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Critical evaluation of stability constants for alpha- 
hydroxycarboxylic acid complexes with protons 
and metal ions and the accompanying enthalpy 
changes-Part I: Aromatic ortho-hydroxycarboxylic 
acids 

Abstract: 
Stability constants for different aromatic ortho-hydroxycarboxylic acid complexes in 
aqueous solutions with protons and metal ions published between 1970 and the end of 
1993 have been critically evaluated. 

1. INTRODUCTION 

Hydroxycarboxylic acids form a large group of compounds which are important in many branches of 
science and technology. Various hydroxycarboxylic acids are also found commonly in nature. They 
are capable of forming stable metal complexes both in aqueous and nonaqueous solution. Due to the 
large number of data published in the literature dealing with hydroxycarboxylic acids, in this paper we 
only review those stability constants for different ortho-hydroxycarboxylic acid complexes in 
aqueous solutions with protons and metal ions published between 1970 and the end of 1993. For 
comparison, some data published earlier than 1970 are included. In some cases, data obtained in 
aqueous solutions are compared to those obtained in solvent mixtures like water-ethanol or water- 
DMSO. In addition to the stability constants, the enthalpy changes of those systems which are 
available are included. There are a number of papers in the literature concerning the mixed ligand 
complex formation involving hydroxycarboxylic acids, but these data are not evaluated in this review. 

ortho-Hydroxycarboxylic acids form complex compounds with a number of metal ions. The 
stability constants for complex formation are important, for instance, in understanding how a drug 
substance operates in body fluids, in modelling natural waters, or in developing new analytical 
methods and technological processes. Humus substances which normally originate from lignin 
degradation contain large amounts of aromatic subunits, which are potential ligands for metal ions. 
These subunits include groups in which one phenolic and one carboxylic group are in an ortho- 
position to each other (salicylic acid). Citric and tartaric acids are very common in various plants; for 
example, plants absorb trace metals by their roots as citrato complexes. Salicylates are used as food 
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Aromatic ortho-h ydroxycarboxylic acid complexes 331 

preservatives. In addition, salicylic acid and its derivatives have been widdy used in medicine 
(aspirin) and analytical chemistry. One of the best known spectrophotometric method for the 
determination of iron is based on the complex formation between iron(m) and 5-sulfosalicylic acid. 

1.1. Presentation of Equilibrium Data 

In this evaluation, protonation constants and stability constants are used for proton and metal 
complexes, respectively. 

The protonation constants of ortho-hydroxycarboxylic acids are expressed as stepwise protonation 
constants. For example, in the case of salicylic acid for the equilibria 

H+ + L2- = HL- (protonation of phenolate group) 

H+ + HL- = H2L (protonation of carboxylate group) 

the constant K1 relates to the first of these equilibria, and K2 to the second: 

The formation constants of metal complexes may be expressed either by the overall stability 
constants Pi,  82, ..., Bn, or by the stepwise stability constants K1, K2, '..., Kn as follows (charges 
are omitted): 

In this review the stepwise stability constants are used for the formation of MLn complexes. For the 
formation of protonated, hydroxo, or polynuclear complex species, the overall stability constants are 
used: 

Negative q-values for [HI refer to the formation of mixed hydroxo complexes or equilibria in which 
one or more hydrogen ions which do not normally dissociate are liberated. 

In the Tables the notations L2-, HL- and H2L refer to the reactions Mm+ + Ln- c+ M L m + n ,  Mm+ + 
HL@-1)- - M L m + n  + H+ and Mm+ + HnL - MLm+n + nH+, respectively. 
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332 COMMISSION ON EQUILIBRIUM DATA 

1.2. Data Evaluation Criteria 

The data published in the literature between 1970 and 1993 have been surveyed by considering the 
following general criteria (91K): 
(1) The degree of specification of the experimental conditions (viz. the purity of the reagents, 
temperature, ionic medium, ionic strength, etc.) . 
( 2 )  The calibration of the apparatus used (especially, the calibration of the electrode system in 
potentiometric measurements). 
(3) Definition of the equilibrium constants reported. 
(4) The pH and concentration ranges over which the measurements have been camed out, the number 
of experiments, and the titrant used. 
(5) Details of the calibration methods employed, and reliable treatment of the experimental data 
including statistical analysis of the data and the values of nonvariable constants used (i.e. ionization 
product of water, hydrolysis constants, etc.) 
(6) Supporting methods. 

On the basis of these criteria, data were evaluated and grouped in four categories: recommended (R), 
tentative (T), doubtful (D), and rejected (Rj), according to the guidelines published earlier (75CE). In 
addition the data for protonation equilibrium which passed the acceptance criteria were then averaged 
(providing that enough constants were available), and depending on the values of standard deviation 
(4, the average values [lg(K*:d)] were regarded as recommended (a< 0.05), or tentative (0.05 < a < 
0.3). If stability constants for a particular metal - ligand system have been determined only from one 
datum, the values are regarded as tentative. 

2. GENERAL REMARKS 

2.1. Protonation 

The compounds reviewed possess one hydroxyl and one carboxyl group ortho to each other in an 
aromatic ring. In addition to these two functional groups, other ionizable or non-ionizable groups 
may also be present in these compounds. 

Due to intramolecular hydrogen bonding between the neighbouring OH- and COOH-groups, and the 
basic nature of the OH-group, the protonation of the phenolate group takes place at a very high pH 
level. Because of this ortho-effect the protonation constant of the phenolate group of various 
aromatic ortho-hydroxycarboxylic acids is significantly higher than that of phenol [lg(KI/M-1) = 9.79 
at Zc = 0.5 M and 25 OC (68M), where Zc denotes the ionic strength and M = mol dm-31, and the 
protonation constant of the carboxylate group is significantly smaller than that of benzoic acid 
(77MS). For instance, in 3,5dihydroxybenzoic acid, there is no intramolecular hydrogen bonding, 
and the values of the protonation constants of the hydroxylate groups and the carboxylate group are 
much closer to those for phenol and benzoic acid, respectively (8OLS). In addition to the ortho-effect, 
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there are of course, the inductive effect, the mesomeric effect and the charge effect of the different 
functional groups which affect the dissociation of the "acidic" protons. The positive mesomeric effect 
of the hydroxyl group is especially worth noting. 

As a consequence of intermolecular hydrogen bonding, hydroxycarboxylic acids tend to dimerize in 
the pure form and in many non-polar solvents. In the solid state and in organic solvents, salicylic acid 
has been found to exist as the cyclic dimer, H4L2, the association taking place through the 
intermolecular hydrogen bonds formed by the carboxyl groups (51C). As the intramolecular 
hydrogen bonding is so strong in salicylic acid, Lee (76Ld) has suggested that these bonds persist in 
the dimers H4L2 and H3L2-. Lee has further assumed that in solution the neutral dimer of salicylic 
acid, H4L2, would exist in a form similar to that of H3L2- and probably not in the cyclic form 
occuring in the solid state. According to their assumption, the structure of H3L2- is an open dimer 
where the association takes place through one hydrogen bond between the carboxyl groups. Similar 
dimerization has also been observed in aqueous solutions of various dihydroxybenzoic acids, and of 
3-bromo-5-sulfosalicylic acid (76M and 80LS). According to these studies, these acids dimerize in 
aqueous solution, but only slightly and only in concentrated solutions. The dimerization is diminished 
by the intramolecular hydrogen bonds. It is also evident that the dimerization also depends on the acid 
strength of the carboxyl group. For example, the maximum fractions of the dimers are about 20, 12 
and 0.3 % for 3,5dihydroxybenzoic acid at total concentrations of 0.1, 0.05 and 0.01 M, 
respectively, while the corresponding values for 2,4-dihydroxybenzoic acid are 4.5, 2.2 and 0.2 % 
at total concentrations of 0.032,0.016 and 0.008 M, respectively (80LS). 

Due to the very weak dissociation of the hydroxyl group of various aromatic o-hydroxycarboxylic 
acids in aqueous solutions, the corresponding protonation constants determined potentiometrically by 
using a glass electrode differ from each other, and from those determined by other methods. Those 
values which are obtained either by spectrophotometric methods or by using a hydrogen electrode for 
determination of pH can be regarded as more reliable. 

Due to the formation of intramolecular hydrogen bonds between phenolate and carboxylate groups, 
the protonation heat of the phenolate group of salicylic-type ligands differs significantly from that of 
various benzoate ligands. 

2.2. Metal Complex Formation 

Salicylic acid and o-hydroxynaphthoic acid, as well as their derivatives, can form three types of metal 
complexes, viz. M(HL)i, MLi, and Mp(OH)&, depending on the pH of the solution. In the acidic 
region, these acids may form M(HL)i-complexes, in which the hydroxyl group is not deprotonated. 
In less acidic regions MLi-chelates can be expected to form in which the coordination takes place via 
the oxygen atoms of the phenolate and carboxylate groups. In basic solutions various soluble 
hydroxo species, Mp(OH)gLi have been reported to form with some metal ions, like aluminium@) 
and lanthanide(m) ions. 
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Transition metal ions and some ions of the main group elements, like F$+, Cu2+, Be2+ and Al3+, 
tend to form relatively stable metal complexes with various aromatic o-hydroxycarboxylic acids. In 
many case, the formation of the ML complex takes place at such an acidic pH region that it is not 
possible to determine the stability of this complex by conventional potentiometric titrations, and for 
example, spectrophotometric methods are used to evaluate the corresponding constants. 

Iron(m) forms much more stable complexes with these ligands than does iron@). In addition these 
iron@) complexes are strongly coloured, and they can be used, for instance, for the 
spectrophotometric determination of iron at the mglkg level. The determination of iron by means of 5- 
sulfosalicylic acid is well known, but an even more sensitive and selective determination can be 
performed with l-hydroxy-4-sulfo-2-naphthoic acid (79LP). These acids can also be used for the 
separation of iron from other metal cations connected to ion exchange techniques. 

Aluminium(m) forms together with mononuclear AlLi (i = 1 and 2) complexes a great variety of 
mononuclear and polynuclear hydroxy species with salicylic acid and its derivatives (830s). 

Protonated, M(HL)i, and mononuclear, MLi, complexes, as well as soluble hydroxo species, 
Mp(OH)&, have been reported to form in aqueous solutions in lanthanide(m) - o-hydroxycarboxylic 
acid systems. Most of the papers deal with the complex formation of the M(HL)-complexes (H 
denotes the proton of the hydroxyl group next to the carboxylate group). For example, in the pH 
range from 3 to 9, the following complex species have been found to form in the lanthanide(m) - 3- 
bromo-5-sulfosalicylic acid system: LnHL+, LnL, LnL23-, Ln(0H)L-, and Ln(OH)2L2- (93AL). 

The stability of the 1: 1 lanthanide(m) complexes (LnL) with alkyl and aryl monocarboxylate anions 
show a good linear correlation with the ligand basicity as measured by the pKa values of the parent 
acids (82CB). The corresponding stability constants of lanthanide(m) complexes with many sulfo- 
substituted aromatic o-hydroxycarboxylic acids also show a linear correlation with pK, but are more 
than an order of magnitude greater than those for the lanthanide(m) monocarboxylates. The stabilities 
of the 3,5-dihydroxybenzoato complexes fall on the common line of alkyl and aryl monocarboxylato 
complexes, but the values for 2,4- and 2,5dihydroxybenzoates lie between this line and that for 
various aromatic sulfo-substituted o-hydroxycarboxylato ligands (BAK, 93AL). The higher stability 
involving the o-hydroxycarboxylates were attributed to chelate formation involving the carboxylate 
and hydroxyl oxygens (86CL, WRP, 77BB). However, the 13C NMR spectroscopic data might also 
be interpreted to show the absence of chelate formation in these protonated complexes (93AK, 93AL), 
and the higher stability of the salicylato complexes has been explained by the mesomeric effect of the 
hydroxyl group ortho to the carboxylic acid group. It has also been suggested that sulfonic acid 
groups can stabilize the complex by an outer-sphere electrostatic attraction (84NH). The stability 
constants of LnL complexes in which the hydroxyl group is also deprotonated are much larger than 
the corresponding stability constants of the Ln(HL) complexes, which is a clear indication of the 
chelate structure in LnL. The variation of log plol (lg K1) values as a function of the lanthanide 
atomic numbers shows a tetrad effect (71FS, 86LL, BAL), whereas lg pl(11) shows no such a 
correlation. 
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3 .  EVALUATION OF STABILITY CONSTANTS OF COMPLEXES WITH 
AROMATIC ortho-HYDROXYCARBOXYLIC ACIDS 

3.1. 2-Hydroxybenzoic Acid (Salicylic Acid), C7H603 

3.1.1. Protonation 

Salicylic acid (H2L) has two ionizable hydrogen ions, which are the protons of the hydroxyl and 
carboxyl groups. K1 and K2 are the corresponding protonation constants of the phenolate and 
carboxylate groups, respectively (Table 1). Due to reasons explained above, the deprotonation of the 
hydroxyl group takes place at a very high pH value, which makes the use of a glass electrode 
unreliable in determining the corresponding protonation constant. Most of the determinations have 
been carried out in aqueous solutions at relatively low ionic strengths (< 0.2 M) potentiometrically 
using a glass electrode, but measurements have been also performed spectrophotometrically. In this 
case, the spectrophometric method should be regarded as the more reliable. In water-ethanol 
mixtures, the values of the constants are considerably larger than those obtained in aqueous solution. 
The lg(K2M-1) values increase from about 3 to 4 with increasing DMSO concentration from 0 to 
45%. Also constants measured in DMSO and dioxane are higher than those in aqueous solutions 
(77AR). Several values reported in the literature have been rejected because of inadequate 
experimental data. The average values of the accepted constants (R and T) in 0.1 - 0.2 M solutions at 
25 OC are lg(K1M-1) = 13.44 f 0.26 (T) and lg(K2M-1) = 2.78 f 0.07 (T). 

Protonation enthalpy values are collected in Table 2. 

TABLE 1. Protonation Constants of Salicylic Acid C7H& [gl = glass electrode (potentiometry), sp 
= spectrophotometry, cal = calorimetry, con = conductometry] 

Method t/"C Id M 1g(K1/M-') lg(KZ/M-') Reference category 

gl 30 
gl 30 
gl 25 
gl 25 
gl 35 
g1 35 
gl 35 
gl 25 
g1 25 
gl 25 

gl 25 
gl 10 

gl 37 

0.05 (NaC104) 
0.1 (KN0.J) 
0.1 (KNO3) 
1.0 (KN03) 
0.1 (KN03) 
0.1 (KN03) 
0.1 (NaClO4) 
0.1 (NaC104) 
0.4 (NaC104) 
0.7 (NaC104) 
0.25 
0.25 
0.25 

13.25 3.20 
13.60 2.99 

2.83 
2.82 

12.87 2.75 
3.11 

13.24 2.52 
13.0 2.82 
13.0 2.73 
13.0 2.84 

2.78 
2.74 
2.73 

85AS 
79sv 
84cT 
84C-r 
85KS 
77JK 
76ABa 
87GM 
87GM 
87GM 
85DD 
85DD 
85DD 

D 
T 
R 
T 
T 
D 
D 
T 
T 
T 
T 
T 
T 

cont'd 
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TABLE 1. Protonation Constants of Salicylic Acid C7H603 (continued) 

45 
25 
25 
25 
25 
25 
25 
37 
35 
25 
35 
45 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
10 
25 
40 
55 
70 
85 
25 
25 
25 
25 
25 

0.25 
=+O 
0.6 (NaC1) 
1 .O (NaC104) 
0.25 (NaN03) 
0.1 (NaC104) 
0.12 (NaCl) 
0.15 (NaC104) 
0.1 (NaClO,) 
0.2 (NaC104) 
0.2 (NaC104) 
0.2 (NaC104) 
0.1 (NaC104) 
0.1 (KNo3) 
0.1 (KNOCj) 
1.0 (KN03) 
0.1 (NaC104) 
0.2 (NaC104) 
0.1 (NaC10,) 
0.2 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
? 
0 (NaCl) 
0 (NaC1) 
0 
0 
0 
0 
0 
0 

0 
0.2 
0.1 (NaC104) 
0.2 (KC1) 

13.3 
14.0 
13.0 
13.24 

12.06 
13.60 
13.39 
12.92 

13.3 

13.24 
13.61 

14.0 
13.7 
13.4 
13.1 
12.8 
12.3 
13.80 
13.693 
13.4 

13.4 

2.73 
2.93 
2.724 
2.88 
2.759 
3.1 
2.78 
2.765 
2.82 
2.88 
2.87 
2.81 
2.82 
2.57 

2.81 

2.77 
2.72 
2.81 
2.83 
3.00 
3.008 
2.996 
2.98 
3.03 
3.04 
3.03 
3.01 
2.96 
2.97 
2.98 
2.75 
2.72 
2.79 

85DD 
85DD 
8309 
87MM 
88m 
82DJ 
81RM 
78AK 
79A 
84MA 
84MA 
84MA 
79LT 
84vs 
84cT 
84cT 
81LL 
82CS 
82CS 
82CS 
82C 
83LE 
77AR 
75LS 
75LS 
75DI 
75DI 
75DI 
75DI 
75DI 
75DI 
82GS 
89YA 
9oJK 
89HM 
93KA 

T 
T 
T 
T 
T 
D 
T 
T 
T 
T 
T 
T 
D 
T 
T 
T 
R 
T 
R 
T 
T 
T 

T 
T 
T 
T 
T 
T 
T 
T 

T 
T 
T 
T 

Rj 

Rj 

TABLE 2. Protonation Enthalpies of Salicylic Acid (T = temperature variation) 

Method t/"C ZdM AH1ik.J mo1-l AH2ik.l mol-l Reference ~ tegory  

T 25 0 -3 85DD D 
T 25 0 -33.5 -2.51 82DJ T 
cal 25 ? 2.26 77AR Rj 
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3.1.2. Stability Constants of the Metal Complexes 

Stability constants of metal salicylates are given in Table 3. Several papers deal with 3d-transition 
metal complexes, like salicylates of F$+, Co2+, Ni2+, Cu2+ and Zn2+ ions. Alkali metal ions form 
very weak complexes with salicylic acid. In the case of alkaline earth metal ions stability constants of 
the corresponding complexes increase with decreasing ionic radius [Be2+ > Mg2f > Ca2+ > Sr2+ > 
Ba2+]. However, the data published for the Sr2+ and Ba2+ complexes are inadequate. 

The complexation between boric and salicylic acids can be expressed by the following equilibrium: 

B(OH)3 + HL- = LB(OH)2- + H20 (8) 

Values obtained spetrophotometrically or potentiometrically by different authors are in agreement with 
each other (774,78MB, 79QD, 88LTb). 

For the main group elements, Al3+ forms relatively stable complex compounds with salicylic acid. 
In addition to two mononuclear AlL+ and AlL2- -complexes, two water-soluble Al(OH)L22- and 
AI(OH)zL23- -hydroxocomplexes are formed and the corresponding formation constants have been 
determined potentiometrically. 27Al NMR spectroscopic data support this model of four complex 
compounds together with a set of hydrolysed Al3+ species (830s). 

The stabilities of the salicylato complexes of bivalent 3d-transition metal ions obey the Irving- 
Williams stability order. The stability of Fe3+ salicylates are considerably higher than those of Fe2+ 
(82C). Complexation of Ln3+ ions with salicylic acid should be studied more throughly, and the 
values available can be regarded as tentative. 

Enthalpy changes in formation of metal salicylates are given in Table 4. 

TABLE 3. Stability Constants of Salicylic Acid Complexes C7H603 [M = metal electrode 
(potentiometry), ix = ion exchange, elph = electrophoresis, dis = distribution between two phases, pol 
= polarography] 

Metal Method t/"C ZJM lg(K1/M-') lg(Kz/M") lg(K3/M1) Ref-= Category 

Na+ gl 25 0.25 -0.5 
gl 25 *O -0.31 

K+ gl 25 0.25 -0.5 
gl 25 a 0  -0.31 

E@+ gl 35 0.1 (KN03) 13.12 8.9 
gl 35 0.1 (NaC104) 12.69 9.65 

25 0.1 (NaCl04) 11.45 8.84 

85DD D 
85DD D 
85DD D 
85DD D 
77JK T 
84A T 
79LT T 

cont'd 
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TABLE 3. Stability Constants of Salicylic Acid Complexes C7H603 (continued) 

Mg2+ 

ca2+ 

B3+ 

A13 + 

Ga3+ 

In3+ 
VoZ+ 

C?+ 

Mn2+ 
Fe3 + 

37 
25 
25 
10 
25 
37 
45 
25 
37 
25 
25 
25 
5 
15 
25 
25 
20 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
35 
45 
25 
20 
20 
30 
25 
25 
25 
25 
25 
25 
25 
22 
22 
22 
35 
25 
25 

0.15 (NaC10,) 
0.5 (NaCl) 
0.03 (NaCl) 
0.25 
0.25 
0.25 
0.25 
*O 
0.15 (NaClO,) 
0.5 (NaCl) 
0.5 (NaCl) 
0.1 (NaC104) 
0.1 (NaCl) 
0.1 (NaCl) 
0.1 (NaCl) 
0.1 (NaCl) 
0.1 (KN03) 
0.1 
0.12 (NaCl) 
0.6 (NaCl) 
0.6 (NaCl) 
0.6 (NaCl) 
0.6 (NaCl) 
0.2 (KCl) 
0.2 (KCl) 
0.2 (KCl) 
0.2 (NaClO,) 
0.2 (NaC10,) 
0.2 (NaClO,) 
0.2 (NaClO,) 
0.2 (NaC104) 
0.1 (NaClO,) 
0.1 (NaC104) 
0.1 (NaC10,) 

0.1 (NaC104) 
0.4 (NaClO,) 
0.7 (NaClO,) 
0.2 
0.2 
0.2 
0.2 
0.5 (NaClO,) 
0.5 (NaClO,) 
0.5 (NaC10,) 

0.1 (NaC10,) 
0.1 (NaC10,) 

0.1 (KNo3) 

0.1 (KNO3) 

5.156 
-8.48 (HL-) 
1.35 
0.53 
0.63 
0.74 
0.80 
0.72 
4.290 
8 11 -0.58 (HL-) 
-10.19 (HL-) 
1.04 (HL-) 
1.37 (HL-) 
1.19 (HL-) 

1.03 (HL-) 
1.23 (HL-) 
K(M + HL = MHL)7.13 1 
13.7 13.1 10.7 

1.04(HL-) 

8 0 1  -3.052 W2L) 
8 0 2  -8.391 W2L) 
&-12 -15.99W~L) 
4 - 2 2  -25.31 W2L) 
13.22 10.51 
a-22 17.9 
8 - 1 2  16.60 
0.73 (HL-) 
0.69 (HL-) 
3.16 3.00 
3.20 3.04 
3.27 3.08 
1.19 (HL-) 
16.10 
14.28 
13.18 
12.683 
12.518 
12.562 
12.97 9.84 
8 - 1 2  13.16 
8-11 6.32 
a-22 16.61 
K(M + HL = MHL)3.47 
K(M + 2HL = M(HL)2) 6.24 
K(M + 3HL = M(HL)3)8.41 
6.10 
16.19 
16.45 

78AK 
9oDo 
82EF 
85DD 
85DD 
85DD 
85DD 
85DD 
78AK 
90Do 
90m 
88LTb 
79QD 
79QD 
79QD 
TQ 
78MB 
85PM 
81RM 
830s 
830s 
8303 
830s 
93KA 
93KA 
93KA 
82CS 
82CS 
84MA 
84MA 
84MA 
77PS 
85SA 
85SA 
79sv 
87GM 
87GM 
87GM 
90JK 
90.K 
90JK 
90JK 
77FB 
77FB 
77FB 
85KS 
82C 
83LE 

T 
T 
D 
D 
D .  
D '  
D 
D 
T 
T 
T 
R 
T 
T 
R 
R 
T 
D 
T 
T 
T 
T 
T 
T 
T 
T 
R 
R 
D 
D 
D 
T 
D 
D 
T 
T 
T 
T 
T 
T 
T 
T 
D 
D 
D 
T 
T 
T 

cont'd 
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Aromatic ortho-hydroxycarboxylic acid complexes 339 

TABLE 3. Stability Constants of Salicylic Acid Complexes C 7 H 6 9  (continued) 

co2+ 

Ni2+ 

cu2+ 

cd2+ 

sc3+ 
b 3 +  

~ e 3  + 

P?+ 

gl 25 
sp 25 
SP 24 
gl 35 
!P 25 
1x ? 
gl 25 
gl 35 
gl 35 
SP 25 
1x ? 
sp 25 
sp 25 
sp 25 
elph 40 
gl 30 
gl 30 
91 25 
g1 25 
M 25 
gl 35 
gl 35 
gl 25 
ix 25 
gl 25 
gl 37 
sp 25 
gl 35 
elph 40 
gl 25 
gl 30 
M 25 
M 25 
M 25 

dis 30 
gl 30 
ix ? 
dis 30 

gl 25 
gl 25 
gl 25 
d 25 
pol 26 
gl 25 
gl 25 
gl 25 

gl 35 

gl 20 

0.1 (NaC10,) 
0.3 
0.2 (NaC10,) 
0.1 (KN03) 

0.1 (NaClO,) 

0.1 (NaCIOd) 
0.1 ( K N 4 )  

0.154 (NaC104) 
0.154 (NaClO,) 
0.154 (NaCIO,) 
0.1 (NaClO,) 
0.5 (KN03) 
0.05 (NaC104) 
0.1 (KN03) 
1.0 (KN03) 

0.1 (KN03) 
0.1 (NaC104) 
0.1 (NaC104) 
0.01 (KN03) 
0.1 (NaC104) 
0.15 (NaClO,) 

0.1 (NaC104) 
0.1 (NaClO,) 
0.1 (KN03) 
0.5 (KN03) 
0.25 (NaNq) 
0.25 (NaNaj) 
0.1 (KN03) 
0.1 (KN03) 
0.1 (NaCIO,) 
0.5 (KN03) 

1.0 (KNQi) 

0.1 (NaClO,) 
0.1 (NaC10,) 
0.2 (NaClO,) 
0.1 (KN03) 
0.1 (NaC104) 
0.1 (NaClO,) 
1.0 (KCl) 
0.2 (NaCIO,) 
0.2 (NaC10,) 
0.1 (NaClO,) 

12.67 11.77 
16.3 15.4 7.8 
15.79 7.68 
6.83 
8.09 
0.90 ? 
6.15 
6.80 
6.96 4.82 
8.17 
0.91 ? 
14.32 (L2-) 
0.63 (HL-) 
-2.35 (H2L) 
3 .O 
6.73 7.00 
9.97 7.66 
10.63 8.36 
9.81 7.75 
9.74 7.79 
9.84 
10.31 7.98 
10.884 9.43 
6.6 
10.7 7.8 
10.045 6.975 
10.67 
10.45 8.02 
11.7 
10.83 8.05 
10.52 8.66 
-3.00 (HL-) 
&02 -8.40 (HL-) 
10.85 
7.10 
K(M + HL = MHL)1.4 
7.83 
0.41 ? 
K(M + HL = MHL)1.9 
14.20 
7.35 
9.64 
K(M + HL = MHL)1.80 
K(M + 2HL = M(HL)2)3.55 
3.47 3.51 
7.55 
7.73 
K(M + HL = MHL)1.88 

83LE 
86PS 
79DD 
85KS 
82GS 
80CK 
80MS 
85KS 
76ABa 
82GS 
80CK 
80YA 
80YA 
80YA 
81SY 
81EE 
85AS 
84cT 
84cr  
84cT 
85KS 
76-a 
83LL 
79VK 
82DJ 
78AK 
82GS 
79A 
81SY 
84vs 
81EE 
88m 
88m 
86DV 
85KS 
83B 
81EE 
80CK 
83B 
85SA 
86LS 
86NS 
89HM 
89HM 
81CPa 
86LS 
86LS 
89HM 

T 
D 
T 
T 
Rj 
Rj 
T 
T 
T 
Rj 
Rj 
D 
D 
D 
D 
T 
T 
T 
R 
R 
T 
T 
R 
D 
T 
T 

T 
D 
R 
T 
T 
T 
R 
T 
T 
T 

T 
D 
T 
T 
T 
T 
D 
T 
T 
T 

Rj 

Rj 

cont'd 
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340 COMMISSION ON EQUILIBRIUM DATA 

TABLE 3. Stability Constants of Salicylic Acid Complexes C7H64  (continued) 

Nd3+ 

~ m 3 +  

Eu3 + 

Gd3+ 

w+ 

Dy3+ 

H d +  

Er3+ 

Tm3+ 

w+ 
Lu3 + 

Th4+ 
UO22+ 

NP%+ 

25 
26 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
20 
25 
25 
25 
25 
25 
25 
25 
25 
25 

0.1 (NaC104) 
1 .O (KCl) 
0.2 (NaC104) 
0.1 (NaC10,) 
0.1 (NaC104) 
0.2 (NaClO,) 
0.1 (NaClO,) 
0.1 (NaC10,) 
0.1 (NaC104) 
0.1 (NaC10,) 
0.1 (KN03) 
0.1 (NaC104) 
0.1 (NaC1O4) 
0.1 (KN03) 
0.1 (NaClO,) 
0.1 (NaC10,) 
0.1 (KN03) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC10,) 
0.1 (NaC104) 
0.1 (NaClO,) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC10,) 
0.1 (NaC10,) 
0.1 (NaClO,) 
0.1 (NaClO,) 
0.1 (NaClO,) 
0.1 (NaC104) 
0.4 (NaClO,) 
0.7 (NaC10,) 
0 
0 
0 
0.1 (KN03) 
2.0 (NaC104) 
1 .O (NaC10,) 

K(M + 2HL = M(HL)2)3.70 
& 02 7.70 
7.83 
K(M + HL = MHL)1.90 
K(M + 2HL = M(HL)2)3.56 
7.99 
K(M + HL = MHL)2.06 
K(M + 2HL = M(HL)2)3.82 
K(M + HL = MHL)2.02 
K(M + 2HL = M(HL)2)3.90 
9.98 
K(M + HL = MHL)1.89 
K(M + 2HL = M(HL)2)3.78 
10.11 
K(M + HL = MHL)1.95 
K(M + 2HL = M(HL)2)3.86 
10.26 
K(M + HL = MHL)1.71 
K(M + 2HL = M(HL)2)3.76 
K(M + HL = MHL)1.83 
K(M + 2HL = M(HL)2)3.79 
K(M + HL = MHL)1.78 
K(M + 2HL = M(HL)2)3.59 
K(M + HL= MHL)1.75 
K(M + 2HL = M(HL)2)3.67 
K(M + HL = MHL)1.78 
K(M + 2HL = M(HL)2)3.45 
K(M + HL = MHL)1.65 
K(M + 2HL = M(HL)2)3.75 
15.45 
12.041 10.029 
11.969 
12.004 
13.12 (L2-) 
1.43 (HL-) 

11.30 
0.20 
0.84 

-3.55 (H2L) 

89HM 
8 lCPb 
86LS 
89HM 
89HM 
86LS 
89HM 
89HM 
89HM 
89HM 
86NS 
89HM 
89HM 
86NS 
89HM 
89HM 
86NS 
89HM 
89HM 
89HM 
89HM 
89HM 
89HM 
89HM 
89HM 
89HM 
89HM 
89HM 
89HM 
85SA 
87GM 
87GM 
87GM 
89YA 
89YA 
89YA 
85VS 
9oRN 
92TI 

T 
D 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
D 
T 
T 
T 
D 
D 
D 
T 
T 
T 
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Aromatic ortho-hydroxycarboxylic acid complexes 341 

TABLE 4. Formation Enthalpies of Salicylic Acid Complexes 

Metal Method t/"C ZdM AHl/U mol-l AH2ik.I mol-1 Reference Category 

K+ T 25 0 8 85DD D 
Ca2+ T 25 0 5 85DD D 
Ga3+ T 35 0.2 (NaC104) 13.3 84MA T 
cu2+ T 25 0.1 (NaC104) -3 1 .O -27.2 82DJ T 

3.2. Dihydroxybenzoic Acids (Hydroxysalicylic Acids), C7H604 

3.2.1. Protonation 

These ligands are tri-protic acids, H3L, and the values K1 and K2 refer to the protonation constants of 
the two hydroxylate groups, and K3 to that of the carboxyl group. The protonation constants of 6- 
hydroxysalicylic acid deviate most significantly from the 3-, 4- and 5-hydroxysalicylic acids (Tables 5 
- 8). The lg K1 and lg K2 of 6-hydroxysalicylic acid are about of the same magnitude, whereas the 
values of other dihydroxybenzoic acids differ by about 2 lg units. The lg K3 value is also 
considerably lower for the 6-hydroxy derivative than for other hydroxysalicylic acids. These 
differences can be explained by the two symmetric intramolecular hydrogen bonds formed between 
the hydroxyl groups and the carboxyl oxygens. The mesomeric effect of the hydroxyl groups also 
promotes the dissociation of the carboxylate proton (8OLS, 89KKa). The average values of the 
accepted constants for 3-hydroxysalicylic acid in 0.2 M solution at 25 OC are lg(K2M-1) = 9.86 * 
0.04 (R) and lg(K3M-1) = 3.00 f 0.27 (T). For 4-hydroxysalicylic acid and 5-hydroxysalicylic acid 
these values in 0.1 - 0.2 M solutions are lg(K21M-1) = 9.02 f 0.51 (T), lg(K3M-1) = 3.08 f 0.07 (T) 
and lg(K2M-1) = 10.10 * 0.07 (T), lg(K3M-1) = 2.82 * 0.11 (T), respectively. The average values 
for 5-hydroxysalicylic acid in 0.5 M solution are lg(K1M-1) = 13.13 f 0.55 (T), lg(K2M-1) = 10.07 
f 0.10 (T) and lg(K3M-1) = 2.81 f 0.11 (T). 

TABLE 5. 2,3-Dihydroxybenzoic Acid C7H604 

Metal Method t/"C ZJM lg(KIIM-l) lg(Kz/M-l) lg(K3/M-l) Reference Category 

10.0 8.60 84HM Rj 
gl 25 1.0 (NaC104) 13.0 9.76 2.70 %AD T 
gl 27 0.02-0.13 13.1 10.06 2.70 78AS T 
gl 25 0.2 (NaC104) >14 9.80 2.66 89KKb T 

H+ sp 25 

cont'd 
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342 COMMISSION ON EQUILIBRIUM DATA 

TABLE 5. 2,3-Dihydroxybenzoic Acid C7H6O4 (continued) 

Al3+ 

V&+ 

Mn2+ 
Fe3+ 

cu2+ 

cdz+ 

25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
27 
27 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 

0.2 (KN03) 
0.2 (Kcl) 
0.2 (Kcl) 
0.2 (Kcl) 
0.2 (Kcl) 
0.2 ( K c l )  
0.2 (Kcl) 
0.2 (Nac104) 
0.2 (NaC104) 
0.2 (NaC104) 
0.2 (NaC104) 
0.2 (NaC104) 
0.2 (Nac104) 
0.2 (Nac104) 
1.0 (Nac104) 
0.02-0.13 

1.0 (NaC104) 
1.0 (NaC104) 
1.0 (NaC104) 
1 .O (Nac104) 
1.0 (Nac104) 
1.0 (NaC104) 
1.0 (Nac104) 
0.2 (NaC104) 
0.2 (NaC104) 
0.2 (NaC104) 
0.2 (NaC104) 
0.2 (NaC104) 
0.2 (NaC104) 
0.2 (Nac104) 
0.2 (Nac104) 
0.2 (Nac104) 
1.0 (Nac104) 

0.02-0.13 

12.4 9.9 3.01 82HO 
>14 9.87 3.32 93KA 
10.32 7.94 93KA 
8-12 11.56 93KA 
4 - 2 2  1.74 93KA 
a-22 13.62 93KA 
8 - 3 2  8.87 93KA 

4 - 1 2  10.46 9oJK 
8 - 2 2  2.00 9oJK 
8-11 4.02 9oJK 
a-22 12.86 9oJK 
4.21-2.88 9oJK 
&-3 1-14.13 9oJK 

9.97 7.28 9oJK 

-15.2 (H2L3 S7GN 
20.5 7.3 4.3 78AS 
411 23.5 78AS 

K(M(HL)2+H2L = M(HLh+H)-4.5 87GN 
K(MHL + H2L = M(HL)2+ H)-2.2 87GN 

6.95 (H2L3 88xJ 
K(M + H2L = MHL + H)-2.33 86AD 
K(MHL+ HzL=M(HL)z + H)-3.38 86AD 
K(MHL2 + H = M(HL);? + H)9.57 86AD 
K(ML2 + H = MHL2)8.57 %AD 
811 11.86 89KKb 
4 0 1  7.56 89KKb 
&-I1  1.90 89KKb 
h - 2 1  9.09 89KKb 
&-224.f@ 89KKb a-l2 13.06 89KKb 
8 - 2 2  6.75 89KKb 
83-22 10.15 89KKb 
K1 I K2 8.64 89KKb 
-15.40 -16.10 (H2L3 89AP 

T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 

TABLE 6. 2,QDihydroxybenzoic Acid C7H604 

Metal Method t/"C IJM lg(K1/M-l) lg(K2IM-') lg(K3/M-l) Refemce Category 

H+ gl 25 0.5 (Nac104) 13.37 8.56 3.12 80LS T 
gl 25 0.2(Nac104) 9.75 2.96 85LSa T 
gl 30 0.1 (Nac104) 14.20 3.33 76SJ T 
gl 25 *o 12.45 10.50 4.60 77Dc T 
gl 25 l.0(NaclO4) 13.03 8.62 3.12 WAD T 

cont'd 
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Aromatic ortho-hydroxycarboxylic acid complexes 343 

TABLE 6. 2,QDihydroxybenzoic Acid C7H604 (continued) 

Be2+ 

Al3+ 

vo2+ 

Mn2+ 
Fe3 + 

co2+ 

cu2+ 
Ni2+ 

Zn2+ 
m 2 +  
Mo6+ 
Ia3+ 

Ce3+ 
pI-3+ 

Nd3+ 

25 
25 
25 
25 
25 
25 
25 
30 
25 
25 
25 
30 
25 
25 
25 
25 
30 
25 
25 
25 
? 
30 
30 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
30 
30 
25 
25 
25 
25 
25 
25 
25 
30 
25 

0.2 (NaClO,) 
0.2 (KCI) 
0.1 (NaC104) 
0.5 (NaC104) 
0.5 (NaClO,) 
0.5 (NaClO,) 
0.5 (NaC1O4) 

0.2 (KCI) 
0.2 (KCI) 
0.2 (KCI) 
0.1 (NaC104) 
0.2 (NaC104) 
0.2 (NaC104) 
0.2 (NaC104) 
0.2 (NaC104) 
0.1 (NaClO,) 
1.0 (NaClO,) 
1 .O (NaC104) 
1.0 ( N ~ C I O ~ )  

0.1 ( K N 4 )  

0.1 (NaC104) 
0.1 (NaC104) 
*O 
1.0 (NaClO,) 
1 .O (NaClO,) 
1.0 (NaClO,) 
1.0 (NaClO,) 
0.1 (NaC104) 
0.2 (NaC104) 
0.2 (NaC104) 
0.2 (NaC10,) 
0.2 (NaC104) 
0.2 (NaClO,) 
0.2 (NaC104) 
0.1 (NaCl04) 

? 
0.2 (NaC10,) 
0.1 (NaC104) 
0.2 (NaClO,) 
0.2 (NaClO,) 
0.1 (NaC10,) 
0.2 (NaCIOq) 
0.1 (NaClO,) 
0.1 (NaClO,) 

0.1 (KN03) 

>14 8.68 
>14 8.64 

8 0 2  19.803 
8 11 20.238 
8 2 2  37.933 
8 12 29.018 
18.15 14.95 
8.71 6.32 
82-22 9.1 

7.21 

8 - 1 2  5.93 
8-11 1.48 
a-22 8.60 
9.00 

13.30 
8.50 5.72 

3.11 89- 
3.09 93KA 
3.16 9 3 s  

79LKb 
79LKb 
79LKb 
79LKb 
78SDa 
93KA 
93KA 
93KA 
77SJ 
9oJK 
9oJK 
9oJK 
9oJK 
75JK 

K(M + H2L = MHL + H)2.80 87GN 

K(M(HL)2 + H2L = M(HL)3+H)-4.8 87GN 
7.145 4.145 77MM 
10.48 75JK 
10.62 75JK 
10.35 8.75 77Dc 
K(M + H2L = MHL + H)-3.07 86AD 
K(MHL + H2L = M(HL)2 + H)-5.00 86AD 

86AD 
86AD 

11.0 9.3 82DJ 
411 10.31 89KKa 
8 2 2  21.46 89KKa 
8 0 1  5.97 89KKa 
PI 02 9.80 89KKa 
8 - 1 2  0.98 89KKa 

10.34 75JK 
K(M + HL = MHL)16.55 78SDb 
3.47 80 JC 
6.09 85LSa 

6.21 85LSa 
6.34 85LSa 

6.48 85LSa 
10.91 9.75 76SJ 

K(MHL + H2L= M(HL)2 + H)-1.5 87GN 

K(MHL2 + H = M(HL)2)8.93 
K(ML2 + H = MHL7)9.44 

4.22-8.41 89KKa 

8 2 1  1.80 (H2L.J WAK 

8 2 1  1.93 (H2L? WAK 

8 2 1  1.99 (H2J-7 93AK 

T 
T 
T 
T 
T 
T 
T 
D 
T 
T 
T 
D 
T 
T 
T 
T 
T 
T 
T 
T 

T 
T 
T 
T 
T 
T 
T 
D 
T 
T 
T 
T 
T 
T 
T 
T 

T 
T 
T 
T 
T 
T 
D 
T 

Rj  

Rj  

cont’d 
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344 COMMISSION ON EQUILIBRIUM DATA 

TABLE 6. 2,QDihydroxybenzoic Acid C7H6O4 (continued) 

~ m 3 +  

Eu3+ 
Gd3+ 
Td+ 
DY3+ 
H d +  
@+ 
Tm3+ 
yd+ 
h 3 +  

0.2 (NaClO,) 
0.1 (NaClO,) 
0.1 (NaClO,) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaClO,) 
0.1 (NaClO,) 
0.1 (NaClO,) 
0.1 (NaClO,) 
0.1 (NaClO,) 

85LSa 
93AK 
93AK 
93AK 
93AK 
93AK 
93AK 
93AK 
93AK 
93AK 
93AK 

T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 

TABLE 7. 2,5Dihydroxybenzoic Acid C7H604 

Metal Method t/"C IdM 1g(K1/M-l) lg(K2/M-l) Ig(K3/M-l) Reference Category 

H+ 

&+ 

Al3+ 

V@+ 

Mn2+ 
co2+ 
Ni2+ 

cu2+ 

25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
30 
30 
30 
30 
25 

0.5 (NaC104) 
0.5 (NaClO,) 
0.5 (NaClO,) 
0.1 (NaClO,) 
0.2 (NaClO,) 
0.2 (KCl) 
0.1 (NaClO,) 
0.5 (NaCl04) 
0.5 (NaClO,) 
0.5 (NaClO,) 
0.5 (NaClO,) 
0.5 (NaClO,) 
0.5 (NaC104) 
0.2 (KCl) 
0.2 (KCl) 
0.2 (KCl) 
0.2 (NaClO,) 
0.2 (NaClO,) 
0.2 (NaC104) 
0.2 (NaC104) 
0.1 (NaClO,) 
0.1 (NaClO,) 
0.1 (NaC104) 
0.1 (NaC10,) 
0.1 (NaClO,) 

12.74 10.00 2.73 
13.90 10.20 2.97 
12.74 9.995 2.731 
13.9 10.2 3.0 
>14 10.05 2.73 
>14 10.06 2.75 

2.79 
8 11 21.839 
82241.347 
8 1 2  31.409 
8 0 2  20.972 
K(M + HL = MHL)10.4 
K(M + 2HL = M(HL)2)18.15 
9.74 7.43 
a-22 11.5 
8 - 1 2  9.97 
9.61 6.82 
8 - 1 2  7.48 
8-11  2.49 
a-22 10.58 
8.46 
8.64 
9.40 
9.40 
11.6 11.2 

80LS T 
85CD T 
78LKa T 
82DJ T 
89KKa T 
93KA T 
93AK T 
78LKa T 
78LKa T 
78LKa T 
78LKa T 
85CD T 
85CD T 
93KA T 
93KA T 
93KA T 
9oJK T 
9oJK T 
9oJK T 
9oJK T 
75JK T 
75JK T 
75JK T 
78JS T 
82DJ T 

cont'd 
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TABLE 7. 2,5-Dihydroxybenzoic Acid C7H6O4 (continued) 

zn2+ 
Mob+ 
la3+ 

P2+ 
M3+ 

sm3+ 
Eu3+ 
Gd3+ 

Td+ 
w3+ 
H d +  
@+ 

yd+ 
Lu3+ 

Tm3+ 

gl 30 
gl 25 
gl 25 
gl 25 
gl 25 
gl 25 
gl 25 
gl 30 
sp 25 
gl 25 
gl 25 
gl 25 
gl 25 
gl 25 
gl 25 
gl 25 
gl 25 
gl 25 
gl 25 
gl 25 
gl 25 
gl 25 

0.1 (NaCl04) 
0.2 (NaC104) 
0.2 (NaC104) 
0.2 (NaClO,) 
0.2 (NaC104) 
0.2 (NaC104) 
0.2 (NaC104) 
0.1 (NaC104) 
0.1 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaClO4) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 

75JK 
89KKa 
89KKa 
89KKa 
89KKa 
89KKa 
89KKa 
75JK 
76DV 
93AK 
93AK 
93AK 
93AK 
93AK 
93AK 
93AK 
93AK 
93AK 
93AK 
93s 
93AK 
93AK 

T 
T 
T 
T 
T 
T 
T 
T 
D 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 

TABLE 8. 2,6-Dihydroxybenzoic Acid C7H604 

Metal Method f/"C ZJM 1g(K1/M-l) lg(K2/M-l) lg(K3/M-l) Referent% Category 

H+ gl 25 0.5 (NaC104) 
gl 25 1.0 (NaC104) 
gl 25 1.0 (NaC104) 
sp 25 0.3(NaClO4) 
gl 25 0.2 (NaC104) 
gl 25 0.2 (KCl) 

Be2+ gl 25 0.5(NaC104) 
gl 25 0.5(NaC104) 
gl 25 0.5(NaC104) 
gl 25 0.5 (NaC104) 

gl 25 0.2 (KCl) 
gl 25 0.2 (KCI) 

vo2+ gl 25 0.2 (NaC104) 
gl 25 0.2 (NaC104) 
gl 25 0.2 (NaC104) 

Al3+ gl 25 0.2 (KCl) , 

13.28 12.57 
13.00 12.57 

13.1 13.1 
>14 13.1 
>14 13.1 
8 11 25.203 
8 22 48.528 
4 12 36.765 
&ol 25.089 
12.79 10.88 

17.2 
8 - 1 2  16.46 
12.25 9.73 
8 - 1 2  12.04 
8-11 4.96 

1.20 80LS 
0.91 86AD 
1 .o 82MSb 

87DS 
1 .o 89KKa 
1 .o 93KA 

79LKb 
79LKb 
79LKb 
79LKb 
93KA 
93KA 
93KA 
9oJK 
9oJK 
9oJK 

T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 

cont'd 
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TABLE 8. 2,6-Dihydroxybenzoic Acid C7H6O4 (continued) 

gl 25 
Fe3 + sp 25 

gl 25 
25 

sp 25 
Ni2+ sp 25 
cu2+ gl 25 

d 25 
gl 25 
gl 25 
gl 25 
gl 25 
gl 25 
gl 25 

0.2 (NaC104) 
1.0 (NaC104) 
1.0 (NaC104) 
1.0 (NaC104) 
1 .O (NaC104) 
0.3 (NaC104) 
1.0 (NaC104) 
1.0 (NaC104) 
1.0 (NaC104) 
0.2 (NaC104) 
0.2 (NaC104) 
0.2 (NaC104) 
0.2 (NaC104) 
0.2 (NaC104) 

a-22 22.92 9oJK 
K(M + H2L = MHL+H)2. 18 WGN 
K(MHL + H2L= M(HL)z+H)-IA WGN 
K(M(HL)2 + H2L = M(HL)3+H)-4.6 87GN 
2.35 (HL-) 82MSb 
7.30 87DS 
K(M + H2L = MHL+H)-2.97 %AD 

%AD 
%AD 

8 1 1  15.20 89KKa 
8.72 30.45 89KKa 
6 0 1  10.19 89KKa 
h0.2 18.47 89KKa 
8 - 1 2  6.45 89KKa 

K(MHL + H2L = M(HL)2+H)-4.77 
K(MHL2 + H = M(HLh)11.84 

T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 

3.2.2. Metal Complex Formation 

The most studied acid of this group of ligands is 4-hydroxysalicylic acid (Tables 5 - 8). Among the 
alkaline earth metal ions only the Be2+ complex formation has been studied. The stability order of 
various beryllium@) dihydroxybenzoato complexes is: 6-hydroxysalicylic acid > 5-hydroxysalicylic 
acid > 4hydroxysalicylic acid (79LKb). For instance, in the case of 5-hydroxysalicylic acid, the 
complexation takes place via the neighbouring OH- and COOH-groups, and with increasing pH the 
proton of the OH group at the carbon C-5 will be dissociated according to the following reaction: 

BeHL = BeL- + H+ (9) 

However, the relative amount of the BeL- species is so small that no good estimate could be 
determined for it (78LKa). The data available indicate that 6-hydroxysalicylic acid is also able to form 
binuclear complex compounds with beryllium( II) and oxovanadium(N) (79LKb, 9OJK). 

Complex equilibria of Cu2+ ions have been studied with all of these ligands. According to 
Aplicourtet al. (%AD) the CuH2Lz2- complex (H3L = 3-, 4- or 6-hydroxysalicylic acid) deprotonates 
in aqueous solutions to form the CuHLz3- species. In the case of the 3- and 4-hydroxysalicylate 
systems, CuLz4 complexes are also formed. 

Protonation enthaplies and metal complex formation enthalpies of 2,4- and 2,5-dihydroxybenzoic 
acids are given in Table 9. 
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TABLE 9. Protonation Enthalpies and Metal Complex Formation Enthalpies of 2,4-Dihydroxybenzoic 
Acid (I) and 2,5-Dihydroxybenzoic Acid (11) 

Metal Iigaud Method t/"C Id M AHl/kJ mol-l AH2/k.I mol-l R e f e m u  Category 

H+ I T 
I cal 
II T 
11 cal 

cu2+ I T 
II T 

La3+ I cal 
II cal 

p13+ II cal 
N3+ II cal 

~ m 3 +  11 cal 
Eu3+ I cal 
Gd3+ 11 cal 
w+ I cal 
Dy3+ II cal 
H d +  II cal 

@+ II cal 
Tm3+ I cal 
Lu3+ I cal 

25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 

0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 

-31.8 -3.3 
AH3 -1.77 
-36.0 -4.2 
AH3 -1.88 
-32.6 -41.0 
-41.0 -54.0 
AH121 1.5 (H2L7 
AH121 3.3 (H2L-) 
AH121 1.7 (HZL-) 
AH121 1.6 (H2L7 
AH121 1.6 (HZL-) 
AH121 2.5 (HzL-) 
AH121 2.0 (H2L-) 
AH121 3.0 (HZL-) 
AH121 4.1 (H2L-) 
AH121 2.5 (HzL-) 
AH121 3.1 (HZL-) 
AH121 3.8 (H2L-) 
AH121 4.5 (HZL-) 

82DJ T 
93AK T 
82DJ T 
93AK T 
82DJ T 
82DJ T 
93AK T 
93AK T 
93AK T 
93AK T 
93AK T 
93AK T 
93AK T 
93AK T 
93AK T 
93AK T 
93AK T 
93AK T 
93AK T 

3.3. Halo-substituted Salicylic Acids 

3.3.1. Fluoro-substituted Salicylic Acids, C7HsF03 

There is only one paper available in the literature concerning protonation and complex formation of 
fluoro-substituted salicylic acids (89YA), and these results should be regarded as doubtful (Table 10). 
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TABLE 10. 5-Fluoro-2-hydroxybenzoic Acid C7HgF$ 

Metal Method t/'C ZdM 1g(Kl/M-l) lg(K2/M-l) Reference Category 

H+ SP 25 0 13.703 2.56 89Y A D 
uo22+ sp 25 0 13.0 (L2-) 89YA D 

SP 25 0 1.29 (HL') 89YA D 
SP 25 0 -3.27 (H2L) 89YA D 

3.3.2. Chloro-substituted Salicylic Acids, C7H5C103 and C7H4C1203 

Halogen atom substituents are electron-withdrawing, and thus tend to increase the acidity of the 
protonated functional groups. This can be seen in the pK, values of the various halogenated salicylic 
acids in comparison to the corresponding values of salicylic acid. The acidity of the OH-group in 
salicylic acids increases in the following order: salicylic acid c chlorosalicylic acid c bromosalicylic 
acid c iodosalicylic acid (83LE). The acidity of the dichloroderivative is even higher than that of 
monochloro-substituted salicylic acid (82DJ, 83LE). The average values of the accepted protonation 
constants for 5-chlorosalicylic acid in 0.1 - 0.2 M solution at 25 O C  are lg(K1IM-1) = 12.57 f 0.24 (T) 
and lg (K2N- l )  = 2.45 f 0.04 (R). 

TABLE 11. 5-Chloro-2-hydroxybenzoic Acid C7H5ClO3 
~~ ~~ 

Metal Method t/"C Zc/ M lg(K,/M-l) lg(K2/M-l) 1g(K3/M-l) Reference Category 

H+ gl 30 
gl 30 
gl 25 
sp ? 

sp ? 
sp 25 
sp 25 

sp 25 

gl 25 
sp 25 
gl 25 

Be2+ gl 30 
gl 25 
gl 25 

0.05 (NaC104) 
0.1 (NaC104) 
0.1 (NaClO4) 
? 
0.1 (NaC104) 

0.2 (NaClO,) 
0.1 (NaC104) 
0.2 (NaC104) 
0 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 

0.1 (KN03) 

12.22 2.71 
12.50 2.43 
11.87 2.49 
12.22 2.71 
12.91 2.48 
12.15 2.64 
12.4 2.41 

2.44 
2.42 

12.947 2.65 
12.4 2.51 
11.97 9.30 
11.26 8.78 
-3.10 (HzL) 

85AS T 
76ABb T 
79LT D 

S3LE T 
85SB D 
82CS T 
82CS T 
82CS T 
89Y A T 
8OMS T 
76ABb T 
79LT T 
79LT T 

81GS Rj 

cont'd 
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TABLE 11. 5-Chloro-2-hydroxybenzoic Acid C7HsC103 (continued) 

B3+ 
Ga3 + 

Mnz+ 
Fe3+ 

co2+ 

Ni2+ 

cu2+ 

zn2+ 

UO22+ 

30 
35 
40 
35 
25 
25 
25 
30 
25 
25 
25 
25 
? 
25 
30 
25 
25 
25 
25 
30 
25 
30 
35 
? 
25 
30 
30 
35 
40 
30 
30 
25 
25 
25 

0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaCl) 
0.2 (NaC104) 
0.2 (NaC104) 
0.1 (NaC104) 
0.1 (NaC10,) 
0.1 (NaC104) 
0.1 (NaC104) 
1 .O (NaC104) 
0.1 (KN03) 

0.1 (NaC104) 
0.154 (NaClO,) 
0.154 (NaC104) 
0.154 (NaC104) 

0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC1O4) 
? 
0.1 (NaClO,) 
0.1 (NaCIO,) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaClO,) 
0.1 (NaCIO,) 
0 
0 
0 

11.05 7.35 83MS 
10.60 7.20 83MS 
9.95 7.10 83MS 
AH -201.0 83MS 
0.85 (HL-) 79QD 
0.77 (HL-) 82CS 
K(M + HL = MHL)1.72 82CS 
6.46 
15.25 
15.74 

12.38 
2.80 (HL-) 
14.96 11.04 
6.43 
6.21 
13.58 (L2-) 
0.63 (HL-) 

6.49 
7.82 
6.36 
9.61 7.34 
10.05 7.54 
9.66 
10.355 8.60 
9.67 7.36 
8.70 6.70 
7.90 6.10 
7.70 5.90 
AH -182.8 
7.32 
12.52 (L2-) 

-2.02 (HZL) 

1.58 (HI=) 
-3.07 (H2L) 

75JK 
82C 
83LE 

10.84 83LE 
82MSb 

8.84 85SB 
83SG 
75JK 
80YA 
80YA 
80YA 
83SG 
75JK 
80MS 
85AS 
81AS 
81GS 
83LL 
75JK 
82MSa 
82MSa 
82MSa 
82MSa 
75JK 
89YA 
89YA 
89YA 

T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 

T 
D 
D 
D 

T 
T 
T 
T 

T 
T 
T 
T 
T 
T 
T 
D 
D 
D 

Rj 

Rj 

Rj 

TABLE 12. 3,5-Dichloro-2-hydroxybenzoic Acid C7H4C1203 

Metal Method t/"C IclM lg(K1IM-l) 1g(K2/M-I) Refmnce Category 

H+ gl 25 0.1 (NaC104) 10.1 2.4 82DJ T 
gl 30 0.1 (NaC1O4) 10.22 2.45 75JK T 
T 25 0.1 (NaC10,) AH1 -23.0 AH2 -5.0 82DJ T 

M&+ gl 30 0.1 (NaClO,) 4.49 75JK T 
co2+ gl 30 0.1 (NaClO,) 5.40 75JK T 

cont'd 
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TABLE 12. 3,5-Dichloro-2-hydroxybenzoic Acid C7H4C124 (continued) 

Ni2+ gl 30 0.1 (NaC10,) 5.98 75JK T 
cu2+ g1 25 0.1 (NaC104) 8.4 5.6 82DJ T 

gl 30 0.1 (NaC104) 8.35 5.55 75JK T 
T 25 0.1 (NaC104) AHl -18.0 AH2 -16.7 82DJ T 

zn2+ gl 30 0.1 (NaC104) 5.47 75JK T 

3.3.3. Bromo-substituted Salicylic Acids, C7H5Br03 and C7H4Br203 

The position and number of bromo-substituents have a significant effect on the protonation constants 
of the various bromo-substituted salicylic acids. The lg(K1IM-1) values for 3-bromo- and 33- 
dibromosalicylic acids are much smaller than those of 4- and 5-bromosalicylic acids (75JK, 82DJ, 
83LE). Bromo-substitution also has an influence on the Cu2+ complex formation (83LL) (Tables 13 - 
16). 

TABLE 13. 3-Bromo-2-hydroxybenzoic Acid C7H5Br0, 

Metal Method t/"C Refemlce category 

H+ gl 25 
g1 30 
T 25 

Mn2+ gl 30 
co2+ gl 30 
Ni2+ gl 30 

gl 30 
T 25 

znz+ gl 30 

cu2+ gl 25 

0.1 (NaC104) 
0.1 (NaClO,) 
0.1 (NaClO,) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC10,) 
0.1 (NaC104) 

10.7 2.7 
10.64 2.83 
AH1 -20.5 AH2 -2.5 
5.33 
5.38 
6.68 
9.2 6.3 
8.70 6.25 

6.42 
AH1 -20.5 AH2 -18.0 

82DJ 
75JK 
82DJ 
75JK 
75JK 
75JK 
82DJ 
75JK 
82DJ 
75JK 

T 
T 
T 
T 
T 
T 
T 
T 
T 
T 

TABLE 14. 4-Bromo-2-hydroxybenzoic Acid C7HgB103 

Metal Method t/"C IdM lg(KIIM-l) lg(K2/M-') Reference category 

H+ gl 30 0.1 (NaClO,) 11.70 2.75 75JK T 
cu2+ gl 30 0.1 (NaClO,) 9.17 7.13 75JK T 
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TABLE 15. 5-Bromo-2-hydroxybenzoic Acid C7HsBr0, 

351 

Metal Method t/"C Id M Ig(K1IM-l) lg(K,IM-l) lg(K3IM-I) Reference Category 

H+ gl 30 
sp ? 
sp 25 
sp 25 

Be2+ gl 30 
B3+ sp 25 
Fe3 + sp 25 

gl 25 
co2+ sp 25 
Ni2+ sp 25 

sp 25 
sp 25 
sp 25 

cu2+ gl 35 
sp ? 
gl 25 

UOZ2+ sp 25 
sp 25 
sp 25 

0.1 (NaC10,) 
? 
0.1 (NaC10,) 
0 
0.1 (NaC104) 
0.1 (NaCl) 
0.1 (NaC10,) 
0.1 (NaC104) 

0,154 (NaClO,) 
0.154 (NaC104) 
0.154 (NaC104) 

0.1 (NaC10,) 
? 
0.1 (NaClO,) 
0 
0 
0 

12.41 2.40 
12.11 2.61 
12.62 2.48 
12.850 2.65 
11.84 9.28 
0.87 (HL-) 
15.47 

6.43 
13.44 (L2-) 
0.59 (HL-) 

6.48 
10.01 7.45 
9.37 
10.186 8.30 

12.23 

-2.06 (H,L) 

12.11 (LZ-) 

1.26 (HL-) 
-3.39 (H2L) 

76ABb 
81GS 
83LE 
89YA 
76ABb 

79QD 
83LE 

10.64 83LE 
83SG 
8OYA 
8OYA 
8OYA 
83SG 
81AS 
81GS 
83LL 
89YA 
89Y A 
89YA 

T 

T 
T 
T 
T 
T 
T 

D 
D 
D 

T 

T 
D 
D 
D 

Rj 

Rj 

Rj 

Rj 

TABLE 16. 3,5-Dibromo-2-hydroxybenimic Acid C7H4Br2% 
~~ 

Metal Method t/"C I, i  M lg(K1IM-l) 1g(Kz/M-') Reference category 

H+ gl 25 
gl 30 
gl 30 
T 25 

Mn2+ gl 30 
co2+ gl 30 
Ni2+ gl 30 

gl 30 
gl 30 
T 25 

znz+ gl 30 

cu2+ gl 25 

0.1 (NaClO,) 
0.05 (NaClO,) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaClO,) 
0.1 (NaClO,) 
0.05 (NaC10,) 
0.1 (NaCIO,) 
0.1 (NaClO,) 
0.1 (NaC10,) 

10.5 
10.43 
10.43 
AH1 -22.6 
5.03 
5.63 
6.10 
8.4 
9.30 
8.41 

6.04 
AH1 -18.0 

2.6 
2.55 
2.55 
AH2 -5.0 

5.6 
7.30 
5.60 
AH2 -15.5 

82DJ 
85AS 
75JK 
82DJ 
75JK 
75JK 
75JK 
82DJ 
85AS 
75JK 
82DJ 
75JK 

T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
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3.3.4. Iodo-substituted Salicylic Acids, C7HsIO3, C7H41203 

Iodo-substituted salicylic acids are sparingly soluble in water and only one report is available on the 
protonation and complex formation of 3,5-diiodosalicylic acid (85AS) (Tables 17 and 18). 

TABLE 17. 2-Hydroxy-Siodobenzoic Acid C ~ H ~ I O J  

Metal Method t/"C IclM lg(K,/M-') lg(K2/M-l) lg(K3/M-') Reference Category 

H+ gl 35 0.1 (NaC104) 
sp 25 0.1 (NaC104) 
sp 25 0 

Fe3+ sp 25 0.1 (NaC104) 
gl 25 0.1 (NaC104) 

cu2+ gl 35 0.1 (NaC104) 
gl 25 0.1 (NaC104) 

U022+ sp 25 0 
sp 25 0 
sp 25 0 

12.13 2.38 
12.36 2.54 
12.786 2.62 
15.35 

9.83 7.41 
9.845 8.63 
12.37 (L2-) 
1.59 (HL-) 

11.63 9.36 

-3.04 (H2L) 

79A 
83LE 
89YA 
83LE 
83LE 
79A 
83LL 
89YA 
89YA 
89YA 

T 
T 
T 
T 
T 
T 
T 
D 
D 
D 

TABLE 18. 2-Hydroxy-3,Sdiiodobenzoic Acid C7H4I29 

Metal Method tl"C WM lg(Kl /M- l )  1g(K2/M- l )  Reference category 

H+ gl 30 0.05(NaC104) 11.20 3.81 85AS T 
cu2+ gl 30 0.05(NaC104) 8.91 7.19 85AS T 

3.4. Alkyl-substituted Salicylic Acids 

3.4.1. Methylsalicylic Acids, C8H803 

The methyl group is a strongly electron-donating group, and thus has an effect opposite to that of 
halogen-substituents. This is clearly shown by the increased basicity of the OH-group of 
methylsalicylates. The methyl group diminishes the solubility of salicylic acid in water which causes 
limitations for the concentration range in experiments in aqueous solutions. There is also evidence 
that the methyl group in ortho-position (3-methylsalicylic acid) may cause steric hindrance in metal 
complex formation (76ABb) (Tables 19 - 21). 
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TABLE 19. 2-Hydroxy-3-methylbenzoic Acid (0-Cresotic Acid) CgH& 

Metal M e h d  ti0C IdM Ig(Kl /M- l )  1g(K2/M-') Reference category 

H+ gl 35 

sp 25 
Ek2+ gl 35 
vo2+ gl 35 

gl 35 

gl 25 

Fe3+ sp 25 
cu2+ gl 25 

U022+ sp 25 
sp 25 
sp 25 

0.1 (NaC104) 
*O 
0 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
*O 
0.1 (NaC104) 
0 
0 
0 

14.14 2.84 
11.80 4.40 
15.001 3.00 
13.05 8.78 
13.00 
16.75 
9.20 7.75 
10.58 6.39 
14.33 (L2-) 
1.33 (HL-) 
-3.67 (H2L) 

76ABb T 
77Dc D 
89YA T 
76ABb T 
831s T 
82C T 
77Dc D 
81AS T 
89YA D 
89YA D 
89YA D 

TABLE 20. 2-Hydroxy-4methylbenzoic Acid (m-Cresotic Acid) CgH& 

Metal M e w  t/'C Id M lg(K1IM-') lg(K2iM-l) Refemw category 

H+ gl 35 

Be2+ gl 35 
VO2+ gl 35 

sp 25 

Fe3+ sp 25 
Ni2+ sp 25 

sp 25 

U022+ sp 25 
sp 25 
sp 25 

sp 25 

cu2+ gl 35 

0.1 (NaC104) 
0 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.154 (NaClO,) 
0.154 (NaC104) 
0.154 (NaC104) 
0.1 (NaClO,) 
0 
0 
0 

13.54 2.94 
14.238 3.19 
12.87 9.89 
13.40 
16.49 
15.46 (LZ-) 

-1.97 (H2L) 
1.22 (HL-) 

10.71 8.35 
13.70 (L2-) 
1.46 (HL-) 
-3.72 (H2L) 

76ABb 
89YA 
76ABb 
831s 
82C 
80YA 
80YA 
8OYA 
81AS 
89YA 
89YA 
89Y A 

T 
T 
T 
T 
T 
D 
D 
D 
T 
D 
D 
D 

TABLE 21. 2-Hydroxy-5-methylbenzoic Acid (p-Cresotic Acid) C8H803 

Metal Method t/'C Id M lg(Kl /M- l )  1g(K2/M- l )  hfemw category 

H+ gl 35 0.1 (NaC104) 13.74 2.87 76ABb T 
k 2 +  gl 35 0.1 (NaC104) 12.94 9.97 76ABb T 
B3+ sp 25 0.1 (NaC1) 1.05 (HL-) 79QD T 
V02+ g1 35 0.1 (NaC104) 13.49 831s T 
Fe3+ sp 25 0.1 (NaC104) 16.05 82C T 
cu2+ gl 35 0.1 (NaC104) 10.83 8.45 81AS T 
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3.4.2. Methoxysalicylic Acids, CsHaO4 

Only one paper is available in the literature on the protonation and complex formation of 3- 
methoxysalicylic acid. The values reported indicate a minor effect of the 3-methoxy group on 
protonation and U022+ complex formation compared to those of salicylic acid (Tables 22 and 23). 

TABLE 22. 2-Hydroxy-3-methoxybnzoic Acid CgHgO4 

Metal Method t/'C IdM lg(Kl /M- l )  1g(K2/M- l )  Referem? category 

H+ sp 25 0 13.948 2.69 89YA T 
UOZ2+ sp 25 0 13.38 (L2-) 89YA D 

sp 25 0 1.43 (HL-) 89YA D 
sp 25 0 -3.25 (H2L) 89YA D 

TABLE 23. 2-Hydroxy-5-methoxybnzoic Acid CgHgO4 

Metal Method t/"C IciM lg(K1/M-l) lg(K2/M-l) 

H+ sp 25 0 13.845 2.91 
Ni2+ sp 25 0.154(NaC104) 14.49 (L2-) 

sp 25 0.154(NaC104) 0.65 (HL-) 

UOZ2+ sp 25 0 13.15 (L2-) 
sp 25 0 1.31 (HL-) 

sp 25 0.154(NaQ04) -2.26 (H2L) 

sp 25 0 -3.60 (H2L) 

Reference Category 

89YA T 
8OY A D 
80YA D 
80YA D 
89YA D 
89YA D 
89YA D 

3.5. Nitrosalicylic Acids, C7HsN05, C7H4N2@ and CsH7N05 

The nitro group is a strong electron-withdrawing substituent and has a significant effect, especially, 
on deprotonation of the OH-group in salicylic acid. The acidity of the OH-group of the 
mononitrosalicylic acids increases in the following order: salicylic acid < 4-nitrosalicylic acid .c 5- 
nitrosalicylic acid < 3-nitrosalicylic acid. 3,5-Dinitrosalicylic acid is a significantly stronger acid than 
the three corresponding mononitroderivatives with respect to both the OH- and COOH-groups. The 
acidity order for the carboxylic acid group is: 3,5:dinitrosalicylic acid > 3-nitrosalicylic acid > 5- 
nitrosalicylic acid > 6-nitrosalicylic acid > salicylic acid (79LT, 81LL). There are significant 
differences between some values reported in the literature (82CS, 82MSb). 

In nitrosalicylic acids an intramolecular hydrogen bond may be formed either between the COOH- 
and OH-groups or between the NO2- and OH-groups. Whether hydrogen bonding exists depends on 
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the position of the nitro group in the benzene ring. The average values of the accepted protonation 
constants for 5-nitrosalicylic acid in 0.1 - 0.2 M solutions at 25 OC are lg(K1M-1) = 9.98 0.12 (T) 
and l g ( K 2 D ~ l - ~ )  = 1.99 * 0.14 (T). 

A methyl group in addition to a nitro group in salicylic acid will decrease the acidity of the 
compound (80NS). Complex equilibria between beryllium@) and 5-nitrosalicylic acid or 3,s- 
dinitrosalicylic acid have been studied (76ABb, 79LT). There is a linear relationship between the 
stability constants of the various borate complexes and the acidity of the ligand acids (88LTb). 
Aluminium(m) forms very stable nitrosalicylato complexes in aqueous solutions (79LT, 79PT). 
Protonation and stability constants reported for nitrosalicylic acids are summarized in Tables 24 - 29. 

TABLE 24. 2-Hydroxy-3-nitrobenoic Acid C7HdO5 

Metal Method t/"C IJM lg(K,/M-l) 1g(K2/M-l) Reference Category 

H+ sp 25 
gl 25 

sp 25 

B3+ sp 25 

co2+ sp 25 

Ni2+ sp 25 

cu2+ sp ? 

T 25 

gl 30 

Mn2+ gl 30 

gl 30 

gl 30 

gl 25 
gl 30 
T 25 

zn2+ gl 30 

? 
0.1 (NaC104) 
0.1 (NaC10,) 
0.1 (NaC10,) 
0.1 (NaC10,) 
0.1 (NaC10,) 
0.1 (NaC10,) 
? 
0.1 (NaC104) 
? 
0.1 (NaC104) 
? 
0.1 (NaClO,) 
0.1 (NaC10,) 
0.1 (NaC10,) 
0.1 (NaC10,) 

10.25 
10.3 
AH1 -18.8 
9.87 
10.22 
0.38 (HL') 
4.85 
5.76 
5.24 
5.89 
5.96 
8.44 
8.3 
8.12 
AH1 -23.0 
5.73 

1.82 
1.8 
AH2 -5.0 
1.73 
1.82 

5.9 
5.87 
AH2 -18.0 

81GS 
82DJ 
82DJ 
81LL 
75JK 
88LTb 
75JK 
82GS 
75JK 
82GS 
75JK 
81GS 
82DJ 
75JK 
82DJ 
75JK 

T 
T 
T 

TABLE 25. 2-Hydroxy-4-nitrobenoic Acid C7H5N05 

Metal Method t/"C Ic/ M lg(Kl/M-l) lg(K2/M-l) Reference Category 

H+ sp ? ? 10.32 1.43 81GS Rj 
sp 25 0.1 (NaClO,) 10.91 2.05 81LL T 

B3+ sp 25 0.1 (NaC104) 0.76 (HL-) 88LTb T 
co2+ sp 25 ? 5.37 82GS Rj 
Ni2+ sp 25 ? 5.46 82GS Rj 
cu2+ sp ? ? 7.43 81GS Rj 
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TABLE 26. 2-Hydroxy-5-nitrobenzoic Acid C7HgN05 

Metal Method t/"C IciM lg(K,/M-l) 1g(K2/M-l) lg(K3/M-l) Ref- Category 

H+ 

Be2+ 

B3+ 

A13 + 

Ga3 + 

Mn2+ 
Fe3+ 

co2+ 

Ni2+ 

cu2+ 

zn2+ 

35 
20 
25 
35 
25 
25 
25 
25 
25 
25 
25 
25 
30 
25 
25 
25 
35 
25 
25 
25 
25 
25 
25 
25 
25 
25 
30 
25 
25 
35 
30 
25 
25 
25 
25 
30 
20 
35 
25 
25 
25 
30 
35 
30 

0.1 (NaClO,) 
0.1 
0.1 
0.1 (NaC1O4) 
0.1 (NaC10,) 
0.1 (NaC10,) 
0.2 (NaClO,) 
0.1 (NaC10,) 
0.2 (NaClO,) 
0.1 (NaClO,) 
0 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaClO,) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaCl) 
0.1 (NaClO,) 
0.1 
0.1 (NaClO,) 
0.1 (NaC10,) 
0.2 guaclo,) 
0.2 (NaC104) 
0.1 
0.1 
0.1 (NaClO,) 
1.0 (NaClO,) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaClO,) 
0.154 (NaC104) 
0.154 (NaC104) 
0.154 (NaClO,) 
0.3 (NaN03) 
0.1 (NaClO,) 
0.1 
0.1 (NaClO,) 
0.1 (NaC10,) 
0.1 (NaClO,) 
0.1 (NaC10,) 
0.1 (NaC104) 
0.1 (NaClO,) 
0.1 (NaClO,) 

9.89 1.90 
10.63 2.71 

2.24 
9.89 1.90 
9.90 1.98 
9.89 1.90 
10.0 1.87 

1.91 
1.88 

9.90 l.% 
10.343 2.11 
10.2 2.2 
10.13 2.22 
AH1 -20.5 AH2 -3.8 
9.64 7.53 
-2.24 (H,L) 
9.71 7.86 
0.48 (HL-) 
0.69 (HL-) 
1.11 (HL-) 
11.11 

1.40 (HL-) 
K(M + HL = MHL)1.94 
1.69 (HL-) 
K(M + HL = MHL)2.70 
4.41 
3.23 (HL-) 
12.76 
4.98 3.08 
5.18 
10.37 (L2-) 
0.02 (HL-) 

5.62 
5.86 
8.01 
8.51 6.11 
8.435 6.44 
8.0 6.0 
AH1 -20.1 AH2 -20.5 
7.99 5.94 
5.12 3.25 
5.38 

8.62 6.13 

-2.08 (H2L) 

80A 
80NS 
79pT 
76ABb 
79LT 
82C 
82CS 
82CS 
82CS 
81LL 
89YA 
82DJ 
75JK 
82DJ 
79LT 
79LT 
76ABb 
79QD 
88LTb 
79PT 
79LT 
79LT 
82CS 
82CS 
80PS 
80PS 
75JK 
82MSb 
82C 
83A 
75JK 
80YA 
80YA 
80YA 
74HK 
75JK 
80NS 
81AS 
83LL 
82DJ 
82DJ 
75JK 
80A 
75JK 

T 
D 
T 
T 
R 
R 
T 
T 
T 
R 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
D 
D 
D 
T 
T 
D 
T 
T 
T 
T 
T 
T 
T 

cont'd 
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TABLE 26. 2-Hydroxy-5-nitrobenzoic Acid C7HgN05 (continued) 

UOZ2+ sp 25 0 
sp 25 0 
sp 25 0 

10.53 (L2-) 
2.19 (HL-) 
-1.92 (H2L) 

89YA D 
89YA D 
89YA D 

TABLE 27. 2-Hydroxy-6-nitrobenic Acid C7HgNO5 

Metal Method t/"C IclM 1g(K1/M-l) 1g(K2/M-l) Ref- Category 

H+ sp 25 0.1 (NaC104) 9.04 1.99 81LL T 
@+ sp 25 0.1 (NaC104) 0.34 (HL-) 88LT!J T 
~ 

TABLE 28. 2-Hydroxy-3,5-dinitrobenzoic Acid C7HqN2Q 

Metal Method t/"C Id M lg(Kl/M1) lg(K2/M-l) lg(K3/M-l) Ref- Category 

H+ sp ? 
g1 25 
sp 25 
gl 30 
gl 25 
gl 30 
gl 25 
gl 35 
gl 45 
sp 15 

sp 35 
sp 45 

sp 25 

sp 25 
gl 25 
g1 30 
T 25 

Be2+ gl 25 
gl 25 

Al3+ sp 25 
g1 25 

Ga3+ gl 25 
gl 35 
gl 45 

sp 15 
T 35 

? 
0.3 (NaC104) 
1.0 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.05 (NaC104) 
0.2 (NaC104) 
0.2 (NaC104) 
0.2 (NaC104) 
0.2 (NaC104) 
0.2 (NaC104) 
0.2 (NaC104) 
0.2 (NaC104) 
1.0 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.2 (NaC104) 
0.2 (NaC104) 
0.2 (NaC104) 
0.2 (NaC104) 
0.2 (NaC104) 

7.01 
7.02 

7.02 
7.02 
7.68 
7.05 
6.98 
6.91 

6.9 
7.00 
AH1 -5.4 
8.50 
0.14 (H2L) 
8.81 

7.24 
7.24 
6.71 
AH -25.9 
1.27 (HL-) 

1.32 
0.28 
0.49 
1.31 
1.34 
1.56 

0.27 
0.28 
0.30 
0.32 
0.40 
1.3 
1.31 

6.90 
AH2 -2.5 

6.58 4.34 
6.88 4.76 
6.57 3.86 
6.04 3.66 

8lGS 
87DS 
82MSb 
76SJ 
79LT 
85AS 
84MA 
84MA 
84MA 
82CS 
82CS 
82CS 
82CS 
82CS 
82DJ 
75JK 
82DJ 
79LT 
79LT 
79LT 
79LT 
84MA 
84MA 
84MA 
84MA 
82CS 

Rj 
T 
D 
T 
T 
T 
T 
T 
T 
D 
D 
D 
D 
D 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 

cont'd 
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TABLE 28. 2-Hydroxy-3,Idinitrobenzoic Acid C7HqN2q (continued) 

vo2+ 
Mn2+ 
Fe3 + 

co2+ 

Ni2+ 

cu2+ 

znz+ 
Nd3+ 
UO22+ 

25 
35 
45 
30 
30 
25 
25 
30 
25 
25 
25 
25 
30 
? 
30 
30 
25 
30 
25 
30 
30 
30 

0.2 (NaC10,) 
0.2 (NaC10,) 
0.2 (NaClO,) 
0.1 (NaClO,) 
0.1 (NaC104) 
1.0 (NaClO,) 

0.1 (NaClO,) 
0.3 (NaC104) 
0.3 (NaC10,) 
0.3 (NaC104) 

0.1 (NaC10,) 
? 
0.1 (NaClO,) 
0.05 (NaC10,) 
0.1 (NaC10,) 
0.1 (NaC10,) 
0.1 (NaC10,) 
0.1 (NaClO,) 
0.1 (NaClO,) 
0.1 (NaC1O4) 

1.41 (HL-) 
1.54 (HL-) 
1.62 (HL-) 
6.96 
3.06 
2.59 (HL-) 
3.82 
3.63 
3.75 
3.84 
K(M + HL = MHL)0.60 
4.13 
4.11 
6.68 
6.75 4.00 
6.60 4.89 
6.8 5.0 
6.70 3.95 
AH1 -16.7 AH2 -10.5 
3.32 
4.44 
6.39 

82CS 
82CS 
82CS 
77SJ 
75JK 
82MSb 
83SG 
75JK 
87DS 
87DS 
87DS 
83SG 
75JK 
81GS 
79SJ 
85AS 
82DJ 
75JK 
82DJ 
75JK 
76SJ 
77DS 

T 
T 
T 
T 
T 
T 

T 
T 
T 
T 

T 

T 
T 
T 
T 
T 
T 
T 
T 

Rj 

Rj 

Rj 

TABLE 29. 2-Hydroxy-Smethyl-3-nitrobenzoic Acid C8H7N05 

Metal Mehod t/"C IclM lg(K,/M-') lg(K2/M-l) Refemce Category 

H+ ? 20 0.1 10.80 2.78 SONS D 
cu2+ ? 20 0.1 8.82 SONS D 

? 30 0.1 8.94 SONS D 

3.6. Sulfo-substituted Salicylic Acids 

3.6.1. 5-Sulfosalicylic Acid, C.;rHsSO6-,and 3,5-Disulfosalicylic Acid, C7H3SzGZ- 

Sulfo groups increase significantly the solubility of the parent compound. In aqueous solutions, the 
sulfonic acid group is a very strong acid, and practically quantitatively deprotonated. Sulfo groups 
(electron-widthdrawing groups) increase the acid strength of the OH- and COOH-groups (74SRa). In 
mixed aqueous solvents containing dioxan or ethanol, the lg K values of the OH- and COOH-groups 
are much larger than in aqueous solutions (79SJ, 851s). The average values of the accepted 
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protonation constants for 5-sulfosalicylic acid in 0.1 - 0.2 M solution at 25 O C  are lg(K1M-1) = 11.67 
f 0.20 (T) and lg(K2M-1) = 2.43 f 0.05 (R). 

The metal complex formation of 5-sulfosalicylic acid has been mostly studied with transition metal 
ions, and for instance, the Cu2+ complexes with 5-sulfosalicylic acid are widely studied. 
The stability constants of 1: 1 lanthanoid(m) complexes increase with increasing atomic number and 

show a tetrad effect (82DB). Entalpy and entropy changes involved in complex formation were 
determined on the basis of stability constants determined at three different temperatures. According to 
the H and S values obtained, these complexes could be divided roughly as two groups (La-Gd and 
Tb-Ho!. The H and S values are strongly connected to the size of the hydration sphere of the 
lanthanoid(m) ions. 

3,5-Disulfosalicylic acid forms strong complexes with Be2+, Al3+, Cu2+ ions and lanthanoid(m) 
ions. In the case of U022+, dinuclear complexes were also found to form. The ratio between the 
stepwise stability constants of the successive metal complexes of 3,5-disulfosalicylic acid is large due 
to the repulsion between the ionized sulfo groups of the ligand (76La, 78La). 

Values of the stepwise stability constants are given in Tables 30 and 3 1. 

TABLE 30. 2-Hydroxy-5-sulfobenzoic Acid C7H606s 

Metal Method ti0C IciM 1g(KlIM-l) 1g(K2/M-l) 1g(K3IM-l) Reference Category 

H+ gl 30 
gl 30 
gl 25 

cal 25 
cal 25 
gl 25 
gl 25 

gl 30 

gl 25 
g1 25 

gl 35 

gl 20 

gl 40 

gl 35 
sp ? 

sp 35 
gl 25 

gl 25 
gl 25 
gl 25 
gl 25 

Be2+ gl 35 

0.1 (KN03) 
0.1 (NaC104) 
0.12 NaCl 
0.1 (KN03) 
? 
? 

0.1 (NaC104) 
0.1 (KN03) 
0.1 (KN03) 
0.1 (KN03) 

0.1 (NaC104) 
0.1 (NaC104) 
? 
0.5 (NaC104) 
0.1 (NaC104) 

0.1 ( N a N 4 )  
1.0 (NaC104) 
0.1 (NaC104) 

0.2 (KN03) 

0.1 (KNo3) 

0.1 ( K N 4 )  

0.1 (KNO3) 

11.42 
12.10 
11.35 
11.27 

11.86 
11.90 
12.04 
11.81 
11.52 
11.67 

11.77 
11.47 
11.90 
11.58 
11.45 
11.57 
11.87 
11.11 

2.68 
2.63 
2.40 
3.13 
2.76 
AH 3.50 
2.43 
2.44 
2.40 
2.37 
2.35 
2.32 
2.86 2.79 
3.19 3.02 
2.87 
2.33 0.26 
2.44 
2.46 
2.46 
2.33 
2.47 
9.32 

79sv 
76SJ 
78RM 
77.K 
77AR 
77AR 
79MB 
81C 
82DB 
82DB 
82DB 
8OLM 
82AS 
82AS 
81GS 
85CD 
79A 
84RR 
82HN 
75SG 
74SRb 
77JK 

T 
T 
T 
D 
Rj 
Rj 
T 
T 
T 
T 
T 
T 
D 
D 

T 
T 
T 
T 
T 
T 
T 

Rj 

cont'd 
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TABLE 30. 2-Hydroxy-5-sulfobenzoic Acid C7H606s (continued) 

Mg2+ 

ca2+ 
Ba2+ 
F9+ 

Al3+ 

Ga3+ 

In3+ 

Ti@+ 

V@+ 

C?+ 
M&+ 
Fe2+ 

Fe3+ 

co2+ 

Ni2+ 

35 
25 
30 
35 
40 
35 
45 
25 
25 
25 
20 
25 
25 
25 
20 
25 
20 
? 
21 
21 
21 
30 
30 
25 
25 
25 
35 
25 
25 
24 
45 
? 
? 
? 
25 
35 
25 
25 
45 
30 
? 
? 
? 
25 
35 
25 
25 

0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 

0.1 (NaN03) 
0.1 (NaN%) 
0.1 (NaN%) 
0.3 (KN03) 
O.l(NaCl) 
0.5 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (KN03) 
0.1 (NaC104) 
0.5 
0.04 (NaC104) 
0.6 (NaC104) 
0.6 (NaC104) 

0.1 (NaC104) 
0.1 (NaC104) 
1.0 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.2 (NaC104) 

0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 

0.1 (NaC104) 

0.005 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 

0.1 (NaQ04) 

0.1 Wo3) 

0.1 (KN03) 

0.1 (KN%) 

0.1 ( K N 4 )  

11.61 8.95 84A 
11.74 8.92 74SRb 
9.70 5.90 83MS 
9.40 5.40 83MS 
9.20 5.20 83MS 
AH -91.4 83MS 
3.85 77TJ 
4.70 82HN 
3.07 82HN 
2.68 82HN 
0.98 (HL2-) 78MB 
0.85 (HL2-) 79QD 
11.8 9.4 85CD 
0.88 (HL2-) 7m 
12.70 85SA 
12.50 10.0 80LM 
11.45 85SA 
11.4 76KD 

m 
K(Ti(OH)LcHL2-=Ti(OH)L23-+H)-0.2 77UB 
K~i(OH)L23-+HL2-=TiL35-+H20)1.7 77UB 

11.37 79sv 
11.71 77SJ 
10.50 8.30 81C 
4.77 3.42 75SG 
4.85 3.85 82 AS 
5.05 3.90 82 AS 
AH 19.1 82 AS 
14.60 82C 
13.78 4.44 79DD 
5.62 77TJ 
6.8 3.02 79CP 
K(M + HL = MHL)6.7 79CP 
K(h.M2L = hfL + 2H)< 7 79CP 
5.40 3.45 82AS 
5.65 3.75 82AS 
6.12 83SG 
AH 42.0 82AS 
5.74 77TJ 
9.07 82LC 
6.4 3.84 79CP 
K(M + HL = MHL)6.4 79CP 
K(h.M2L = ML + 2H)9.0 79CP 
5.05 4.05 82AS 
5.20 4.30 82AS 
6.14 83SG 
AH 30.5 82 AS 

K(Ti02+ + HL2- = Ti(OH)L)4.1 

T 
T 
D 
D 
D 
D 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
D 
T 
T 
T 
T 
T 
T 
T 
D 
D 
D 
T 
T 
T 
D 
D 
D 
D 
D 

D 
T 
D 
D 
D 
D 
D 
D 

D 

Rj 

Rj 

cont'd 
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TABLE 30. 2-Hydroxy-5-sulfobenzoic Acid C7H606S (continued) 

361 

cu2+ 

zn2+ 

sc3+ 
Y3+ 

Ia3+ 

ce3+ 

FQ+ 

M3+ 

~ m 3 +  

30 
25 
45 
25 
25 
? 
? 
? 
25 
35 
25 
? 
35 
25 
30 
35 
40 
30 
20 
20 
30 
40 
20 
20 
20 
30 
40 
20 
20 
20 
30 
40 
20 
20 
20 
30 
40 
20 
20 
30 
25 
20 
30 
40 
20 
20 
25 
20 

0.1 (NaC104) 
0.12 NaCl 

0.2 (KN03) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
? 
0.1 (NaC104) 
0.12 NaCl 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 

0.1 (KNo3) 

0.1 (KNo3) 
0.1 (KNo3) 
0.1 (KN4) 

0.1 (KN03) 

0.1 ( K N 4 )  

0.1 W03) 
0.1 ( K N 4 )  
0.1 (KNo3) 

0 

0.1 (KN03) 
0.1 (KN03) 

0 

0.1 (KN03) 
0 
0.1 (KN03) 
0.1 (KN4) 
0.1 (KN03) 
0.1 (KNo3) 

0.1 (KN4) 

0.1 ( K N 4 )  
0.1 (KNo3) 
0.1 (KNo3) 

0.1 W4) 

0.1 ( K q )  

0 

0.1 (NaC104) 
1.0 

0 

1.0 (NaC104) 

9.54 6.93 
9.09 
8.40 
9.57 7.05 
9.65 6.98 
9.5 6.95 
K(M + HL = MHL)3.7 
K(MH2L = ML + 2H)5.9 
5.36 4.10 
5.50 4.25 
AH22.9 
8.% 
9.64 6.91 

7.95 6.25 
7.70 5.85 
7.20 5.60 
AH -137.1 
11.23 
7.92 
7.50 
7.42 
9.32 
AH-43.3 
7.24 
6.43 
6.22 
8.94 
AH -90.1 
7.40 
6.95 
6.62 
9.00 
AH -70.7 
7.55 
7.13 
6.88 
9.07 

7.39 5.62 
6.76 
7.71 
7.25 
7.03 
9.19 
AH -60.0 
6.339 5.682 
7.99 

c 2 (HL~-) 

AH -61.3 

79SJ 
78RM 
7 T J  
79MB 
74SRb 
79CP 
79CP 
79CP 
82AS 
82AS 
82AS 
81GS 
79A 
78RM 
82MSa 
82MSa 
82MSa 
82MSa 
85SA 
82DB 
82DB 
82DB 
82DB 
82DB 
82DB 
82DB 
82DB 
82DB 
82DB 
82DB 
82DB 
82DB 
82DB 
82DB 
82DB 
82DB 
82DB 
82DB 
82DB 
76SJ 

82DB 
82DB 
82DB 
82DB 
82DB 
82DB 
82DB 

nm 

T 
T 
T 
T 
T 
D 
D 
D 
D 
D 
D 

T 
D 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 

Rj 

cont’d 
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TABLE 30. 2-Hydroxy-5-sulfobenzoic Acid C7H606S (continued) 

Eu3 + 

Gd3+ 

Td+ 

DY3+ 

Hd+ 

Th4+ 
uoz2+ 

NPOZ+ 
PU3+ 
Am3+ 

30 
40 
20 
20 
25 
20 
30 
40 
20 
20 
20 
30 
40 
20 
20 
20 
30 
40 
20 
20 
20 
30 
40 
20 
20 
20 
30 
? 
? 
? 
25 
25 
25 

0.1 (KN03) 
0.1 (KN03) 
0 
0.1 (KN03) 
1.0 (NaC104) 

0.1 (KN03) 
0.1 (KN03) 
0 
0.1 (KN03) 
0.1 (KN03) 

0.1 (KN03) 
0 

0.1 (KN03) 
0.1 (KN03) 
0.1 (KN03) 
0 

0.1 (KNo3) 

0.1 ( K N 4 )  

0.1 (KNo3) 

0.1 W03) 
0.1 (KNo3) 
0.1 (KN03) 
0.1 (KN03) 
0 
0.1 (KN03) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
2.0 (NaC104) 
1.0 (NaC104) 
1.0 (NaC104) 

7.75 
7.37 
9.44 
AH -54.7 
6.267 5.488 
7.78 
7.61 
7.22 
9.20 
AH -50.7 
7.80 
7.73 
7.57 
9.26 
AH-22.4 
7.98 
7.83 
7.69 
9.28 

8.13 
8.09 
7.81 
9.61 
AH-27.6 
11.97 
11.14 
11.0 8.20 
K(M + HL = MHL)2.1 
K(MH2L = ML + 28)5.85 
0.17 
8.574 8.940 
8.059 7.283 

AH-26.4 

82DB 
82DB 
82DB 
82DB 
79NC 
82DB 
82DB 
82DB 
82DB 
82DB 
82DB 
82DB 
82DB 
82DB 
82DB 
82DB 
82DB 
82DB 
82DB 
82DB 
82DB 
82DB 
82DB 
82DB 
82DB 
85SA 
77DS 
79CP 
79CP 
79CP 
9oRN 
79NC 
79NC 

T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
D 
D 
D 
T 
T 
T 

TABLE 3 1. 2-Hydroxy-3,5-disulfobenzoic Acid C7H&S2 

Metal Method t/"C IciM lg(K1 /M-') lg(K2IM-l) Refenmx CategoIy 

H+ gl 25 0 12.50 2.69 75L T 
gl 25 0.5(NaC104) 11.07 1.70 74sRa T 

BeZ+ gl 25 0.5(NaC104) 10.50 8.19 74sRa T 
N 3 +  gl 25 OS(NaC104) 11.507 8.68 78La T 
cu2+ gl 25 0 11.49 75L T 

gl 25 0.5(NaC104) 9.13 7.00 74SRa T 

cont'd 
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TABLE 3 1. 2-Hydroxy-3,5-disulfobenzoic Acid C7H64S2 (continued) 

363 

Y3+ 

pr3+ 
M3+ 
Sm3+ 
Eu3+ 
Gd3+ 
Td+ 
b3+ 
Hd+ 
@+ 
Tm3+ 
w+ 
Lu3 + 

uo22+ 

gl 25 
gl 25 
gl 25 
g1 25 
gl 25 
gl 25 
gl 25 
gl 25 
gl 25 
gl 25 
gl 25 
gl 25 
gl 25 
81 25 
gl 25 
gl 25 
gl 25 
gl 25 

0.5 (NaC104) 
0.5 (~aC10,) 
0.5 (NaClO,) 
0.5 (NaC104) 
0.5 (NaC104) 
0.5 (NaC104) 
0.5 (NaClO,) 
0.5 (NaClO,) 
0.5 (NaC10,) 
0.5 (NaCIO,) 
0.5 (NaC104) 
0.5 (NaClO,) 
0.5 (NaC104) 
0.5 (NaCIO,) 
0.5 (NaC104) 
0.5 (NaC104) 
0.5 (NaClO,) 
0.5 (NaClO,) 

8.64 5.74 

7.66 5.06 
7.77 5.11 
8.20 5.34 
8.35 5.41 
8.59 5.56 
8.74 5.68 
8.82 5.72 
8.77 5.82 
8.81 5.83 
8.85 5.85 
8.90 5.99 
8.86 5.99 
10.774 7.672 
&ol 13.068 
8-11 4.205 

A 11 12.7 

h-12 11.366 

76Lb 
76Lb 
76La 
76La 
76La 
76La 
76La 
76La 
76La 
76La 
76La 
76La 
76La 
76La 
79LS 
79LS 
79LS 
79LS 

T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 

3.6.2. Bromo-, Mercurio- and Methyl-substituted Sulfosalicylic Acids, C.rH4BrSO6- 
, C7H4HgSOa', C S H ~ S O ~ -  

In 3-bromo-5-sulfosalicylic acid, both the substituents, the Br- and S03-groups, increase the acidity 
of the hydroxyl and carboxyl group. In Fe3+ complex formation with 3-mercurio-5-sulfosalicylic 
acid, a bathochromic effect has been observed in the corresponding absorption spectra due to the 
mercury atom. As a consequence of complex formation, hypsochromic effects are usually noted in 
the absorption spectra when the ligand contains electron-widthdrawing substituents, like nitro- and 
sulfo-groups. In general, the metal complexes of methylsulfosalicylic are more stable than those of 5- 
sulfosalicylic acid (Tables 32 - 36). 

TABLE 32. 3-Bromo-2-hydroxy-lsulfobenzoic Acid C7H5BrO6S 

Metal Method t/"C IJM lg(K1IM-I) lg(KZ/M-l) lg(K3/M-l) Refemxx Category 

H+ gl 25 3.0(NaC104) 10.467 2.028 76Ld T 
gl 25 0.1 (NaClO,) 10.52 2.02 92AL T 
cal 25 0.1(NaC104) AH-1.2 93AL T 

Be2+ gl 25 0.1 (NaClO,) 10.3 1 7.45 92AL T 

cont'd 

0 1997 IUPAC, Pure and Applied Chemistry69,329-381 



364 COMMISSION ON EQUILIBRIUM DATA 

TABLE 32. 3-Bromo-2-hydroxy-Ssulfobenzoic Acid C7H5Bf16S (continued) 

Al3+ 
Pb2+ 

La3+ 

pz3+ 

M3+ 

~ m 3 +  

Eu3+ 

Gd3+ 

w+ 

DY3+ 

Hd+ 

FT3+ 

25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 

0.1 (NaClO,) 
3.0 (NaC104) 
3.0 (NaC104) 
3.0 (NaC104) 
3.0 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaClO,) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaClO,) 
0.1 (NaC104) 
0.1 (NaC104) 

92AL 
76Le 
76Le 
76Le 
76Le 
93AL 
93AL 
93AL 
93AL 
93AL 
93AL 
93AL 
93AL 
93AL 
93AL 
93AL 
93AL 
93AL 
93AL 
93AL 
93AL 
WAL 
93AL 
93AL 
93AL 
93AL 
93AL 
93AL 
93AL 
93AL 
93AL 
93AL 
93AL 
93AL 
93AL 
93AL 
WAL 
93AL 
93AL 
93AL 
93AL 
WAL 
93AL 
93AL 
93AL 
93AL 

__ 

T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 

cont'd 
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TABLE 32. 3-Bromo-2-hydroxy-Ssulfobenzoic Acid c 7 H ~ B f l 6 S  (continued) 

gl 25 0.1 (NaC104) 
cal 25 0.1 (NaC104) 

Tm3+ gl 25 0.1 (NaC104) 
gl 25 0.1 (NaC104) 
gl 25 0.1 (NaC104) 

yd+ gl 25 0.1 (NaC104) 
g1 25 0.1 (NaC104) 
gl 25 0.1 (NaC104) 
cal 25 0.1 (NaC104) 

Lu3+ gl 25 0.1 (NaC104) 
gl 25 0.1 (NaC104) 
gl 25 0.1 (NaC104) 
gl 25 0.1 (NaC104) 

U022+ gl 25 0.1 (NaC104) 
gl 25 0.1 (NaC104) 

93AL 
93AL 
93AL 
93AL 
93AL 
93AL 
93AL 
93AL 
93AL 
93AL 
93AL 
93AL 
93AL 
92AL 
92AL 

T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 

TABLE 33. 2-Hydroxy-3-mercurio-5-sulfobenzoic Acid C7HsHg06S 

Metal Method f/"C I& lg(K1/M-l) 1g(KZ/M-l) Ref- Category 

H+ sp 25 0.1 (NaC104) 12.03 2.43 82C T 
Fe3 + sp 25 0.1 (NaC104) 15.10 82C T 

TABLE 34. 2-Hydroxy-5-methyl-3-sulfobenzoic Acid C8H806S 

H+ sp 25 0.1 (NaC104) 13.47 2.52 82C T 
g1 35 0.1 (NaC104) 13.47 2.52 81AS T 

Be2+ gl 25 0.1 (NaC104) 12.54 9.07 81CS T 
gl 35 0.1 (NaC104) 12.75 9.00 84A T 

Fe3+ sp 25 0.1 (NaC104) 16.34 82C T 
cu2+ gl 25 0.1 (NaC104) 10.71 6.97 81CS T 

gl 35 0.1 (NaC104) 10.70 6.60 81AS T 

0 1997 IUPAC, Pure and Applied Chemistry69,329-381 



366 COMMISSION ON EQUILIBRIUM DATA 

TABLE 35. 2-Hydroxy-4-methyl-5-sulfobenzoic Acid CgHg06S 

Metal Method t/"C Id M lg(K1IM-l) lg(K2/M-1) Refe-rence category 

H+ sp 25 0.1 (NaClO,) 12.33 2.67 82C T 
gl 35 0.1 (NaC10,) 12.33 2.68 81a5 T 

&2+ gl 35 0.1 (NaClO,) 12.72 9.25 84A T 
Fe3+ sp 25 0.1 (NaC104) 15.23 82C T 
cu2+ gl 35 0.1 (NaClo,) 9.98 7.26 81a5 T 

TABLE 36. 2-Hydroxy-3-methyl-5-sulfobenzoic Acid C8HgO6S 

H+ gl 25 0.1 (NaC10,) 12.58 2.89 81C T 
sp 25 0.1 (NaC104) 12.58 2.54 82C T 
gl 35 0.1 (NaC104) 12.58 2.54 81a5 T 

&Z+ gl 25 0.1 (NaC104) 12.12 8.96 81c5 T 
gl 35 0.1 (NaClO,) 12.04 8.99 84A T 

Cr3 + gl 25 0.1 (NaClO,) 11.15 8.60 81C T 
Fe3 + sp 25 0.1 (NaClO,) 15.34 82C T 
cu2+ gl 25 0.1 (NaC10,) 9.74 6.71 81c5 T 

gl 35 0.1 (NaClO,) 9.85 6.62 81a5 T 

3.6.3. 5-(4-Sulfophenylazo)salicylic Acid, C13HgNzS06-, 4-Methyl-5-(4-sulfo- 
pheny1azo)salicylic Acid, C14H1 ~ N z S O ~ ' ,  and 5-(3-Nitro-4-sulfophenylazo)- 
salicylic Acid, C13HgN3SOg' 

Only two papers are available on protonation and complex formation of these ligand acids, and due to 
the inadequate data, the values given should be rejected (Tables 37 - 39). 

TABLE 37. 2-Hydroxy-5-(4-sulfophenylazo)benzoic Acid C 13H ld\J2O6S 

Metal Method t/'C Ic/M lg(K,/M-l) lg(K2/M-l) kferellce category 

H+ sp 25 ? 11.26 2.26 81g5 Rj 
co2+ sp 25 ? 6.01 82g5 Rj 
Ni2+ sp 25 ? 6.23 82g5 Rj 
cu2+ sp 25 ? 9.11 81g5 Rj 
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TABLE 38. 2-Hydroxy-4-methyl-5-(4-sulfophenylazo)bic Acid C14H12N206S 

Metal Method t/"C lciM 1g(K1/M-l) lg(K2iM-') Reference Category 

H+ sp 25 ? 11.45 2.45 81GS Rj 
co2+ sp 25 ? 5.54 82GS Rj 
Ni2+ sp 25 ? 6.39 82GS Rj 
cu2+ sp 25 ? 10.31 81GS Rj 

TABLE 39. 2-Hydroxy-5-(3-nitro-4-sulfophenylazo)benzoic Acid C13HgN3QS 

Metal Method t/"C I,! M 1g(K1/M-l) Ig(K2/M-') Reference Category 

H+ sp 25 ? 11.15 2.16 81GS Rj 
co2+ sp 25 ? 6.03 82GS Rj 
Ni2+ sp 25 ? 6.88 82GS Rj 
cu2+ sp 25 ? 10.14 81GS Rj  

3.7. Aminosalicylic Acids, C7H7N03 

Amino groups diminish the basicity of salicylic acid, which is shown in the decreased stability of the 
corresponding metal complexes (79LKa). However, the effect is not so significant as it is in the case 
of nitro groups. The acidity of substituted salicylic acids increase in the following order: 3- 
methylsalicylic acid c salicylic acid c 4-aminosalicylic acid c 3-nitrosalicylic acid < 3 3 -  
dinitrosalicylic acid (89K). 

The most studied of these ligand acids is 5-aminosalicylic acid (Table 40) due to the poor solubility 
of the other aminosalicylic acids. 

The complex equilibria of the Be2+ - 5-aminosalicylic acid system is very complicated, in which 
protonated (BeHL dominating at pH c 5) ,  "normal" mononuclear (BeL dominating at 5.5 c pH 7), 
and hydrolyzed species (Be(0H)L dominating at pH > 7) were found to form. In addition, the data 
also indicate formation of binuclear complex species (79LKa). 

TABLE 40. 5-Amino-2-hydroxybenoic Acid C7H7NC+ 
~ 

Metal Method t/"C IciM lg(K1IM-l) lg(K21M-l) 1g(K3/M-l) Reference Category 

H+ gl 25 0.5(NaC104) 11.535 5.604 2.280 79LKa T 

cont'd 
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TABLE 40. 5-Amino-2-hydroxybenoic Acid C7H7Nq (continued) 

Be2+ 

B3+ 
Fe3 + 

co2+ 

cuz+ 

a=+ 

35 
37 
25 
25 
25 
25 
25 
25 
30 
35 
40 
35 
20 
37 
37 
37 
35 
37 
37 
30 
35 
40 
30 
37 

0.1 (NaC104) 
0.150 (Cl-) 
0.5 (NaC104) 
0.5 (NaC104) 
0.5 (NaC104) 
0.5 (NaC104) 
0.5 (NaC104) 
0.5 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (KNO3) 
0.150 (Cl-) 
0.150 (Cl-) 
0.150 (Cl-) 
0.1 (NaC104) 
0.150 (a-) 
0.150 (a-) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.150 (cl-) 

15.95 3.01 
12.54 5.33 
10.768 6.762 
8111 16.121 all 19.478 
&ol  15.567 
B02 28.2 
81-11 3.752 
14.40 6.90 
14.10 6.00 
13.90 6.50 

1.31 (HL-) 

4.44 

12.18 9.73 
10.63 

8.85 6.35 
8.80 5.90 
8.60 5.00 
AH-45.7 
81-11 -0.95 

AH -91.4 

812121.83 

81-11 -2.15 

8111 15.57 

79A 
2.00 93w 

79LKa 
79LKa 
79LKa 
79LKa 
79LKa 
79LKa 
83MS 
83MS 
83MS 
83MS 
78MB 
93ww 
93ww 
93ww 
79A 
93ww 
93ww 
82MSa 
82MSa 
82MSa 
82MSa 
93ww 

D 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
D 
T 
T 
T 
T 
T 
T 
T 

3.8. Cyanosalicylic Acids, CsH5N03 

Only a few papers deal with protonation and complex formation of cyano-substituted salicylic acids 
(Table 41). The effect of the substituent is similar to that of the amino group (79A, 89YA). 

TABLE 41. 5-Cyano-2-hydroxybenzoic Acid C g H f l q  

H+ sp 35 0.1 (NaC104) 10.65 2.00 79A D 
sp 25 (NaClO4) 11.301 2.34 89YA T 

cu2+ gl 35 0.1 (NaC104) 8.89 6.56 79A D 
U02*+ sp 25 (NaC104) 11.03 (Lz-) 89YA D 

sp 25 (NaC104) 1.73 (HL-) 89YA D 
sp 25 (NaC104) -2.60 (H2L) 89YA D 
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3.9. ortho-Hydroxynaphthoic Acids, C11H803 

The solubility of ortho-hydroxynaphthoic acids in water is very limited, and only some papers deal 
with protonation or complex formation of these ligand acids (Tables 42 - 44). Most of the studies are 
carried out in 50% water-ethanol mixtures. Some reference books give the values lg(K1IM-1) = 14.00 
and lg(K2lM-1) = 4.16 for the protonation constants of 1-hydroxy-2-naphthoic acid (70SS). These 
values, however, deviate significantly from those reported in reference 8TB.  

TABLE 42. 1-Hydroxy-2-naphthoic Acid C ,H& 

Metal Method f/"C IclM lg(K1IM-l) lg(K2IM-') Refemlce Category 

@+ gl 20 0.1 (KN03) 1.31 (HL-) 78MB T 
zn2+ gl 30 0.1 (KN%) 7.49 6.85 76SS T 
Y3+ gl 30 0.1 (KN%) 8.76 8.29 76s S T 
cd2+ gl 30 0.1 (KN03) 6.68 5.75 76SS T 
Hg2+ gl 30 0.1 (KNO3) 0.89 76SS T 
La3+ gl 30 0.1 (KN03) 8.32 7.62 76SS T 
ce3+ gl 30 0.1 (KN03) 8.63 7.57 76SS T 

TABLE 43. 2-Hydroxy- 1-naphthoic Acid Cl 1H84 

Metal Method fPC I& 1g(KlIM-l) Reference Category 

@+ gl 20 0.1 (KN03) 1.83 (HL-) 78MB T 

TABLE 44. 2-Hydroxy-3-naphthoic Acid Cl l H 8 g  

Metal Method t/"C 1,lM Ig(KIIM-l) Ig(K2IM-I) Refmme Category 

H+ gl 25 0 
gl 20 0.1 (KN03) 

B3 + gl 20 0.1 (KNo3) 
Al3+ sp ? ? 

Ja3+ gl 20 0.1 (KNO3) 
ce3+ gl 20 O.l(KN4) 

cu2+ gl 25 0 
Y3+ gl 20 0.1 (KN03) 

11.75 3.90 
11.52 2.78 
1.29 (HL-) 
13.19 
9.10 
8.70 8.37 
8.51 7.78 
8.67 7.87 

77Dc D 
77SK T 
78MB T 
n m  Rj 
77Dc D 
77SK T 
77SK T 
77SK T 
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3.10. Sulfo-substituted ortho-Hydroxynaphthoic Acids 

Only two research groups have studied protonation and metal complex formation of these ligand 
acids. The most studied metal ions are Be2+, Cu2+, Al3+, F$+, and trivalent lanthanoid ions (Tables 
45 - 53). 

TABLE 45. l-Hydroxy-4-sulfo-2-naphthoic Acid Cl 1H8O6S 
~~ ~ 

Metal Method t/"C I& 1g(Kl/M-l) 1g(K2/M-l) lg(K3/M-l) Reference Category 

H+ 
Be2+ 
Al3+ 

Fe3 + 

cu2+ 
Ia3+ 

ce3 + 

P?+ 

M3+ 

~ m 3 +  

Eu3 + 

a 3 +  

25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 

0.1 (NaC10,) 
0.1 (NaClO,) 
0.1 (NaC104) 
0.1 (NaC10,) 
0.1 (NaClO,) 
0.1 (NaC104) 
0.1 (NaClO,) 
0.1 (NaC10,) 
0.1 (NaC104) 
0.1 (NaClO,) 
0.1 (NaClO,) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC10,) 
0.1 (NaC104) 
0.1 (NaC10,) 
0.1 (NaClO,) 
0.1 (NaC104) 
0.1 (NaClO,) 
0.1 (NaC10,) 
0.1 (NaClO,) 
0.1 (NaClO,) 
0.1 (NaC10,) 
0.1 (NaClO,) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaClO,) 
0.1 (NaClO,) 
0.1 (NaClO,) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaClO,) 
0.1 (NaClO,) 
0.1 (NaC104) 
0.1 (NaClO,) 

11.650 2.502 
11.186 8.87 
12.102 9.259 7.699 
12.640 
12.64 

81-12 13.98 
81-22 5.32 

9.25 

10.88 7.37 
14.037 10.975 7.338 
15.85 10.96 7.24 
9.837 6.67 
7.081 5.060 
8111 13.11 
8111 1.46 (HL2-) 

8111 13.06 

8111 13.34 
8111 1.69 (HL2-) 

8111 13.77 
p1 2.12 (HL~-)  

p1 2.21 (HL~-) 

8111 2.05 (HL2-) 
7.337 5.123 

8111 1.41 (HL2-) 
7.412 5.150 

7.437 5.163 

8.284 6.025 
8111 13.861 

2.43 (HL2-) 
AH111 2.29 
8.694 6.236 
81 11 14.211 
81112.56 (HL2-1 
8.461 6.309 
8111 14.158 

78Lb 
78Lb 
81JAc 
81LAc 
88LK 
88LK 
88LK 
88LK 
79LP 
79LP 
81L4a 
78Lb 
79LE 
79LE 
79LE 
88LL 
79LE 
79LE 
79LE 
79LE 
79LE 
79LE 
79LE 
79LE 
79LE 
79LE 
79LE 
79LE 
88LL 
88LL 
79LE 
79LE 
79LE 
79LE 
79LE 

T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 

cont'd 
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Aromatic ortho-h ydroxycarboxylic acid complexes 

TABLE 45. l-Hydroxy-4-sulfo-2-naphthoic Acid C11H806S (continued) 

37 1 

w+ 

DY3+ 

H d +  

@+ 

Tm3 + 

w+ 

Lu3+ 

UO22+ 

25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 

0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaClO,) 
0.1 (NaC104) 
0.1 @JaC104) 
0.1 (NaClO4) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaCl04) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaClO4) 
0.1 (NaC104) 
0.1 (NaC104) 

& 11 2.51 (HL2-) 
8.806 6.158 

P111 2.34 (HL2-) 
8.872 6.281 

Blll  13.99 

Pl 11 13.843 
B111 2.19 w23 
8.822 6.350 
Pi11 13.751 
p1 2.10 (HL~-) 

B1 11 13.66 
p1 2.01 (HL~-) 

8.877 6.593 

AH111 6.11 
8.864 6.656 

B1 11 1.88 (HL2-) 
8.829 6.851 

4 1 1  13.53 

8 1 1  13.48 
PI 11 1.83 m23 

Pl11 13.42 
8.807 6.873 

1.82 (HL2-) 
11.247 8.421 4.558 
11.773 
11.77 

B1-12 10.86 
9.01 

79LE 
79LE 
79LE 
79LE 
79LE 
79LE 
79LE 
79LE 
79LE 
79LE 
79LE 
79LE 
79LE 
88LL 
79LE 
79LE 
79LE 
79LE 
79LE 
79LE 
79LE 
79LE 
79LE 
81Uc 
81L4c 
88LK 
88LK 
88LK 

T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 

TABLE 46. l-Hydroxy-7-sulfo-2-naphthoic Acid C11H806S 

Metal Method f/"C IJM lg(K1iM-l) lg(K2iM-l) l ~ ( K ~ 1 M - l )  Ref- Category 

H+ gl 25 0.1 (NaC104) 
sp 25 0.1 (NaClO,) 

Be2+ gl 25 0.1 (NaC104) 
sp 25 0.1 (NaC104) 

Al3+ sp 25 0.1 (NaC104) 
gl 25 0.1 (NaC104) 
g1 25 0.1 (NaCIOq) 
gl 25 0.1 (NaC104) 
gl 25 0.1 (NaCIO,) 
sp 25 0.1 (NaCl04) 

12.374 2.723 
12.365 2.729 
11.847 8.666 
12.228 8.622 
13.88 

B1-12 15.22 

13.884 11.625 
13.884 

9.64 

Bl-22 6.54 

8OLH 
8OLH 
8OLH 
8OLH 
88LK 
88LK 
88LK 
88LK 

5.040 81Uc 
81L4c 

T 
T 
T 
T 
T 
T 
T 
T 
T 
T 

cont'd 

0 1997 IUPAC, Pure and Applied Chemistry 69,329-381 



372 COMMISSION ON EQUILIBRIUM DATA 

TABLE 46. l-Hydroxy-7-sulfo-2-naphthoic Acid C11H8O6S (continued) 
~~ 

Fe3+ gl 25 0.1 (NaC104) 
sp 25 0.1 (NaC104) 

cu2+ gl 25 0.1 (NaC104) 
sp 25 0.1 (NaC104) 
sp 25 0.1 (NaC104) 

U022+ sp 25 0.1 (NaC104) 
gl 25 0.1 (NaC104) 
gl 25 0.1 (NaC104) 
gl 25 0.1 (NaC104) 
gl 25 0.1 (NaC104) 
sp 25 0.1 (NaC104) 

10.958 
15.853 11.58 
10.209 6.403 
10.714 6.163 
8 - 1 2  7.872 
13.35 
12.82 8.60 

8 - 1 2  11.69 
12.823 8.5% 
13.351 

&-11 5.92 

7.238 81LAa 
6.677 81LAa 

8oLH 
8oLH 
8oLH 
88LK 
88LK 
88LK 
88LK 

5.551 81LAc 
81LAc 

T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 

~ ~~ 

TABLE 47. 1 -Hydroxy-4,7-disulfo-2-naphthoic Acid C 1H80gS2 

Metal Method t/"C Y M lg(KIIM-l) 1g(K2/MF1) 1g(K3/M-l) Refaence Category 

H+ 

Be2+ 
A13+ 

Fe3+ 

cu2+ 
La3+ 

P?+ 

Nd3+ 

~ m 3 +  

#+ 

25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 

0.5 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.5 (NaC104) 
0.5 (NaC104) 
0.5 (NaC104) 
O.5(Naao4) 
0.5 (NaC104) 
0.5 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.5 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 

10.788 2.233 
11.119 2.208 

10.495 8.20 
12.379 8.600 
12.379 
12.38 

AH -1.7 

9.17 

9.714 
&-12 13.66 

14.686 10.054 
9.390 6.40 
7.08 4.6 
B1112.01 (a3-) 

A 11 2.06 (HL37 

AH 111 4.2 
7.61 5.1 

A H  111 2.1 
7.85 4.6 
8 1 1  2.07 (HL3-) 
AH 111 2.6 
8.49 5.7 
8 11 2.25 (HL3-) 
A H  111 2.9 
8.71 5.9 

AH 11 14.0 
& 11 2.22 (HL37 

78LT 
81LAa 
86LL 
78LT 

5.793 81LAc 
81LAc 
88LK 
88LK 
88LK 
81LAa 
81LAa 
78LT 
86LL 
86LL 
86LL 
86LL 
86LL 
86LL 
86LL 
86LL 
86LL 
86LL 
86LL 
86LL 
86LL 
86LL 
86LL 

T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 

cont'd 
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TABLE 47. l-Hydroxy-4,7-disulfo-Z-naphthoic Acid C 11H84S2 (continued) 

Gd3+ 

rd+ 

DY3+ 

H d +  

@+ 

Tm3+ 

yd+ 

Lu3+ 

uop 

25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 

0.1 (NaC10,) 
0.1 (NaClO,) 
0.1 (NaClO,) 
0.1 (NaClO,) 
0.1 (NaClO,) 
0.1 (NaClO,) 
0.1 (NaClO,) 
0.1 (NaC104) 
0.1 (NaClO,) 
0.1 (NaClO,) 
0.1 (NaClO,) 
0.1 (NaC104) 
0.1 (NaClO,) 
0.1 (NaClO,) 
0.1 (NaC104) 
0.1 (NaClO,) 
0.1 (NaClO,) 
0.1 (NaClO,) 
0.1 (NaClO,) 
0.1 (NaC10,) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaClO,) 
0.5 (NaClO,) 
0.5 (NaC104) 
0.5 (NaC104) 
0.5 (NaClO,) 

86LL 
86LL 
86LL 
86LL 
86LL 
86LL 
86LL 
86LL 
86LL 
86LL 
86LL 
86LL 
86LL 
86LL 
86LL 
86LL 
86LL 
86LL 
86LL 
86LL 
86LL 
86LL 
86LL 
86LL 
81LAc 
81LAc 
88LK 
88LK 

T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 

TABLE 48. 3-Hydroxy-4-sulfo-2-naphthoic Acid C 11H8O6S 

Metal Method t/"C I& lg(K1IM-l) lg(K2IM-l) Ref- Category 

H+ gl 25 0.1 (NaClO,) 11.35 2.46 76Lc T 
Be2+ gl 25 0.1 (NaClO,) 11.19 8.62 76Lc T 
cu2+ gl 25 0.1 (NaC104) 9.40 6.61 76Lc T 
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TABLE 49. 3-Hydroxy-5-sulfo-2-naphthoic Acid C 1 1H806S 

Metal Method t/"C IciM 1g(K1/M-l) lg(K2/M-l) Ref- Category 

H+ gl 25 0.1 (NaC104) 11.49 2.39 74SRb T 
Be2+ gl 25 0.1 (NaClO,) 11.05 7.89 74SRb T 
cu2+ gl 25 0.1 (NaClO,) 8.88 5.79 74SRb T 

TABLE 50. 3-Hydroxy-7-sulfo-2-naphthoic Acid C 11H8O6S 

Metal Method t/"C IJM Ig(K,iM-l) 1g(K2iM-l) lg(K3IM-l) Reference Category 

H+ 

B$+ 
Al3+ 

Fe3+ 
cu2+ 
M3+ 

~ m 3 +  

Eu3+ 

a3 + 

w+ 

s"+ 
H d +  

25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 

0.1 KCl 
0.1 (NaClO4) 
0.1 (NaC1O4) 
0.1 (NaClO,) 
0.1 (NaClO,) 
0.1 KCl 
0.1 (NaC104) 
0.1 (NaCIO,) 
0.1 (NaClO,) 
0.1 (NaC104) 
0.1 (NaClO,) 
0.1 (NaC10,) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC10,) 
0.1 (NaClO,) 
0.1 (NaC104) 
0.1 (NaC104) 
0.1 (NaC104) 

11.92 2.53 
11.73 2.44 
11.15 8.41 
11.894 9.24 
11.932 
11.316 
14.567 10.67 
8.89 6.33 
6.82 

7.44 
p1 2.31 (HL2-) 
7.79 
p111 2.65 (HL2-) 
7.73 
B111 2.62 (HL2-) 
7.71 

B1112.W 

B1112.44 (HL23 
7.68 
/3111 2.32 (HL2-) 
7.62 
pl 2.21 ( ~ ~ 2 - 1  

80LP 
74SRb 
74SRb 

7.92 80LP 
80LP 
80LP 

8.34 81LAb 
74SRb 
76ML 
76ML 
76ML 
76ML 
76ML 
76ML 
76ML 
76ML 
76ML 
76ML 
76ML 
76ML 
76ML 
76ML 

T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 

TABLE 51. 3-Hydroxy-5,7-disulfo-2-naphthoic Acid C11H84S2 

Metal Methd t/"C IclM lg(K1lM-l) lg(K2IM-l) lg(K3/M-l) Reference Category 

H+ gl 25 0.5(NaC104) 10.92 2.14 
gl 25 0 12.03 2.98 

74SRa T 
75L T 

cont'd 
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TABLE 51. 3-Hydroxy-5,7-disulfo-2-naphthoic Acid C 11H&S2 (continued) 

Be2+ gl 25 
Al3+ gl 25 
Fe3+ sp 25 
cu2+ gl 25 

gl 25 
Y3+ gl 25 

gl 25 
gl 25 

U022+ g1 25 

0.5 (NaC10,) 
0.5 (NaC104) 
0.1 (NaC104) 
0.5 (NaClO,) 
0 
0.5 (NaC104) 
0.5 (NaCIOq) 
0.5 (NaC104) 
0.5 (NaC104) 

10.18 7.99 
10.812 8.45 
14.052 9.72 8.26 
8.18 5.93 
10.29 
6.465 5.385 
81-11 -1.327 
81-12 3.57 
9.809 7.59 

74SRa 
78Ia 
81L4b 
74SRa 
75L 
8oLK 
8OLK 
8oLK 
78LKb 

TABLE 52. 1,7-Dihydroxy-4-sulfo-2-naphthoic Acid C 1 lH&S 

Metal Method t/"C I J M  lg(K,/M-') 1g(Kz/M-l) lg(K3/M-l) Reference Category 

H+ sp 25 
gl 25 

Bez+ gl 25 
gl 25 
gl 25 
gl 25 

Al3+ gl 25 
gl 25 
gl 25 

cu2+ gl 25 
g1 25 
gl 25 
g1 25 

0.5 (NaC104) 
0.5 (NaClO,) 
0.5 (NaC10,) 
0.5 (NaC104) 
0.5 (NaC104) 
0.5 (NaC104) 
0.5 (NaClO,) 
0.5 (NaClO,) 
0.5 (NaClO,) 
0.5 (NaC104) 
0.5 (NaC104) 
0.5 (NaC104) 
0.5 (NaC104) 

12.254 8.810 
11.93 8.876 
14.43 6.424 
81 11 20.327 
8112 30.11 

8 1 1 1 2 0 . ~ 1  
8112 30.80 

8112 27.06 
8122 35.56 

8122 38.762 
14.952 7.188 

11.79 5.628 
8111 18.576 

2.684 82LK 
2.663 82LK 

82LK 
82LK 
82LK 
82LK 

6.07 82LK 
82LK 
82LK 
82LK 
82LK 
82LK 
82LK 

T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 

TABLE 53. 3,5-Dihydroxy-7-sulfo-2-naphthoic Acid C 11H&S 

Metal Method fl0C IciM 1g(K1/M-l) lg(K2IM-l) lg(K3/M-l) Reference Category 

25 
25 
25 
25 
25 
25 
25 
25 
25 

0.5 (NaC104) 
0.5 (NaC104) 
0.5 (NaC104) 
0.5 (NaC104) 
0.5 (NaC104) 
0.5 (NaC104) 
0.5 (NaC10,) 
0.5 (NaC104) 
0.5 (NaClO,) 

12.355 8.45 2.50 82LS 
12.374 8.37 2.52 82LS 
13.64 7.149 82LS 
8 1 1 1 2 0 . ~  82LS 
8112 29.848 82LS 
8122 37.996 82LS 
16.001 8.088 6.760 82LS 
81 11 20.651 82LS 
8112 32.443 82LS 

T 
T 
T 
T 
T 
T 
T 
T 
T 

cont'd 
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TABLE 53. 3,5-Dihydroxy-7-sulfo-2-naphthoic Acid C1 lH&S (continued) 

cu2+ gl 25 0.5(NaC104) 10.205 5.68 
gl 25 0.5(NaC104) pi11 17.805 
gl 25 0.5(NaC104) f3 12 24.60 
gl 25 0.5(NaC104) &22 33.162 

82LS T 
82LS T 
82LS T 
82LS T 
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