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The stability constant, KML’ of a first (1:1) metal-ligand complex,
ML, can be related to the stability constant of the corresponding pro-
ton-ligand complex, HL, and to the partial molar free energies of the
various species in solution. The relationship, (6), which is applicable
both in water and in mixed aqueous-organic solvents, forms a basis
for discussing the linear relationships which have been observed be-
tween the following terms: i
(i) log Ky;; and log Ky, for complexes of one metal ion with a series
of ligands, (8).

(ii) log KYL and log K, , for complexes of two metal ions, Y and Z,
with a series of ligande, (12).

(iii) log Ky and log Ky, for complexes of two ligands, P and Q,
with a series of metal ions (13).

The relationships are illustrated using a wide variety of experimental
data. Special reference is made to the disturbing effects of steric
hindrance, and of differences in the co-ordinating power of the donor
atoms in a chelating ligand. The variation of log Ky; and log Ky,
with the organic content of a mixed solvent is also discussed.

The approach may be of use in analytical chemistry for predicting
approximate values of stability constants, and for choosing suitable
organic reagents for metal ions.

Ma.ny complexes, MLY ™™ derived from a metal ion, M**, and an organic
reagent H;L, are of analytical importance. Any discussion of problems of
theoretical analytical chemistry, such as the sensitivity or specificity of spot-
tests, must take into account both the specific properties of the complex

MLE™™F (e.g. its absorption spectrum, solubility in water and in organic
solvents, etc.) and the position of equilibrium in the reaction

MYt 4+ HL=MLE™ 4+ HT (1)
by which it is produced 1,2.
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STABILITIES OF METAL COMPLEXES 73

In this connection it is desirable to know how the equilibrium constant of
equation (1) is affected by changes in the metal M, e. g. by co-ordination of
groups other than L, or by replacing M by a different metal. Can such changes
be correlated with independently measurable parameters such as ionisation
potential, ionic radius, electronic structure or electronegativity, and could
they be predicted theoretically? It is also of interest to know how the equi-
librium constant is affected when, for the same metal M, changes are made
in the structure of the ligand L, and whether these effects can be correlated
with concomitant changes in the acid dissociation constants of the reagent
H;L and in the stereochemistry of the complex system. Finally, it is important
to consider the effects on equilibrium in each of these cases when an aqueous-
organic mixed solvent replaces water as the reaction medium.

In the last ten years, many stability constants of complexes formed between
metal ions and organic ligands have been measured, and numerous qualitative
and semi-quantitative relationships between the stability of the complex and
of the properties of the metal ion and of the ligand have been dis-
cussed (e. g. %12). A number of authors have, for example, reported empirical
relationships between dissociation constants of reagents, and the stability
constants of complexes formed by the same metal ion with various ligands 3,15-19,
These relationships are by no means generally valid, but are usually only
applicable to very limited series of closely related ligands. This paper indicates
under what conditions relationships of this type are to be expected from con-
siderations of the free energy changes which occur on complex formation, and
suggests other types of relationships that may also exist. These conclusions
have been tested on stability constants of metal oxinates and similar com-
plexes (published elsewhere 1?) and on data in the literature; in favourable
cases the relationships may be used to predict stability constants of complexes
which have not yet been studied experimentally.

GENERAL CONSIDERATIONS

Limiting the discussion in the first instance to the first (1:1) metal-ligand
and proton-ligand complexes, ML and HL respectively, the equilibrium con-
stant for reaction (1) can be written in the form

K = [ML][H]/[M][HL] = “Kq, [ “Km, )

where the stoichiometric stability constants are defined by Ky, = [ML]/
[M][L] and °Kg;, = [HL}/[L][H] and charges are omitted, here and else-
where, for generality. If °K,; and °K,, are expressed in litres/mole, and if,

for each species, S, the partial molar free energy is denoted @3, and the activity
coefficient referred to the hypothetical one molar standard state is designated
Ys, the following relationship is exact

1 _ _ ~ —

Many organic reagents and their metal complexes are very sparingly soluble
in water, and stability constants have often been measured in mixed aqueous-
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74 IRVING AND ROSSOTTI

organic solvents. Equation (3), which refers only to aqueous solution, must
therefore be extended. Using heavy (Clarendon) type to denote factors which
refer to a mixed aqueous-organic solvent, the exact equation corresponding
to (3) is

c 1 7 0 0 ral) a
In Km =In CKHL + ﬁ? (GM_EML: GH + G?n,) + In (vmy}u, /ymyu) (33‘)

G2 and G are related by the expression
— G% = Qepransiery = BT In Ys(0) (4)

where Q3. 18 the partial molar free energy of transfer of the solute species,

S, at infinite dilution, from water to the binary mixed solvent, and ys, is the
activity coefficient of the species 8, at infinite dilution in the mixed solvent,
referred to infinite dilution in water; thus log ys) represents the ’’primary
medium effect” defined by Owen 20, cf.zl. The relationship'

ag(lnms)‘w) = nXtS (5)

where ny is the molar fraction of the organic component of the mixed solvent,
and #s is a constant for each combination of solute species and organic solvent,
has been shown to hold for a number of solutes in water-methanol and water-
ethanol mixtures 2-24, If equation (5) is valid for each species in solution,
the stoichiometric stability constants °Kyg, and Ky, measured in a mixed
solvent will be related by the following equatlon

In Ky, = In Ky, + (05— 6, — 0 + Gz, + Pocllu— g + b))
+In (MY, [ DaYe) (6)

Since the activity coefficients yg are referred to infinite dilution in a particular
mixed solvent, the term (log ys—log ys) represents Owen'’s ’secondary medium
effect’ 20 cf. o,

When the solvent is pure water, ny = 0, “Kuy, = Ky, ‘Kuy, = K,
ys = ys and equation (6) reduces to (3). For thermodynamic stability constants
TKuy, and TKyy, measured in water, the equation may be further simplified to

|
In™Kyg, = In"Ke, + 5 (G — Gh,— G + G) (7)

which was given previously by Duncan . B

Since Gx = 0, by definition, and Y_alues (lf G are tabulated 26, equation
(7) may be used to calculate values of (Gen, — Ghn,), which will be related to the
properties of the metal ion and the ligand. For example, the value of Gan,
would be decreased by an increase in the ionisation potential of the metal and,
unless steric factors are involved, by a decrease in the radius of the metal ion.
It would also depend on the co-ordination number and stereochemistry of the
metal ion, and the possibility of favourable hybridisation changes accompany-
ing complex formation. Both Gy, and Gy, would be influenced by the number
and nature of the donor atoms in the ligand, by the effective charge on them,
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STABILITIES OF METAL COMPLEXES 78

by the size and stereochemistry of the ligand molecule and by changes in
entropy and resonance energy accompanying the combination of the ligand
with a metal ion or a proton.

As values of TKyy, and TKyy, have only been measured for a few systems,
equation (7) must usually be replaced by the more general equation (6). This
equation forms a useful basis for discussing the empirical relationships which
have been observed among the stabilities of metal complexes. Four types of
relationship are discussed below.

Type I. The relationship between the stabilities of
metal-ligand, and proton-ligand complexes

Many authors3 1519 have reported approximately linear relationships
between log°Ky;, and log°Ky, for complexes formed by a given metal ion
with a series of closely related ligands. The conditions necessary for a relation-
ship of this type may be deduced from equation (6). By rearrangement

' hchML=h1cKKL+A+B (8)
where
A = o (G, T G+ (g, b)) 0 g+ 10 3
1 (=0 =
and B = BT {GM—G;{ =+ "’x(tu_'tn)} —In Vu +In Vu

The term B is independent of the nature of the ligand, and is constant for all
complexes of a given metal ion, provided that the composition of the solvent,
and the ionic strength, are kept constant. Thus, if a plot of In°K,g, against
In°Kyy, is found to be a straight line of unit slope, the term 4 must be constant,
(or perhaps negligible compared with the term In°Kygy,). Similarly, if a straight
line of non-unit slope is obtained, the term A must itself be a linear function
of In°Ks,. For dilute solutions in pure water (ny = 0), and the value of 4 will

be determined largely by the difference in magnitude of Gyg, and Giy; it is
unlikely to be negligible in comparison with In°Kyy,, but may possibly vary
with change in HL in some comparatively simple manner (cf. p. 76).

As would be expected, these conditions only hold for series of reagents of
very similar structure. For example, a replot of Calvin and Wilson’s data for
copper complexes of some derivatives of salicylaldehyde 1® (not reproduced)
shows that the relationship

’

log Ky, = a log “Kgy, + b (a and b constants) 9)

is approximately applicable only in cases where complex formation would lead
to similar changes in resonance energy for each ligand in the series. For these
complexes, @ = 1 and the straight lines are of unit slope. The relationship
(9, @ = 1) is also approximately valid for the iron(III) complexes of some
phenol derivatives 27. As the substituents in the ligands were either o- or p-
to the hydroxyl group, there was no steric hindrance to complex formation
among these reagents. The effect of a substituent adjacent to a donor atom in
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76 IRVING AND ROSSOTTI

the ligand is shown in Fig. la, in which log°Kyg, is plotted against log *Kgy,
for magnesium complexes of some derivatives of 8-hydroxyquinoline
(oxine” T)1®,

?’I
S : VA VAN
0 X
AN
(\ /’ / N/ \|/ N
OH OH
: (IT) (I11)

There are two types of deviation from the best straight line of unit slope. (i)
Major deviations, where log “Kyy, is always smaller than predicted. These are
invariably associated with reagents having substituents adjacent to the chel-
ating nitrogen atom, and the stabilities of the metal complexes are clearly de-
creased by steric hindrance. (ii) Minor deviations, in which log “Kyg, may be
either smaller or larger than predicted from the value of log “Kgy,. Since each
ligand has two donor atoms of differing character, viz. oxygen and nitrogen,
the magnitude of log °Kyy, (which refers only to the dissociation of the O—H
group) is not the only factor which influences log °Kyy,. The observed minor
deviations may well be due to differences in the co-ordinating power of the
nitrogen atoms in the various ligands (cf.?219,%8),

Plots of log Ky, against log “Kmy, for several other series of complexes are
straight lines of non-unit slope, indicating that the term 4 is an approximately
linear function of log ‘Kyy,. Data for the copper(II) complexes of some oxine
derivatives 1° are plotted in Fig. 1b, together with the best straight line, which
is of slope 2.2. Large deviations from the line are again observed for reagents
with substituents adjacent to the chelating nitrogen atom. A similar linear
plot®®, of slope 1.3, was obtained for complexes of the uranyl ion, UO2*. The
importance of steric factors is further emphasised by the fact that plots of
log “Kyq, against log *Kgy,, obtained by Van Uitert ef al. 17,30 for complexes of
1,3-diketones with nickel(IT) and cerium (III) in 74.59, v/v aqueous dioxan,
gave three parallel lines, one for diketones with two terminal aromatic groups,
a second for diketones with a single terminal methyl group, and the third for
diketones with two terminal methyl groups. The complexes of copper(IT)
and barium behaved similarly; the slopes were always less than unity, and fell
in the order Cu(II)) Ni(II)) Ba. The introduction of one or more terminal
—CF, groups had a marked effect in depressing the stability of the copper
complexes, somewhat less on the nickel complexes, and very little on the barium
complexes. Plots of log °Kyg, against log °Kyy, for complexes of the silver(I)
ion with ammonia and its derivatives also fall on three parallel lines 18, one

. for primary (and tertiary heterocyclic) amines and the others for secondary
and tertiary aliphatic (or aromatic) amines. An explanation in terms of
differences in the degree of hydration of free and co-ordinated amines has
been suggested by Trotman-Dickenson 3; attention has also been drawn to
the possibility of steric hindrance 1.
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Fig. 1. Log°Kwmi, as a function of log°Kwu1, for complexes of oxine derivatives 1 in 60 %Y, v/v

diozan (0.3 M sodium perchlorate ) at 20° C. Open points refer to reagents with a

substituent adjacent to the chelating nitrogen atom: (1) 2-Methyl-oxine (2) 1,2,3,4-Tetra-

hydro-10-hydroxyacridine  (3) 8-Hydroxy-2,4-dimethylquinazoline (4) 8-Hydrowy-4-

methyl-2-phenylquinazoline. Full points refer to other reagents: (5) Oxine (6) 5-Methyl-

oxine (7) 6-Methyl-oxine (8) 8-Hydroxycinnoline (9) 8-Hydroxy-4-methylcinnoline
(10 ) 8-Hydroxyquinazoline (11) &-Hydroxyquinoxaline.

Data for the complexes of magnesium, calcium, strontium, barium and
zinc with some aminopolycarboxylic acids indicate that linear plots are only
obtained for series of complexes in which the number of rings, and the size
of each ring is the same 8,32; and different lines are obtained for complexes
containing purely aliphatic chelate rings, and those in which a benzenoid
system is fused to one of the chelate rings, cf.3. For complexes of substituted
- iminodiacetic acids X—CH,—N (CH2000H)2 (X = CO0,, SO,, PO%") the
slope of each plot is a linear function of the second ionisation potentlal 1,
of the appropriate metal18. Thus, in this series of complexes.°Kyg, and Km,
are related by the equation

In Ky, =In Key, (c +dI) + e+ B (10)

where ¢, d and e are constants.

It is not difficult to see why the simple relationship (9) is so seldom exactly
followed. With monodentate ligands, differences between the size and de-
formability of the (solvated) proton and the (solvated) metal ion will lead to
steric effects (cf. the F-strain discussed by Brown and co-workers 23). Superim-
posed steric effects can arise when the spatial geometry of the free ligand is
sufficiently modified by co-ordination to the metal (cf. Brown’s B-strain 33).
With chelating ligands such as the glycinate ion (L = NH,CH,COO~), the
H—L bond is essentially one between hydrogen and nitrogen, giving the
zwitterion *NH;CH,COO™, while in its metal complexes both metal-nitrogen
and metal-oxygen bonds are involved. Similar arguments apply to ligands
incorporating this basic skeleton within a hetrocyclic structure, e. g. 8-hydr-
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oxyquinoline, 8-hydroxycinnoline (II, R = H), and 8-hydroxyquinazoline
(III, R = R’ = H). Structural changes in L will change the strength of both
metal-oxygen and metal-nitrogen bonds, but not necessarily to the same
extent, or even in the same direction %!°. The greatest deviations from equa-
tion (9) will be expected with the metals which show the greatest tendency to
form strong bonds, and which exhibit the greatest difference in the relative
strength of their bonds to different donor atoms.

Type II.L. The relationship between the stabilities
of complexes of two metal ions with a series
of related ligands

The relationship between metal-ligand, and proton-ligand, complexes of
a single metal has been discussed in the previous section, with reference to
plots of log ‘K, against log °Kgy,. The stabilities of complexes formed by two
different metal ions, Y and Z, with a series of ligands may be compared in an
analogous way by plotting log Ky, as a function of log °Kz;,. Applying equa-
tion (6) to each metal ion in turn, and subtracting

1

K, =Ky, + o 0% — G, — G3 + Oy, + Mg lby —ty —tyy + 1)}
+ In(v,, ¥y [Y41.92) (11
which can be written in the form '
InKyy, = InKz, + C + D : (12)
where C = % {—@'ﬁ + Z"ozxt + ”x(_tyL + tu)} —In ny + In }'z;,
1 _
and D= BT {6y —ag +ngltg—t)} —Iny, +1In y,

Thus equation (12) corresponds to (8), where the symbols Y, Z, C and D now
replace M, H, 4 and B, respectively. Since D is independent of the nature of
the ligand, L, the plot of In°Ky;, against In°K,;, will be a straight line of unit
slope if C is a constant or is negligible compared with In°Kz;,. A straight line
of non-unit slope would result if C were a linear function of In°Kz;,. The condi-
tions necessary for a linear relationship between log °Kyvy, and log°Ky, are
therefore exactly analogous to those necessary for a linear relationship between
log ‘K, and log°Ky;, (see previous section).

As few stability constants for complexes of two closely related metals with
the same group of ligands are available, this relationship cannot be tested
thoroughly. However, values of log “Kc¢,, for fifty six ligands of very varied
types are plotted against corresponding values of log °Kyj;, in Fig. 2. The pre-
dicted behaviour is approximately followed for complexes ranging in stability
from °Kyy, = 10%% to ~10°. Both monodentate and polydentate ligands have
been included and while many of the measurements were made in aqueous
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Fig. 2. Log°Kcul, as a function of log*Kix, for complexes of a wide variety of ligands: (1)
B.B’ B -Triaminotriethylamine, cf8 (2) Duethylenetriamine, cf.* (3 ) Ethylenediamine-
diacetic-diproprionic acid® (4) Tiron (pyrocatechol-3,5-disulphonic acid )3 (§)
1,3-Diaminopropane-2-ammonium ion, cft (6) 8-Hydroxyquinoline® (7) Diben-
zoylmethane ™t (8 ) Thenoylbenzoylmethane ' (9 ) Nitriloacetic acid® (10) Benzoyl-
furoylmethane ' (11) CH3C0-CHyCO-CH,.CH,.Si(CH,), Ref.x? (12) Dithenoylmethane 17
(13 ) Acetylbenzoylmethane 1 (14 ) Acetylacetone” (15 ) Furoylthenoylmethane’ (16)
Acetylthenoylmethane \? (17) (CH,)sSiC,H,-CO-CH,.CO-C,H,St(CH,)s Ref. 1" (18) 1,2,3-
Triaminopropane, cf.t (19) N-Methylethylenediamine®® (20) Ethylenediamine, cf.t
(21) 1,2-Diaminopropane, cf.t (22) Iminopropionic acetic acid® (23 ) Iminodiacetic
acid 5 (24) N-Ethylethylenediamine 3¢ (25 ) 8-Hydroxy-2,4-dimethylquinazoline® (26 )
8-Hydroxy-2-methylguinoline ¥* (27 ) 1,3-Diaminopropane, cf* (28) sym. N,N’-Dr-
methylethylenediamine 3¢ (29 ) 5-Hydroxyquinoxaline (30 ) Iminodvpropionic acid® (31)
8-Hydroxycinnoline * (32) Folic acid, cft (33) N-Propylethylenediamine® (34)
Triethylenetetramine ion, cf.* (35 ) Aspartic acid, cf.4 (36 ) 1,10-Phenanthroline ® (37 )
2,2’-Dipyridyl 37 . (38 ) a-Alanine, cft (39 ) Leucine, cf.t (40) Qlycine, cf.* (41 ) Iso-
nicotinic hydrazide 3 (42 ) 2-Methyl-1,10-phenanthroline 3 (43 ) Salicylaldehyde, cf.*
(44 ) Sarcosine, cf.* (45) p-Alanine, cf.* (46 ) Riboflavin, cf.4 (47 ) Glycyl-glycine, cf.b
(48 ) Ozalate ion, cft (49 ) 2,9-Dimethyl-1,10-phenanthroline ¥ (50 ) Malonate ton, cf.
(61 ) Salicylaldehyde sulphonic acid, cf.t (52 ) 4-Hydroxypteridine, cf.* (63 ) Ammonia,
cft (54 ) Pyridine, cf.8 (55) Acetate ron, cf.t (56 ) Nitroacetate ion, cf.b. The full line is
of unit slope.

solution, a number of points refer to water-dioxan mixtures. No attempt has
been made to distinguish between points for groups of closely related ligands
(e. g. 1,3-diketones or 1,2-diamines), although they generally lie more closely
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on linear plots. The line in Fig. 2 has a slope of unity. Divergencies will be
due, at least in part, to differences in the preferred geometry of nickel and cop-
per and to the fact that the co-ordination number of (planar) copper does not
readily rise above four. That the best straight line through all the points should
have a slope greater than unity implies that the difference in stability between
the copper and nickel complexes increases with the increasing stability of the
complexes.

Closer agreement with the predictions of equation (12) is found for com-
plexes of a pair of metals of greater similarity, e. g. strontium and barium, and
still better agreement would be expected for a pair of tripositive rare earth
ions. At present there are insufficient data to subject equation (12) to really
exhaustive tests.

Type III. The relationship between the stabilities
of two ligands with a series of metal ions

The stabilities of complexes formed by two ligands, P and Q, with a series
of metal ions may conveniently be compared by plotting log Kup as a function
of log “Kumq. It has previously been found 1® that the experimental points for
closely related pairs of ligands sometimes lie approximately on a straight line
of unit slope and of intercept (log ‘Kup—log “Kng). The theoretical relation-
ship between In “Kyp and In Ky may be derived from equation (6)

mcKnp—'lncKuQ —_ thm— ln‘-‘KHQ + —RI—T {—agn, + _éng + a(l)ll’ —@Q -+

nx(_txp + t)lQ + tHP_tHQ)} + ln (ynpyug /yupyng) (]3)
=In Kgp — In Kuyg + E+ F+ H
) 1 _ _ _ —
where E =37 {(Gg — Gier) — (Gp — Gire)}
F= _EnXT— {(tuQ '_t](p) - (tHQ - tHP)}
and H=In yug/yup — In yug /yur
Thus if the experimental data conform to the linear relationship
log ‘Kup = log ‘Kug + (log “Kup — log “Kxg) (14}

the term (£ 4 F 4 H) must be negligible compared with the other terms in
equation (13). If Gug ) Gu it is very probable that Gaup > Gag; hence the value
of E, which depends on the difference between two terms which express the-
magnitude of these changes, will probably be insignificant in comparison with
In°Kygo and will tend rapidly to zero as P and Q approach each other in char-
acter. The same argument can be applied to the algebraic sum of the transfer
coefficients, ¢, which determine the value of F, and to the activity co-
efficients included in the term H.

It is therefore not surprising that the relationship (14) is often valid for,
though restricted to, very similar pairs of ligands. Values of log “Kyp for-
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Fig. 3. Log°Kwp for complexes of oxine derivatives as a function of log®Kmq for the corre-

sponding oxinates. The constants were obtained ® in 50 9% v/v aqueous dioxan (0.3 M

sodium perchlorate) at 20° C. The ordinates refer to complexes of: (a) 6-Methyl-oxine,

4=20 (b) 5-Methyl-oxine, A4 = —1.0 (c) 8-Hydroxycinnoline, (II, R =H),
= —2.0 (d) 2-Methyl-oxine (open circles), A = —7.0 (e) 8-Hydroxy-2,4-dimethyl-

quinazoline (III, R = R’ = CH,, open triangles), 4 = —6.3 (f) 8-Hydroxy-4-methyl-

2-phenylquinazoline (I1I, R = phenyl, R’ = CH,, open squares), A = —6.6. The ab-
scissae refer to complexes of oxine. The full lines are of unit slope and of intercept,

(log°Kup —log°Kugq ), predicted by equation (14 ).

complexes of a number of oxine derivatives!® are plotted as a function of
values of log “°Kug for the corresponding oxinates in Fig. 3. When log ‘Kup
refers to complexes of 5-methyl-oxine (Fig. 3a) or 6-methyl-oxine (Fig. 3b),
the experimental points fall closely on the theoretical lines of unit slope and
of intercept (log “Kap— log “Knug), as might be expected for reagents which
differ only slightly from oxine in their structure and values of pKxgu (cf.1?)
and offer no steric hindrance to complex formation. Similar straight lines are
also obtained for complexes of magnesium, zinc, nickel(II), copper(II) and
uranyl with pairs of reagents chosen from among 5-fluoro-, 5-chloro-, 5-
bromo- and 5-methyl-oxine 38.

The ordinates of Fig. 3d are values of log°Kyp for complexes of 2-methyl-
oxine. The experimental points lie from 1 to 3 logarithmic units below the line
drawn according to equation (14). This lowering of stability is undoubtedly
due to steric hindrance to complex formation. As expected, deviations of the
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Fig.” 4.3 Log®Kump for complexes of oxine derivatives as a function of log®Kmq for the corre-

sponding complexes of 8-hydroxycinnoline. The constants® were obtained in 50 % vlv

ous dioxan (0.3 M sodium perchlorate ) at 20° C. The ordinates refer to complexes of

(a) 8-Hydroxyquinazoline (III, R =R’ =H), 4 =20 (b) 8-Hydroxy-4-methyl-

cinnoline (II, R = CH,), A = —4.0. The abscissae refer to complexes of 8-hydroxy-

cinnoline (II, R = H ). The full lines are of unit slope and of intercept (log° Kup—log°Kug),
predicted by equation (14 ).

same order of magnitude are obtained for complexes of 8-hydroxy-2,4-di-
methylquinazoline (III, R = R’ = CH,; Fig. 3e) and 1,2,3,4-tetrahydro-10-
hydroxyacridine (IV; graph # not reproduced here). When a phenyl group is
adjacent to the chelating nitrogen atom (Fig. 3f), there are even greater devia-
tions from the theoretical line, and no complex formation between 8-hydroxy-
4-methyl-2-phenylquinazoline (III, R = phenyl, R’ = CH,) and the magne-
sium jon could be detected.

Values of log Ky, for complexes of 8-hydroxycinnoline (II, R = H) form
the ordinates in Fig. 3¢c. The stability constant of the magnesium complex lies
on the theoretical line, while that for the copper complex lies well below it.
Points for other cations are in intermediate positions. The low value of pKyx
of 8-hydroxycinnoline as compared with the value for oxine ®* would be ex-
pected to reduce the stability of its copper complex, but to have little effect
on the stability of the magnesium complex. Similar plots?® (not reproduced
here) are obtained if values of log “Kup for complexes of 8-hydroxyquinazoline
(III, R = R’ = H) and 8-hydroxy-4-methylcinnoline (II, R = CH;) form the
ordinates. Values of log “Kye for complexes of both these reagents are plotted
against values of log °Kuq for the corresponding complexes of 8-hydroxyein-
noline in Fig. 4. The experimental points lie much nearer the theoretical line
than when the stabilities of the oxinates is made the basis of comparison,
doubtless because the variation in pKyxy; among these reagents is much smaller.
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Fig. 5. Log°Kmp for complexes of ethylenediaminetetraacetic acid as a”function of log®Kmg
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@8 of unit slope and of intercept, (log°Kup —log°Kng ), predicted by equation (14).
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Recent measurements 37 have shown that the 1:1 complexes of the divalent
transition metals, manganese,iron, cobalt,nickel, copper and zinc with 1,10-phen-
anthroline (V, R = R’ = H; pK = 4.36) are consistently stronger than those
of the stronger base 2-methyl-1,10-phenanthroline (V, R = H, R’ = CHg;
pK = 5.42). On the basis of equation (14) it is possible to calculate the stabil-
ity constants which would have been expected from the change in basicity, and
the instability arising from steric hindrance to complex formation is found to be
from 2.5 to 3.5 keal./mole. For the still less stable complexes of the even more
basic reagent 2,9-dimethyl-1,10-phenanthroline (V; R = R’ = CHjy; pK = 5.85)
the instability arising from steric factors is 4 to 5.5 kcal./mole. Although 1,10-
phenanthroline (”phenan’’) and 2,2’-dipyridyl (VI; “dipy”’) are almost identi-
cal so far as their mode of chelating is concerned, complexes of the former are
always the more stable. A plot of log “Kwm.aipy against 10g Ky phenan (N0t repro-
duced) gives a good straight line for the transition metals, but the slope is 0.63

Acta Chem. Scand. 10 (1956) No. 1



84 IRVING AND ROSSOTTI

rather than unity; ¢. e. the difference between the stabilities of corresponding
complexes of phenanthroline and dipyridyl decreases almost linearly with
increasing stability from about 2.2 logarithmic units with manganese to 0.7
with copper. This example shows the limitations of equation (14) and the
need for restricting its application to pairs of ligands of the greatest possible
similarity.

CH.

2
7 \c CH, - CH, - N(CH,COOH),
CH, H . N(CH,COOH), CH,—N(CH,COOH), I
CH, CH.N(CH,COOH), (CH,),—N(CH,COOH),
' CH, . CH, - N(CH,COOH),
H,

(VII) (VII) (IX)

Fig. 5 shows values of log *Kyp for 1:1 complexes of o-diaminocyclohexane-
tetraacetic acid (VII; pK = 11.70) plotted against values of log “Kuq for the
corresponding complexes of ethylenediamine-tetraacetic acid 3 (VIII, n = 1;
"ENTA”; pK = 10.26). The straight line shown is of unit slope and of theoret-
ical intercept log “Kxp—Ilog°Knq. Although the complexes include those of
monovalent, divalent and trivalent ions, and ions of both A and B subgroups
of the periodic table, the general conformity to equation (14) is quite remark-
able considering that the individual complexes differ in stability by as much
as a factor of 104, The fact that values of log °Kyg, for ENTA complexes of
trivalent rare earth ions do not increase linearly with atomic number has been
discussed by Wheelwright et al.#® who first noted that a break in the curve
occurs at gadolinium. From Fig. 5 it would appear that the complexes of VII
with lanthanons of atomic number 57 to 62 are less stable than would be pre-
dicted from the values of log Ky rnra.

For complexes of diaminoethyl ether tetraacetic acid (IX) there is the pos-
sibility of co-ordination through the ethereal oxygen atom. Alternatively the
5-atom ring formed by the 1,2-diamine ENTA must be replaced by an 8-
membered ring. Now increase of ring-size in the series A,N—(CH,),—NA,
(A = —CH,COOH) is reflected in a greatly decreasing stability of its alkaline
earth complexes 5. Thus log *Kcqy, is 10.59, 7.12, 5.05 and 4.60 for » = 2, 3, 4
and 5, respectively. Were the oxygen atom entirely inactive in complex forma-
tion, the complexone IX would most closely resemble pentamethylene-tetra-
acetic acid (VIIL, » = 4; pK = 10.58) for which the stability constant of the cal-
cium complex is only 104.8. While this complexone VIII is a very slightly weaker
acid than ENTA, the complexone IX (pK = 9.49) is a considerably stronger
acid, and would therefore be expected to form uniformly weaker complexes.
In fact, when values of log °Kuq for complexes of ENTA are plotted against
values for the corresponding complexes of IX (for data cf.*!) a straight line of
unit slope and of theoretical intercept (not reproduced) passes through or close
to points for magnesium, calcium, manganese(II), zinc and copper(II). The
large ions barium and cadmium form complexes with IX which are 1.2 and 2.4
logarithmic units more stable than would be expected from the stability of the
corresponding ENTA, complexes. With these exceptions, all the complexes
of IX are, as anticipated, weaker than those with ENTA. The anomalous be-
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Fig. 6. LogTKwmp for complexes of dibenzoylmethane as a function of logTKwmg for complexes
of related 1,3-diketones. The thermodynamic constants were obtained 17 in 75 9, vjv aqueous
diozan at 30° C. The ordinates refer to complexes of dibenzoylmethane. The abscissae refer
to complexes of acetylacetone (full points and line ) and of furoyl-thenoylmethane (open
circles and dotted line ). The full line is of unit slope and of intercept, (log TKup —log TKug),
predicted by equation (14). The dotted line is the best straight line of unit slope through the
open points. The letters (a), (b) and (c) denote chlorides, nitrates and perchlorates
respectively; other metals were studied only in the presence of nitrate tons.

haviour of barium can be exploited analytically in a substitution titration of
strontium and barium, or in the titration of these alkaline earths and magne-
sium using Eriochrome Black T as indicator 4.

Good straight lines are often obtained if values of log “Kyp are plotted
against values of log “Kyq for complexes of pairs of closely related a-diketones.
In Fig. 6, complexes of dibenzoylmethane are compared with those of acetyl-
acetone (full circles) and of furoyl-thenoylmethane (open circles). The majority
of points for each pair of reagents lie on a straight line of unit slope. However,
while the best (full) line for complexes of acetylacetone has the theoretical
intercept predicted by equation (14), the best (dotted) line for complexes of
furoyl-thenoylmethane has an intercept of 0.6 instead of log *°Kyp—Ilog ‘Kyg =
1.45. Thus all the complexes of the diketone with two heterocyclic end groups
are about 0.8 logarithmic unit more stable than expected; similar, but smaller,
deviations from predicted behaviour are observed for complexes of other pairs
of 1,3-diketones. The effect of different terminal groups of diketones on the
stablhty of their metal complexes bas been discussed by Van Uitert et al.l?;

(cf. p.76).
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Fig. 7. LogTKmp for complexes of oxine-5-sulphonic acid as a function of log TKmg for
complexes of oxine. The thermodynamic constants were obtained 434 in water at 25° C.
The full line is of unit slope and of intercept, (log TKup —log TKug ), predicted by equation
(14 ). The dotted line i8 the best straight line of unit slope through the experimental points.

The relationship (14) is not always valid, even if there is no possibility of
steric hindrance and the ligands are very similar (e. g. oxine and oxine-5-
sulphonic acid). It is well known that the corresponding complexes of these
two ligands are of comparable stability, although the values of log “Kgy,
(= pKon) for the reagents differ considerably (oxine, pKox = 9.81; oxine-5-
sulphonic acid, pKom = 8.75) 424, Values of log “Kyp for complexes of
oxine-5-sulphonic acid 4 are plotted against values of log “Kmq for the cor-
responding oxinates 45,4 in Fig. 7, together with the theoretical (full) line.
Although the complexes of oxine-5-sulphonic acid are much more stable
than predicted by equation (14), the experimental points for complexes
of many of the metal ions lie approximately on a straight line of unit slope
(dotted line in Fig. 7). As the terms (In “Kgp—In “Kgg) and F are constants
for a given pair of reagents, this relationship, viz.

log “Kyp = log “Kug + constant
will only be obtained if the term

F = o (G Gi) + b — b)) + 10 9ug [92ee

is negligible, or is a constant for complexes of the two ligands with a series of
metal ions.
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Type IV. The variation of stability with the
composition of the solvent

As many organic reagents and their metal complexes are very sparingly
soluble in water, stability constants are often determined in aqueous ethanol
or aqueous dioxan and it is of interest to consider how these values would differ
from those obtained in water. It has been found 221,47 that values of
log ‘Kx, for many proton-ligand complexes containing either 0—H or N—H
groups are approximately linear functions of the molar fraction, nx, of the
organic component of the solvent, at least for low values of nx. Some plots
of this type are shown in Fig. 8.

Now if equation (5) is valid for the species H, L. and HL

n Yuli | YuYL
I Ko, —In “Kay, = 1% (b + b, — tu) + In (2825 | 882}
HIL m, =y (tm + b —tar) + J’m,/!/m. (15)
and the plot of log Ky, against ny will be a straight line of intercept log “Kx,,
provided that the last term in equation (15) is (i) negligible compared with
the other terms or (ii) proportional to ny. The slope of the line is given by

d(log “Kux)fd(mx) = 5goerr (b + b — ) (160)

or  d(log “Kis)/d(ny) = 55 (b + 1, — i) + de + b, — dim, - (16)

for cases (i) and (ii) respectively, where dg is defined by
In ys —In ys = ng - ds (17)

Fig. 8 shows that the stabilities of complexes containing an O—H link
increase with increasing organic content of the solvent, 7. e. the term
d(log “Kx1,)/d(ny) is positive. However, an increase in the organic content of the
solvent causes a decrease in the stabilities of proton-ligand complexes containing
an N—H link, and for these compounds d(log *Ky1,)/d(nx) is negative. An in-
crease in the organic content of the mixed aqueous-organic solvent results in a
decrease in the dielectric constant of the medium. This will increase the ionic
interaction between a proton and a negatively charged oxygen atom to a
greater extent than the ion-dipole interaction between the proton and the sol-
vent. Thus, as nyg increases, the value of In “Kyy, should increase for proton-
‘ligand complexes containing O—H bonds. Conversely, an increase in the orga-
nic content of the solvent would be expected to increase the ion-dipole forces
between a proton and a nitrogen atom in the ligand to a lesser extent than the
ion-dipole forces between a proton and the more electronegative donor oxygen
atoms of the solvent (cf.3.,%2). A decrease in the value of In “Ky;, would
therefore be expected for complexes containing N—H bonds.

The relationship between ny and In °Kyy, for a metal-ligand complex cor-
responds exactly to equation (16), where M now replaces H. Thus

In *Kom, —In Ko = 5% (b + b, —far) — In (20 [ B0 (1)
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Fig. 8. Log°Km1, (= nde ) as a function of the molar fraction, nx, of the organic content
of the solvent. Open and full circles refer to agueous dioxan and agqueous methanol respectively.
(a) to (c); compounds in which an O—H group dissociates: (a) Benzoic acid, 4 = 3.0.

Thermodynamic constants 4 were obtained at 25° C. (b) m-Chlorobenzoic acid, 4 = 2.5.
Constants were obtained at 25° C and varying ionic strength 4%, (¢ ) Oxine-5-sulphonic
acid, 4 = —3.0. Stoichiometric constants were obtained at 20°C in 0.3 M sodium per-

chlorate .
(@) to (f); compounds in which an' N—H group dissociates: (d) Ozine-5-sulphonic
acid, 4 = 1.0. Stoichiometric constants obtained at 20°C in 0.3 M sodium perchlorate **.
(e) Pyridine, A = —1.0. Stoichiometric constants obtained at 20°C in 0.3 M sodsum
perchlorate . (f) Piperidine, 4 = —8.0. Stoichiometric constants ! obtained at 25°C
and ionic strength 0.1 M.

The conditions, necessary for a linear relationship between log *Kyy, and ng,
and the possible values of d(log °Kyy,)/d(ny), are analogous to those given above
for proton-ligand complexes. Van Uitert et al.5® have shown that values of
log®Kyy, for several acetylacetonates are linear functions of the molar fraction
of dioxan in the solvent, and a replot of Maley and Mellor’s data 5¢ (not re-
produced here) shows that a similar relationship exists for the magnesium com-
plex of salicylaldehyde. The stability of these complexes, which all contain
O-metal links, is increased by an increase in the organic content of the solvent,
1. e. d(log “Kyy,)/d(ng) is positive.
Combining equations (15) and (18),

In “°Kyg, —In °Kpg, = In “Kgr, —In KHL-I- g (bw—tvar, — . + ter) —

Iuyur, | YuYar
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Fig. 9. Thermodynamic stability constants ® of metal acetylacetonates in aqueous dioxan
at 30° C. The ordinates refer to values obtained in 75 %, (open circles) and 50 % (full
circles) wjv aqueous dioxan. The abscissae refer to wvalues obtained in water. The
lines are of unit slope and of intercept, (log T Kux,—log TKnuzy,), predicted by equation (20).

If the last two terms in equation (19) are negligible compared with the other
terms, the equation reduces to

log ‘K, = log “Kya, + log “Kyr, — log K, (20)

and a plot of log °Kyg, against log Ky, for a series of complexes of different
metal ions with the same ligand will be a straight line of unit slope and of
intercept (log °Kz1—log °Kgy,). This relationship is now found to be applicable
to many of the data of Van Uitert ef al.5® for acetonylacetonates in 50 %, and
75 %, aqueous dioxan, which are shown in Fig. 9. Thus, for acetylacetone, a
change in the composition of the solvent results in parallel changes in
log Ky, and log “Kaxy,.

No simple relationship between stability and solvent composition would
appear to exist for complexes containing N-metal bonds. An increase in the
organic content of the solvent has little influence on the stabilities of certain
complexes of ammonia 555, ethylenediamine 0-%2, pyridine 2. and imid-
azole 93, although the complex Ag(en)* is more stable in pure ethanol and
iso-propyl alcohol than in water %4,

No one author seems to have investigated the effect of solvent composition
on the stabilities of complexes, such as the oxinates, which contain both O-
metal and N-metal bonds. By analogy with simpler complexes, an increase in
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Fig, 10. Stability constants of metal oxinates in aqueous dioxan at 25° C. The ordinates
refer to values obtained at varying ionic strengths in 70 %, (open circles %, 4 = 6.0) and
50 % (full circles®, A = 0) v/v aqueous dioxan. The abscissae refer to thermodynamic
values obtained in water. The straight lines are of unit slope and of intercept,
(log° K, —log°KHuz, ), predicted by equation (20).

the organic content of the solvent might be expected to increase the stability
of complexes in which the O-metal bond is of predominant importance, but to
have less effect on the stability of complexes containing strong N-metal bonds.
In Fig. 10, the stabilities of metal oxinates in 50 %, and 75 %, aqueous di-
oxan 54,85 are plotted against the corresponding values obtained in water 45,4,
Increased dioxan content leads to a marked increase in stability, in approxi-
mate agreement with equation (20). Thus for these complexes the last two terms
in equation (19) are negligible compared with the other terms, and the variation
of log °Kyg, with the composition of the solvent merely reflects the variation of
log °Kgy,. It would be of interest to know if this were also true for other
complexes containing both O-metal and N-metal links.

APPLICATIONS

Equation (6) has been used above as a basis for discussing the various
empirical linear relationships between the stabilities of related complexes.
These plots are of interest from both practical and theoretical considerations.

If the stability constants of some closely related complexes have been
measured, the stabilities of other complexes in the same series may be predicted
by means of equations (9) and (14). For example, although the stability con-
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stants of the zinc, nickel(II) and copper(II) 6-methyl-oxinates could not be
measured in 50 %, aqueous dioxan, on account of the low solubility of the un-
charged complexes 1%, approximate values, viz. 9.2, 10.4 and 12.9, can be esti-
mated using equation (14) in conjunction with values of the stability constants
of the corresponding oxinates, and of log “Kyy, of the two reagents® (cf.
Fig. 3b). The estimation of stability constants of very sparingly soluble com-
plexes is especially important for analytical work involving the separation of
metal ions by solvent extraction or selective precipitation 2.

It has been shown that plots of log °Kyy, against log Ky, are often linear
for series of very closely related ligands. If divergent lines of different slope
are obtained for different metal ions with the same series of ligands (e. g.
complexes of magnesium, uranyl and copper(II) ions with derivatives of
oxine 1?) a ligand with a high value of °Kgy, will form metal complexes of more
varied stability than those formed from a ligand of low °Kuy, and will there-
fore be a more selective reagent for these metal ions. If only very closely
related ligands are considered, deviations from linearity in plots of log ‘K,
against log “Kyy,, and in plots of the type (14) indicate any tendencies to selec-
tive or specific behaviour. Ligands with bulky substituents adjacent to one of
the donor atoms form much less stable metal-ligand complexes than would be
expected from the stability of the corresponding proton-ligand complexes
(cf. Fig. 3d, e, f). As this effect depends on the size of the central group, steri-
cally hindered reagents are of use for the analytical separations of certain metal
ions (cf. the reactions between 2-methyl-oxine and trivalent aluminium, gal-
lium and indium ions, % and refs. therein). Even when no steric hindrance
occurs, metal-ligand chelate complexes may deviate appreciably from predic-
ted behaviour (cf. Fig. 3¢c). The formation of a metal chelate involves combina-
tion of the metal ion with two or more donor atoms, while the formation of the
first proton-ligand complex involves only the atom which has the most basic
(donor) character. The observed deviations probably reflect differences in the
co-ordinating power of the other donor atoms throughout the series of ligands.

The value of Ky, for proton-ligand complexes which are very sparingly
soluble in water may be estimated by measuring °Kgy, in a number of water-
ethanol or water-dioxan mixtures; log “Ku;, may then be obtained by linear
extrapolation of the plot of log “Kgr, against nyg, to the point ny = 0 (cf.
equation (15) case (i) or (ii)). The value of Ky, can be estimated analogously
be means of equation (18). If equation (19) is valid, an approximate value of -
Ky, in water may be predicted from the corresponding constant, Ky,
obtained in a mixed solvent, if the proton-ligand stability constants, Kuj,
and °Kgg, in both solvents are known. Although water has been used as a
solvent for most analytical processes in homogeneous systems, a mixed solvent
might be of value for absorptiometric work and for certain selective precipita-
tion reactions. Titrations in solvents such as aqueous dioxan, acetic acid, or
glycol-isopropyl alcohol mixtures are at present being developed extensively
but empirically. Progress would be facilitated if more were known of the effect
of change of solvent on the stability of proton-ligand and metal-ligand com-
plexes of all types cf.%?. Equations of the type (15), (18) and (19) might then
be used to predict approximate values of stability constants in the appropriate
solvent. As O-metal bonds appear to be more influenced by the composition of
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the solvent than N-metal bonds, the effect of solvent composition on the
stability of chelates containing the O-metal-N link might be an indication of
the relative importance of these bonds.

Equation (6) and the foregoing discussion refer to the formation of the first
metal-ligand complex, and suggest no correlation of the stabilities of com-
plexes which contain more than one ligand group. Although some authors
(e. 9.%) have obtained approximate empirical relationships between
log “Kgr, and log K.y = 3 log [ML,]/[M][L]? it would be expected that in
many cases the formation of the complex ML modifies the properties of the
metal ion and ligand group to such an extent that any quantitative compa-
rison of equilibrium constants for reactions of the type

‘ ML + L = ML,
would be unjustified.

As so few reliable measurements have been made of the enthalpy and
entropy of complex formation, stability constants have been discussed purely
in terms of overall changes in free energy. When more precise data become
available, a further analysis of heat and entropy changes would be profitable
using a similar approach.
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