (1 — 0.25) — 0.50( 1/ — 0.25%?)

—3.9x 107 *(t —25) + 3.0 X 107 3(¢ — 25)° (16)

log K£2=10.41(+0.04) — 44

In the same Table, the deviations (a) of the experimental values of log K2,
in comparison with those calculated from eqns. (15) and (16), are reported.
In both cases the mean deviation is +0.03. These rather low deviations
confirm the hypothesis that, considering all the ligand interactions with the
background, the dependence of the formation constants on ionic strength is
the same in the presence of different salts. In Table 7 the values of the
thermodynamic parameters at different ionic strengths are reported. As has
been noted previously for some alkali metal complexes with dicarboxylate
ligands, AH and AS follow the same behaviour as AG, reaching a minimum
at I ~0.2-0.3 mol dm~3,

In Fig. 2 the species distribution diagram vs. pH is reported. It is
interesting to note that the species [Ca(Hmal)]*, often neglected in previous
investigations (Table 1), reaches, in not too drastic concentration conditions,
a formation percentage of > 10% and it is, therefore, to be considered as a
correct speciation. Further, it has been calculated that, because of the error
in the constants, (4 0.03 for the neutral complex constant and + 0.04 for the
protonated complex), the error in the concentration is very low (at pH 6, %
[Ca(mal)]® = 49.4 + 1.3; at pH 3.5, % [Ca(Hmal)]* =11 + 1).
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