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ABSTRACT

The formation constants for the complexes Mg?* -, Ca?* —, Sr?* - and Ba’* - succinate
(succ®™) have been determined by potentiometric measurements, in aqueous solution, at
different temperatures and ionic strengths. The species [M(succ)]® and [M(succ)H]* were
found for all systems. For the stability constant the ionic strength dependence has been
found, and general parameters for the relation log 8 = f(/) have been obtained. From the
temperature dependence of stability constants A H values have been deduced. The procedure
adopted in calculating all the thermodynamic parameters for the systems under study, where
weak complexes are formed, is discussed. The stability of the complexes follows the order
Mg < Ca > Sr = Ba. :

INTRODUCTION

The literature data [1-10] concerning the complexes of succinate (succ?™)
with bivalent cations such as magnesium, calcium, strontium and barium
(M?%) are very few; in particular, the dependence of the stability constants
on the temperature and ionic strength has not been studied.

By considering the remarkable role and interest that many carboxylic
acids and related complexes play in natural fluids, we believed it very
important to define the correct speciation of these systems in a wide range of
I, T conditions.

Therefore, this paper reports a potentiometric study on the complexes of
succinic acid with magnesium, calcium, strontium and barium cations at
various temperatures (¢ = 15, 25, 37 and 45°C) and ionic strengths (7 = 0.06,
0.15, 0.45 and 1.0 mol 17') in order to calculate: (a) the protonation
constants of succinate ion; (b) the complex formation constants between
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TABLE 1

Some experimental conditions and protonation constants 4

Run 1(°C) M C%° logK logk} If logkHe logKI'® Potentiometric
, equipment "
1-1 15 Mg 199 5.169(7) 4.013(4) 0.065 5.335(6) 4.079(5) b
2-2 49.8 5.061(6) 3.952(3) 0.14 5.278(5) 4.061(4) b
3-3 149 4.914(5) 3.862(3) 0.40 5.292(5) 4.108(4) b
4-4 330 4.808(4) 3.795(3) 0.88 5.430(5) 4.266(4) b
5 Ca 199 5.138(9) 3.998(5) 0.065 b
6 50.5 5.029(5) 3.940(3) 0.14 b
7 150  4.878(5) 3.840(3) 04 b
8 330  4.771(5) 3.767(3) 0.88 b
9 Sr 19.2 5.200(6) 4.024(3) 0.065 b
10 50.6 5.079(5) 3.955(3) 0.14 b
11 150 4.941(4) 3.867(3) 04 b
12 330 4.861(5) 3.805(3) 0.88 b
13 Ba 20.4 5.190(6) 4.017(3) 0.065 b
14 494 5.083(5) 3.952(3) 0.14 b
15 150  4.952(4) 3.862(3) 0.4 b
16 330 4.879(4) 3.806(3) 0.88 b
Mg 199
Ca 199
17 Sr 19.2 4.996(5) 3.908(3) 0.22 b
Ba 204
Mg 83
Ca 826 '
18 Sr 83.7 4.833(5) 3.797(3) 0.88 b
Ba 834
19-19 25 Mg 199 5.201(3) 4.006(2) 0.065 5.333(5) 4.0593) ¢
20-20’ 49.7 5.073(5) 3.940(3) 0.14 5271(4) 4.041(3) c
21-27 149 4.887(5) 3.829(3) 0.4 5.274(4) 4.081(3) ¢
22-22 329.5 4.811(5) 3.768(3) 0.88 5.395(4) 4.245(3) ¢
23 Sr 19.1 5.214(4) 4.010(3) 0.065 c
24 50.5 5.090(3) 3.939(2) 0.14 c
25 150 4.965(4) 3.857(3) 04 c
26 329  4.853(3) 3.782(2) 0.88 c
27 Ba  20.4 5.209(5) 4.001(3) 0.065 c
28 493 5.090(4) 3.937(3) 0.14 c
29 149.5 4.946(4) 3.840(2) 0.4 c
30 329.5 4.854(3) 3.777(2) 0.88 c

9 In all the experiments C

succ

e

= CHcy =5 mmol 17! (initial analytical concentrations).
Initial analytical concentration of M?* in mmol 171,
Mean ionic strength (during the titration) in mol 171,
& Protonation constants determined in presence of tetracthylammonium iodide at the same

temperature and ionic strength as the solutions containing M2* (Cge,n =3 Cp)

See Experimental section.
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Run 1(°C) M CL° logkl logkl If log KM18 log KJ'® Potentiometric
M g Ky g R g
equipment "

25 Mg 19.9

21 Ca 19'8 S N5 1MWy NI o~
ot Sr 192 UV TETRE el -
Ba 204
Mg 828
Ca 824
32 Sr 83.6 4.825(5) 3.775(3) 0.88 c
Ba 833
33-33" 37 Mg 148 4.835(12) 3.803(6) 0.4 5279(6) 4.075(4) a
34 Ca 149 4.813(5) 3.7793) 04 a
35 Sr 149 4.900(6) 3.814(3) 04 a
36 Ba 149 4.894(5) 3.808(3) 04 a
37-37" 45 Mg 19.7 5.148(12) 3.970(7) 0.065 5.360(6) 4.043(5) b
38-3%° 493 4.996(5) 3.890(3) 0.14 5295(6) 40274 b
39-39’ 148  4.830(12) 3.776(6) 0.4  5.278(6) 4.069(4) b
40-40" 327  4.724(8) 3.796(5) 0.88 5.363(6) 4.227(4) b
41 Ca 197 5.131(8) 3.955(4) 0.065 b
42 50.0 4.996(3) 3.888(2) 0.14 b
43 148.5 4.779(5) 3.760(3) 0.4 b
44 327  4.666(5) 3.670(3) 0.88 b
45 Sr 19.0 5.2194) 3.989(3) 0.065 c
46 50.1 5.037(4) 3.893(3) 0.14 c
47 149  4.962(6) 3.832(4) 0.4 c
48 327 4.815(7) 3.740(4) 0.88 c
49 Ba 203 5.227(5) 3.978(3) 0.065 c
50 48.9 5.059(6) 3.897(3) 0.14 c
51 148.5 4.942(4) 3.810(3) 0.4 c
52 327 4.825(4) 3.744(2) 0.88 c
Mg 19.7
Ca 197
53 Sr 190 4.988(3) 3.863(2) 0.22 c
Ba 203
Mg 822
Ca 819
54 Sr 83.0 4.77¢6) 3.719%4) 0.88 C
Ba 82.7

& Protonation constants determined in presence of tetraethylammonium iodide at the same
temperature and ionic strength as the solutions containing M?* (Cryn=3Cn)
b See Experimental section.
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succ?’” (and Hsucc™) and M?* cations; (c) the dependence of these parame-
ters on temperature and ionic strength.

EXPERIMENTAL
Materials

Succinic acid (H,succ, Fluka puriss. p.a.) was used without further
purification; the purity was tested by alkalimetric titrations and was found
to be > 99.5%. Magnesium, calcium, strontium and barium chlorides (Fluka
purum p.a.) were standardized by EDTA titrations [11]. HCl and NaOH
solutions were prepared by diluting concentrated ampoules (BDH); NaOH
was also standardized against potassium biphthalate (Fluka puriss. p.a.).
Tetraethylammonium iodide (Et,NI, Fluka puriss.) was recrystallized from
methanol. All solutions were preserved from atmospheric CO, by utilizing
soda lime traps. Grade A glassware and twice-distilled water were employed
for all the solutions.

Apparatus

In order to measure the free concentration of the hydrogen ion, cy, three
different potentiometric systems were employed: (a) Orion potentiometer
(model 801 A); (b) Metrohm potentiometer (model E 600); (¢) semi-auto-
matic home-made potentiometer built with Analog Devices millivoltmeter,
Printel printer and Mostek logic circuits in order to add a preordinate
volume of titrant and to print the corresponding value of potential. The use
of different equipment ensured the avoidance of systematic errors. The
potentiometers were coupled with glass-saturated calomel electrodes sup-
plied by Metrohm. In all cases, the instrumental resolution was +0.1 mV.
The titrant solution of NaOH was always delivered by an Amel dispenser
(model 882; minimum reading 0.001 cm’). The electrode couples were
systematically calibrated in —log ¢,y units (pH) by titrating hydrochloric
acid (5 mmol 17') added to any solution of M?* —~H,succ under study [10].
In the calculations, the pK, values of ref. 17 were used.

Procedure

A 30 cm’ sample of the solution under study was thermostated at
t +0.2°C and a stream of purified N, was allowed to flow through the
solution in order to exclude CO, and O,. Magnetic stirring was employed.
The solution was then titrated with standard 0.1 mol 17! NaOH up to ~ 90%
of the neutralization. Some experimental details are reported in Table 1. No
substantial differences were noted in response between the different equip-
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ment. The statistical parameters R-factor [12], standard deviation and mean
deviation in the titrant volume, ¢, and ¢, were as follows:

t(°C) Equipment R(%) &, (10% em®) €, (10% cm®)
15 (b) 0.073 0.0027 0.0021
25 © 0.055 0.0021 0.0015
37 (a) 0.091 0.0037 0.0026
45 (b) 0.088 0.0029 0.0024
45 © 0.075 0.0028 0.0022

CALCULATIONS AND RESULTS

The calculations were performed in two steps. (The data for the
Ca?* —succinate system at 25°C previously reported [10] were also taken
into account.) (1) Using the computer program ESAB [13], the succinate
protonation constants were calculated without allowing for M2*-complex
formation. The protonation constants of Et,N* solution are markedly
higher than those obtained from M?* solutions, and this indicates complexa-
tion. In Table 1 the results of these calculations are reported. (2) The
protonation constants in Et,NI and the “conditional” protonation constants
in M?* chlorides were used together in minimizing the following function in
order to determine the formation constants, 8,,

— — 2
U=Z(Pexp—Pcalcd) (1)
where p = average number of protons bound to the ligand, and
qBs €Y
— Z 0q"H (2)

Pexp = ’
P 1+ Z,Boqc‘}’{

where ¢ = free concentration, f3; = protonation constant calculated without
allowing for M?* complex formation = K ., and

> 9B, chuch
1+) B, cich

where B,, = ¢im 1u, )M <% Bog = K. The ¢,; values in eqns. (2) and (3) can
be chosen arbitrar"iy, taking into account the characteristics of the titration
curve, We found that for a diprotic acid that can form [ML} and [MHL]
complexes the values ¢, = 1/84,, ¢y = Bs/Bi, and ¢y = (B4,)'/? are suffi-
cient. In this manner the amount of experimental data reduces to 3M
(M = number of titrations), instead of N X M (N = number of potentiomet-
ric readings for each titration). This procedure corresponds, as a first
approximation, to a preliminary smoothing of the data (calculation of S,)
and a subsequent calculation of the system parameters using a few signifi-
cant smoothed values.

(3)

P caled
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As described in previous works [14-17] the dependence of formation
constants on temperature and ionic strength was determined using the
following equations

_ d log B _ 1/3log B a2
log = log f, + 25 | (1-0)+3(Z=2E) (1-0) (4)
Vi Vi
log B, =1log B, — z* — — |+ C(I-1I’
! ! 2431 2431 )
+D(1¥V* - 177?) (5)

where I’ and @ are the reference ionic strength and temperature, respectively;
C and D are empirical parameters.

All calculations were performed by the least-squares computer program
ES2WC [18]. For all systems under study, we found the species [M(succ)]®
and [M(Hsucc)]*; the species [M,(succ)]®*, already proposed for similar
systems, proved not to be present; species with a ratio (succinate)/(metal
ion) > 1 were not present in our experimental conditions, with the Cy/C,
ratio consistently being much greater than 1.

In Table 2 the thermodynamic parameters for the formation of
succinate—alkaline-earth complexes are reported, at several temperatures and
ionic strengths.

ucc

DISCUSSION AND CONCLUSIONS

The results reported in Table 2 were obtained by assuming that all
formation constants of the species in the system have the same dependence
on ionic strength according to the equation

log 8,,(1)=1log B, (I")— 2y G(1,I")+L{I,I") (6)
where
VI »’7

2+ 3 2431

G(I1.1)=

sxo=prh+ 2l q—(pzy+z+q)

L(1. 1) =(pleo+ ez, ) (I = I") +dz} (12— 177?) (7)
p’ = (No. of reactants) — (No. of products)

In this work we found

¢y =0.22

¢, =0.18-0.0018 (¢ — 25) (8)
d= —0.08 +0.0013 (r — 25)
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Is this procedure correct? Let us examine some calculation results. (a) By
analyzing simultaneously all the experimental data (including solutions
containing mixtures of metal ions), the standard deviation in p is o(p) =
0.0093 and the mean deviation e¢( p) = 0.0056. The values of these statistical
parameters obtained in refining simple systems without ionic strength and
background variations are rarely lower than the above values. (b) The
comparison between primary experimental data and calculated values (pH,,,
and pH_,,,), if the procedure followed is not valid, should show significant
and systematic deviations in particular when considering extreme cases
(experimental conditions far from the mean). Therefore, we calculated for
each titration curve the pH values using the formation constants obtained by
the general equation (6) with the general parameters (8). The analysis of
variance applied to the residuals, §pH, showed no significant differences
among the titration curves. Table 3 reports these examples, regarding ex-
treme conditions: (1) M =Mg, t=15°C, I =0.065 mol I™'; (2) M= Mg+
Ca+Sr+Ba, t=25°C, I=0.88 mol 1™'; (3) M=Ba, t=45°C, I=0.88
mol 17!, As can be seen, the fit is very good and we can assert that for low
molecular ligands, in the range 0 <7< 1 mol 17!, the procedure followed
here is correct.

Furthermore, a methodological consideration must be added: once we had
defined the possibility of using the same equations for the ionic strength
dependence of all the formation constants and of using the simple second-
order Taylor expansion for the dependence on temperature, with a relatively

10—

a &5 6 pH 7
Fig. 1. Distribution of the species in the system H*, Mg2*, Ca®*, Sr?*, Ba?* —succ?™ vs.
pH, at 25°C and / = 0.87 mol 171, G, = 7.43; Cpy, = 82.8; Ce, = 82.4; Cg, = 83.6; Cy, 83.3

SuCC

mmol 171, The percentages are calculated with respect to the ligand.
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low number of alkalimetric titrations (i.e., 63), we were able to define the
stability characteristics of a 1 ligand—4 metal ions system in different
temperature and ionic strength conditions. Finally, the calculation method
used (eqns. 1-3), can be considered an exact method since no approxima-
tions “vere made in deriving the relationships.

In Fig. 1 the distribution of the species in a system containing the
succinate and Mg?*, Ca?*, Sr?* and Ba*", vs. pH is reported.

The stability of the succinate-alkaline-earth metal complexes follows the
order Mg < Ca > Sr ~ Ba. This order is the same shown by some hydroxy-
carboxylic acids and polycarboxylic ligands. As regards AH and AS values,
more systems have to be investigated in order to ascertain their structural
significance.

The dependence on ionic strength of the thermodynamic parameters
follows the same trend as some systems previously investigated [14-17, 19].
The comparison of the values assumed by the linear term in eqn. (7), using
the general parameters (8) calculated in this work, or the parameters calcu-
lated previously [14-17], shows a very good agreement. Tentatively, the
dependence on ionic strength of AH values can also be drawn from eqns.
(6)—(8)

AH(I)=AH(I')+1In 10RT107¢[1.8(1 — I') = 1.3(1*2 — 1"*/?)]
(calmol"' K1) 9)

Equation (9) must be used with care, because the dc¢, /3T and 34,/97T terms
are affected by a large error. Nevertheless, the trend shown by eqn. (9) is the
same as that already found [20,21], and this confirms once again the validity
of the proposed procedure.
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