306 Jones and Stock: The Dissociation Constants in

52 The Dissociation Constants in Water of Some Bivalent
Metal Alkanedicarboxylates.

By R. H. Jongs and D. IRWIN STOCK.

A colorimetric method is described for determining the dissociation
constants of some bivalent metal alkanedicarboxylates in aqueous solution.
The method has been applied to the salts of copper (cupric), nickel, cobalt,
manganese, cadmium, magnesium, calcium, and barium with malonic,
succinic, glutaric, adipic, and «-methyl-, 8-methyl-, and Bp-dimethyl-glutaric
acids. The effects of the nature of the ligands on the dissociation constants
are discussed.

THE existence of ion association in aqueous solutions of bi-bivalent metal salts has long
been recognised,»2 and though electrometric or conductimetric methods are those most
generally used for its study it has previously been shown 2 that a colorimetric method has
a number of advantages. In this earlier work colour comparisons were made by means
of a simple visual comparator, and the pH values of the solutions could be determined to
an accuracy of 0-01 pH unit. In the present paper the range of salts examined has been
extended by making measurements on a number of salts of seven alkanedicarboxylic
acids, and the comparison technique refined by making use of a Unicam S.P. 600 spectro-
photometer in place of the visual comparator, whereby the accuracy has been increased
to an estimated uncertainty of 4-0-002, pH unit. In particular the effect on the stability
of the complex of substitution in the methylene chain, and of chain length, has been
investigated.

Ion Association in Alkanedicarboxylate Solutions.—The solutions were prepared by the
addition of a stock solution of the bivalent metal chloride to a dicarboxylic acid solution
approximately half-neutralised with sodium hydroxide. A standard volume of indicator
solution was added, and the whole made up to a standard volume with conductivity water.
The colours of these solutions were then matched against those of standard buffer solutions
containing the same concentration of indicator. These standards were prepared from
partly neutralised solutions of monobasic weak acids, the hydrogen-ion concentrations of
which could be calculated very accurately from known dissociation constants. It has
been shown 3 that equality of colour in two solutions containing sulphonephthalein
indicators such as Bromophenol Blue and Bromocresol Green, used in the present work,
will indicate identity not of pH but of the quantity pf,H* = —log,,f, [H*], where f,
signifies the activity coefficient of a bivalent ion, and [H*] the concentration of hydrogen
ions. The addition of a bivalent cation to a dicarboxylate buffer invariably increases the
hydrogen-ion concentration, owing primarily to the reaction M2+ 4 HA- = MA 4 H*.
The concentration of the associated species MA can then be calculated as follows. The
solution contains, besides indicator, the following species: Na*, Cl-, M2+, MA, A%~ HA",
H,A, H*, and OH~. The species MCI* and NaA~ can be discounted as the sodium alkane-
dicarboxylates and the metal chlorides are known to be highly dissociated at the con-
centrations used. There is also the possibility of there being some MOH* and MHA".
Of all these species, the concentrations of Na* and of Cl~ are known, while that of MHA",
though unknown, is certainly very unlikely to be large enough to affect the relative
concentrations of the other species. Calculations also show that the concentration of
MOH* is quite negligible, even in the most unfavourable case of copper. There now
remain six species whose concentrations must be determined. These can be evaluated
by successive approximations from the six simultaneous equations: (i) the experimentally
determined pf,(H*] value, (ii) the equation for electroneutrality, (iii) the known total

1 Davies, Trans. Faraday Soc., 1927, 23, 354.

2 Davies, Discuss. Faraday Soc., 1957, 24, 83.
3 Stock and Davies, J., 1949, 1371.
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acid-radical concentration, (iv) the known total concentration of bivalent metal, (v) and
(vi) the first and second dissociation constants of the dibasic acids. In this work, in order
to minimise errors in computing activity coefficients, the ionic strengths (I) of the test
solution and of the comparison buffer were made approximately equal by the addition of
potassium chloride to the latter. I was always in the range 0-035 4 0-006, so that
Davies’s activity equation 4 (viz. log f; = —0-5 z2{I}/(1 + I¥) — 0-2I}) was used to compute
activity coefficients, it having been shown # to be applicable up to ionic stengths of 0-05,
within the accuracy at which we were aiming.

The composition of each bivalent metal alkanedicarboxylate solution must satisfy the
equations:

K, = [HJHATL2MHA]fy ... ... (@) First and second
dissociation constants
K, = [H*]J[A%]f,/[HAT] .. ...... (b) of the acid

(the activity coefficients f; of the two univalent ions being taken as equal)

[H'] -} [Na'] 4 2[M2"] = [C1"] 4+ [HA"] + 2[A%7] ... (c) (electroneutrality)
[A%?7] 4 [HA™] + [H,A] + [MA] = total acid-radical concentration .. .. (d)
[M2+] -~ [MA] = total bivalent-metal concentration ....... (e)

The most convenient method of solving these equations is to estimate I from the stoicheio-
metric salt composition, and hence to obtain values for f; and f, by use of Davies’s equation.
From the composition of the comparison buffer the value of f,[H*] in the test solution is
known, and hence a first approximation for [H*]. Now, by eliminating [MA], [A%7], and
[HA-] between equations (a), (c), (d), and (e) it can easily be shown that

[H,A] = {2(total acid) — [Na*] — [H*J}/{*[H*]/(K, + 2/,*[H")),

giving a first value for [H,A]. The.concentrations of the species HA~, A?~, MA, and M2*
are then obtained successively from equations (a), (b), (d), and (e). [Na*] and [Cl~] being
known, a second approximation for I is obtained, and the whole calculation repeated to
constancy. Columns 4—14 in Table 1 show the final values for these variables. The
dissociation constant of the species MA is then calculated from the equation Ky, =
[2M2+][A%-]/f [MA], f, being taken as unity—a reasonable assumption in solutions of
ionic strengths as low as these.

These dissociation constants (expressed as pKya values) are given in column 15 in
Table 1. The first and the second dissociation constant of the acids used were those
determined in a previous paper,® except for the K, of Bp-dimethylglutaric acid, which is
too small to be obtained with the necessary accuracy by our method, and for which a
mean of previous values has been used. Columns 2 and 3 in Table 1 show the total
stoicheiometric concentrations of MCl, and of dicarboxylate radical respectively, these
being expressed in g. formula weights per litre, as are all the other concentrations.

EXPERIMENTAL

The procedure described above was applied to the salts of barium, calcium, magnesium,
cadmium, manganese (ous), cobalt, nickel, and copper (cupric), with the acids malonic, succinic,
glutaric, adipic, and «-methyl-, B-methyl-, and BB-dimethyl-glutaric. These acids, together
with the mandelic and benzoic acid used for preparing the standard buffer solutions, were
purified as previously described.> The metal chlorides were of ‘“ AnalaR *’ grade, used without

4 Davies, J., 1938, 2093.
5 Jones and Stock, J., 1960, 102.
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further purification. As some of these are hygroscopic a solution of approximately the required
concentration was made up and then analysed for either metal or chloride (or, in the case of
Mg, Co, and Ni, for both). The metal was determined volumetrically by complexometric
titration, EDTA being used followed by back titration with standard zinc solution (Eriochrome
Black indicator), and chloride gravimetrically as silver chloride. The values obtained by these
two methods agreed to within 0-1%,. The potassium chloride was also of “ AnalaR ”’ grade,
thrice recrystallised from conductivity water. The sodium hydroxide solution was prepared
as described in our previous paper *—which also includes a full account of the colour comparison
technique for the determination of the function pf,[H*].

DiscussioN

The available published data with which the present values can be compared are given
in Table 2, together with our own. The succinate figures quoted by Davies 2 are those

TABLE 2.

Dissociation constants of metal dicarboxylates (expressed as pKya).

Cust Nigzt Co?+ Mn2+ Cdz+ Mg?+ Ca2t Ba?+
Malonate ......... 5-80 3-89 377 3-29 3-18 2-86 2:35 1-85
(5-55)3 (4:00) (8-72)2 (3-29)3 (3:25)3 (2-85)* (2-49)2 (1-71)3
5-808 (2-80)1¢ (2-13)8
Succinate ......... 3-48 2:60 2-47 2-33 2:62 1-79
(8-40)2. 8 (2-39)%.¢ (2:43)%¢ (2:25)%¢ (2:82)%.¢ (2:05)%¢
(3-33)8
Glutarate ......... 3-:00
(3-16)8
Adipate ............ 3-:02
(3-38)8

The first figure quoted in each case refers to the present work.

of Stock,® and were calculated by a method which makes them not strictly comparable
with ours. We have found that in the case of the stronger salts (notably those of Mg2*,
Ca?*, and Ba?*) negative values for the concentration of the ion-pair MA, and hence for
its dissociation constant, were obtained. This is almost certainly due to the fact that
in these salts the concentration of the species MA is very small in any case, so that any
small errors in the values used for the individual ion activity coefficients (and consequently
in the concentrations of A%~, HA-, and H,A) will have an exaggerated effect on the
calculated value of [MA]. Stock ® found this for calcium and barium succinates, using
the then available value of K, for succinic acid. He therefore derived a new value for this
K, by the colorimetric comparison technique of Stock and Davies,® by matching a
benzoate buffer with a succinate buffer containing potassium chloride. Complete dissoci-
ation of potassium succinate, equality of pf,[H*] in the two solutions, and the K, of succinic
acid being assumed, K, was treated as the only unknown quantity. By this means
positive values were obtained for the dissociation constants of barium succinate and of
calcium succinate, with the concomitant result of making those of the other cations some-
what smaller. Having determined independent values for K, and K, in which we have
confidence, we now prefer the metal salt dissociation constants given in column 15 in the
Table, and merely conclude that those of the salts which are not reported are too high for
this method to yield absolute values. However, to illustrate the point this method has
been applied in the present work to the adipates of Mg, Ca, and Ba so as to show their
relative strengths (end of Table 1). Where comparison is possible it is seen that our
figures are in satisfactory agreement with those previously reported.

The present series of acids was chosen to show the effect, on the strengths of the salts,
both of chain-length and of substitution within the chain. We reported, in a preliminary

8 Stock, Thesis, London, 1946,
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communication,? that the value of K increases markedly with the number of methylene
groups between the carboxyl groups of the anions, until at succinic and adipic acids the
calculated Bjerrum a values are not inconsistent with the assumption of an almost
exclusively electrostatic character for the bond in the ion-pair. At the other extreme,
K for copper malonate is only about 1-6 x 107, so it is clear that no rigid distinction
between purely electrostatic ion-pairs and chelate-type complexes can be maintained, at
least in the present series. Our results also confirm the tendency, noted by Peacock and
James,? that adipates tend to be slightly weaker than the corresponding glutarates.

That these results can be ascribed mainly to steric factors is borne out by the measure-
ments of ion-association in the normal and the substituted glutarates. Gane and
Ingold %10 determined the first and second dissociation constants of a number of acids in
the series HO,C:[CH,],"CO,H, and, from the values of K,/K,, calculated the intercarboxyl
distance “7”’. They concluded that the most appropriate model for the normal acids
was a plane zig-zag, the distance 7 increasing as # increases. Substitution in the methylene
chain led to a reduction in the value for » from that of the unsubstituted acid, and it was
suggested that the molecule assumed a coiled configuration. Since the size of the ions is
one of the factors affecting the stability of an ion-pair, the results obtained in the present
work agree with the above. If the effect of substitution in the methylene chain is to
bend it, then it is reasonable to assume that the effective radius of the ion is thereby
reduced. This should lead to an enhanced stability of the ion-pair. The closer proximity
of the carboxyl groups would also facilitate the formation of a covalent bond between the
two ions, this again leading to greater stability. Thus the a- and B-methylglutarates are
weaker than the corresponding normal glutarates. The introduction of a second
substituent in the methylene chain has been shown to cause a further coiling of the
molecule, and an ion-pair formed with this anion should have greater stability than one
involving a monosubstituted anion; thus the Bg-dimethylglutarates are more stable than
the «- and B-methylglutarates.

The study, by several workers,11:1213,14 of the stability order for the complexes of a
number of bivalent metal ions with various ligands has led, in the case of the first transition
group of metals, to the well-known “‘ Irving—Williams "’ order of stabilities, Zn < Cu >
Ni > Co > Fe > Mn, which has been found to hold almost invariably for all metal
chelates. The stabilities of the transition-metal complexes have been correlated with
the cationic radii and the second ionisation potential, which is taken as a measure of the
electron affinity of the cation.!® The radii of the cations decrease slightly from manganese
to copper, which is the order of increasing stability. The second ionisation potential
increases from manganese to copper. If the sequence is extended by including other
bivalent metals, the order of decreasing ionic radii will not necessarily be that of increasing
stability. This is seen when the alkaline-earth metal complexes are considered. Although
the radius of the magnesium ion is smaller than that of any of the transition metals, the
stabilities of its complexes are much lower.

The stability of a complex depends mainly on two factors: (i) the hydration energy of
the cation, and (ii) the energy of interaction of the ions. In most of the ion-pairs that
have been studied in the present work it is apparent that the hydration energy plays a
relatively insignificant part. When the order of stabilities follows that of the ionic radii,
the interaction energy is the dominant factor. Deviations from this order can be

7 Jones and Stock, Discuss. Faraday Soc., 1957, 24, 114.
8 Peacock and James, J., 1951, 2233.

9 Gane and Ingold, J., 1928, 1594.

10 Gane and Ingold, J., 1931, 2153.

11 Mellor and Maley, Nature, 1947, 159, 370.

2 Monk, Trans. Favaday Soc., 1951, 47, 297.

13 Trving and Williams, J., 1953, 3192.

1% Topp and Davies, J., 1940, 89.

13 Walsh, Proc. Roy. Soc., 1951, 4, 207, 13.
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attributed to the increasing contribution of the hydration energy. The anomalous
position of magnesium in the series is due to its higher degree of hydration. The * Irving-
Williams ” order of stabilities holds for most of the ligands used, deviations beginning to
appear as the number of carbon atoms in the acid increases. The inclusion of a metal not
of the transition family causes disruption of the sequence, as expected. Cadmium changes
its position in the sequence as the ligand varies. Although the radius of the cadmium
ion is greater than that of the nickel ion, its ionisation potential is approximately the
same, so that it is not unexpected to find the relative positions of these two cations varying
with the ligand.

Irving and Williams based their order of stabilities on a study of the data for com-
pounds which were chelate in character. The fact that the stabilities found in the present
work are in the same order seems to indicate that chelation forces predominate in the
salts studied. This is also borne out by a study of Bjerrum’s a parameters calculated
from the dissociation constants, which shows that Bjerrum’s assumption of coulombic
forces only between the ions is untenable in these instances. Data were not obtained for
alkaline-earth metal salts other than the malonates. The stabilities of these salts are in
the order of the bare cationic radii, again indicating that the forces are largely chelate in
character. This is in striking contrast to the order for the corresponding thiosulphates,!8
where the forces are predominantly electrostatic. The values (end of Table 1) for the
adipates (an arbitrary K, being used for the acid) are probably incorrect in an absolute
sense (vide supra), but it is interesting to note that the same order of stability still holds
(Mg > Ca > Ba). In all the cases studied copper forms the most stable ion-pair. This
has been correlated with its ability to use the dsp? orbitals, although some doubt has been
cast on the validity of this assumption.1®

The present work appears to afford confirmation of Irving and Williams’s thesis that
the “ natural ” order of the stability of complexes is Zn << Cu > Ni > Co > Fe > Mn,
irrespective of the nature of the ligand, provided that the ligand is co-ordinated to the
cation (chelation), and it is noteworthy that this order is maintained exactly with the
malonates, where the dissociation constants are all very small. As the number of carbon
atoms in the ligand increases so does the dissociation constant, and at the same time the
Irving-Williams order is less exactly maintained. Cobalt in particular appears to yield
anomalously ““ strong ”’ salts if C > 5, even with the substituted glutaric acids, a fact
which again supports the conclusion that in these cases the steric factor is relatively
unimportant in comparison with the electrostatic factor.
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