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The stability constants of lathanoid(I1I) complexes with several benzoic and phenylacetic acids substituted
with -OH, -OCHs, or -NHj; groups as well as the dissociation constants of these acids have been determined
potentiometrically in 0.1 mol dm~3 sodium perchlorate solution at 25 °C. The distribution constants of these
acids between the perchlorate media and chloroform and the dimerization constants in chloroform were also
determined. The distribution constants of ortho-substituted benzoic acids seem to be larger than those of
a-substituted phenylacetic acids with the same substituent. There is a trend that the higher the pK,, the larger

the dimerization constant. The order of pK, is :

o-aminobenzoic>o-methoxybenzoic>g-hydroxy-B-phenyl-

propanoic>a-hydroxyphenylacetic(mandelic)>a-methoxyphenylacetic>o-hydroxybenzoic acid and the se-
quence of the stability constants of their complexes for a given lanthanoid is also in a same order except for the
mandelate. Mandelic acid forms more stable complexes with the heavier lanthanoid(III) while others are similar

to each other regardless of the lanthanoid.

Most a-hydroxy carboxylic acids have been used as
eluents in the mutual separation of lanthanoid(III) by
ion-exchange method, because these form more stable
complexes with the heavier lanthanoid(III). It has also
been reported that most carboxylic acids, such as
benzoic acid? and benzilic acid (a-hydroxydiphenyl-
acetic acid?), form adducts with tris(8-diketonato)-
lanthanoid(III) in organic solvents.

However, it is not always clear what properties of
the acids are effective to form stable complexes with
lanthanoid(IIl) in organic and in aqueous solutions.
In order to get some information about this point, the
effect of the characteristics of acids such as the acid
strength, the structure, and the nature of the function-
al group on the liquid-liquid distribution and the
dimerization constants has been examined, using
several benzoic and phenylacetic acids substituted with
-OH, -OCHgs, or -NH: group at the 2-position of the
parent acids. Furthermore, the stability constants of
these complexes with lanthanoid(III) have been
determined potentiometrically.

Experimental

Reagents. All reagents used were of analytical grade.
Mandelic acid (a-hydroxyphenylacetic acid) and tropic acid
(B-hydroxy-B-phenylpropanoic acid) were obtained from
Nacalai Tesque, Inc., salicylic acid (o-hydroxybenzoic acid)
and anthranilic acid (o-aminobenzoic acid) from Kanto
Chemicals, o-anisic acid (o-methoxybenzoic acid) from
Tokyo Kasei Co., and a-methoxyphenylacetic acid from
Aldrich Chemical Co. Lanthanoid oxides(III) were
obtained from the following companies: Aldrich Chemicals
(lanthanum), Mitsuwa Chemicals (neodymium, europium,
thulium), Shin-Etsu Chemical Co. (praseodymium, samarium,
and lutetium), and American Potash & Chemical Corpora-
tion (others). The purity of each oxide was 99.99%. Sodium
perchlorate was prepared from sodium carbonate and per-
chloric acid; it was recrystallized twice from water. Chloro-

form was washed three times with deionized water. The
other reagents were employed without further purification.

Procedures. All the procedures were carried out in a
thermostated room at 25 °C. The total anion concentration
was adjusted to 0.1 M (1 M=l moldm=3) with sodium
perchlorate. The solution containing 0.010 M HCIO4+
0.09 M NaClO4 solution was employed as the standard of
—log[H*+]=2.00 (hereafter —log[H+] is abbreviated as pCu).

i) Dissociation, Distribution, and Dimerization Constants
of the Carboxylic Acids.

Dissociation Constants of Carboxylic Acids. A certain
volume (about 50 cm3) of a buffered carboxylic acid solution
([A-)/[HAJ=1), in other words, the acid solution in which a
half of the acid was neutralized with sodium hydroxide, was
titrated with perchloric acid potentiometrically. The total
acid concentration was about 0.02 M. The other dissociation
constant of anthranilic acid owing to the amino group
associated with proton, K.’ (=[H+][HA]}/[HzA*]), was simi-
larly determined by titrating the acid solution, in which
perchloric acid equivalent to a half concentration of the total
anthranilic acid had been added, with sodium hydroxide
solution. The titrations were repeated several times. In all
cases, the repetitive runs agreed satisfactorily.

Distribution and Dimerization Constants of the Acids. A
portion of chloroform solution containing one of the acids
at various concentrations and an equal volume of 0.1 M
sodium perchlorate solution adjusted to a certain pCx were
placed in a stoppered glass tube and the two phases were
agitated vigorously. After then, the mixtures were cen-
trifuged. The pCy in the aqueous solution was measured.
The acid concentrations in the aqueous phases were
determined by measuring the absorbance at a certain
wavelength, near the wavelength giving the maximum
absorbance, e.g., for salicylic acid, at 301.7 nm where the
molar absorptivity was 3.53X103, and for mandelic acid at
260 nm (the absorptivity was 1.64X102). The concentration
in the organic phases was also determined by measuring the
absorbance directly except for anthranilic acid. The molar
absorptivity was 4.10X103 at 309 nm for salicylic acid, and
1.85X102 for mandelic acid at 260 nm. The concentration of
anthranilic acid in chloroform was determined from the
absorbance after back-extraction into sodium hydroxide
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solution. The molar absorptivity of anthranilic acid at the
wavelength was constant at pCyx>7. However, at lower pCy,
the absorptivity decreased.

The distribution ratio is defined as,

D= [HA]org,[oul/ [HA]mq,toul

hereafter, the organic phase is denoted by the subscript “o”
and the aqueous phase has no subscript. The distribution
ratio of the monocarboxylic acid can generally be repre-
sented as follows:

p = _[HAL * 2(HARL _ _Ka(l + 2KiKun[HA]) .
T [HA]+[AT] 1 + K./[H*] M

where K4 is the distribution constant of the acid (Ks=[HA]./
[HA]) and Kaim is the dimerization constant (Kam=[(HA)z}o/
[HAJ?).

The distribution ratio was also measured at various pCu
for each acid at 1.0X10-3 M.

ii) Stability Constants of the Complexes.
The metal(III) solutions were prepared by dissolving the
respective weighed oxide in perchloric acid. The lanth-
anoid(III) concentration was determined by titration with
EDTA using Xylenol Orange as the indicator at
about pCy=5. The pCu in the metal(III) solution was
adjusted, just prior to use to a similar pCy in the buffered
ligand acid solution in order to avoid the change in the pCu
due to the acid-base neutralization. The stability constants
of the lanthanoid(III) complexes were determined by titrat-
ing the metal(III) solutions with the half-neutralized car-
boxylate solution potentiometrically. The potentiometric
titration data were analyzed using the following equation
based on the Bjerrum formation function.

n 1 2—n
—_— =B+ B ——— [A- 2
1—n [ A_] Bl Bz 1—# [ ] ( )
where 7 is the average number of ligands combined with the
metal ion. More detailed data treatment is reported else-

where.?

Table 1.
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Results and Discussion

i) Dissociation, Distribution, and Dimerization
Constants of the Carboxylic Acids. The pK. values
obtained by potentiometric titration are listed in Table
1. Since the pK, of the parent acids, i.e., benzoic and
phenylacetic acids, is almost 4,8:™ the introduction of
these functional groups decreases the values of pKa
except for -NH2. The values of the dissociation
constant obtained in the present work agree with the
several results reported earlier.? The pK. of salicylic
acid reported in the literature scatters. However, a
value which agrees with the present result, (2.7010.02
in 0.10 M ionic medium), has also been reported.®

Figure 1-a shows the log-log plots of the distribu-
tion ratio of salicylic and anthranilic acids against the
undissociated acid concentration in the aqueous
phase. Since the distribution ratio depends on the pCx
as given in Eq. 1, the pCu at equilibrium was
measured and log D(1+K,/[H*]) for salicylic acid and
log D(1+K./[H*[H[H+])/K,’) for anthranilic acid in-
stead of log D are plotted against log{[HA]. The
undissociated acid concentration was calculated from
the total acid concentration in the aqueous phases (4t)
and the K,, according to [HA]=A41/(1+K./[H*]) while
that of anthranilic acid was calculated according to
[HA]J=A41/(1+K./[H+*] HH+)/Ky’). The data were
analyzed by a curve-fitting method using a normalized
curve, Y=log (1+v) where v=2KsXKam[ HA] (see Eq. 1).

Consequently, K4 and Kuim were obtained. Since the
distribution ratio could not be determined over a wide
range of [HA] for the other acids (due to the restriction
of solubilities), the relation in Eq. 1 was plotted in
antilog units (an example is shown in Fig. 1-b) and
from the intercept and the slope of the straight lines
obtained, the constants were determined. All the
constants obtained are listed in Table 1. The solid
curves in Fig. 1 were calculated using the constants
obtained. The curves fit well to the data.

Equilibrium Constants of Acids

Aqueous Solution : 0.1 M NaClO4

Organic Solvent : CHCIs
Acid pK. log Kq log K4im

Salicylic 2.72 0.48 1.64
(o-Hydroxybenzoic)

Anisic 3.92 1.58 —
(o-Methoxybenzoic)

Anthranilic 4.68 —0.20 2.15
(o-Aminobenzoic) (2.15»

Mandelic 3.18 —1.47% 1.50%
(a-Hydroxyphenylacetic)

a-Methoxyphenylacetic 2.97 0.40 1.10

Tropic 3.90 —1.09 1.54
(B-Hydroxy-B-phenylpropanoic)

Benzoic 4.019 0.44% 2.229

a) In the parentheses K,’=[HA][H*]/[H2A*].
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Fig. 1. Typical examples of extraction curves as a

function of undissociated acid concentration in
aqueous phases. a) Log-log plot of distribution ratio
of salicylic and anthranilic acids as a function of
[HA]. The —log[H*]is around 2.0 for salicylic acid
(@) and 3.4 for anthranilic acid (O). logD’=
log D(1+K./[H]) for salicylic acid and log D’=log
D(1+K./[H*H[H*)/K,’). The dotted lines are Y=
log K4 and Y=log[HA]+log 2K42Ka4im. b) Distribution
ratio of a-methoxyphenylacetic acid against [HA].
The solid line is Y=2.49+1.57X102[HA]. The cor-
relation coefficient is 0.894. The —log[H*] is around
2.0.

In order to ascertain the validity of Eq. 1 and of
applying pK,, which was determined in 0.1 M sodium
perchlorate media without saturation with chloro-
form, to the analysis of the solvent extraction data, the
distribution ratio was measured at various pCy at a
constant acid concentration. Figure 2 shows the plots
of the distribution ratio of salicylic, anthranilic, and
mandelic acids against pCx using a total acid
concentration of 10-3M. The solid curves are
calculated from Eq. 1 using all the constants in Table
1. The curves fit well to the data. The data obtained
by similar experiments with other acids fitted well to
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Fig. 2. Distribution ratio of salicylic, anthranilic, or
mandelic acid as a function of —log[H+]. Total
acid concentration: 1.0X10-3 M. Aqueous phase: 0.1
M NaClOs, organic phase: CHCls. Salicylic (@),
anthranilic (O), and mandelic (®) acids.

the values calculated from the constants obtained. The
fact that all the constants, including pK,, explain the
data well would suggest that the constants obtained in
an aqueous solution without saturation with organic
solvents can be applied to solvent extraction data.

As seen from Table 1, it is not easy to find definite
correlation among pK,, K4, and/or Kgim. The distribu-
tion constants of the substituted benzoic acids seem to
be larger than those of the phenylacetic acids
substituted with the same functional group. Thereisa
trend that the higher the pK,, the larger Kaim, at least in
the family of phenylacetic acid. The trend would be
explained as: the acid anion capable of attracting
hydrogen ion strongly, ie., the oxygen atom in
carboxyl group to be the stronger Lewis base, may also
attract a hydrogen atom in other acid molecules to
form a hydrogen bond. This result suggests that a
carboxylic acid having higher pK. may form more
stable adducts with lanthanoid(III) chelates such as
tris(B8-diketonato)lanthanoid(III) in organic phases.
The high pK. and small Kgim of 0-anisic acid may be
caused by the methoxyl group at the ortho position.
This could form an inner complex with the hydrogen
atom in the carboxyl group. Consequently, the
dissociation is depressed and the distribution constant
is large, due to less hydration. Furthermore it would
not easily associate with other o-anisic acid, i.e., low
Kim. We can not explain the low pK, and high
distribution and dimerization constants of salicylic
acid, most presumably, owing to inner complexation
in salicylate ion.

ii) Complexation of Lanthanoid(III) with These
Acids. Table 2 gives typical examples of the poten-
tiometric titration data. Using these data, #/((1—n)-
[A-]) and (2—7)[A-]/(1—7) were calculated (see Eq. 2),
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Table 2. Potentiometric Titration Data
in 0.10 M (NaClOy) at 25°C

(1) Terbium(III) anthranilate
Volume of

titrant/cm3 —lOg [H+] [A_]l)/10_4 M n
3.0 4.256 2.15 0.04,
40 4244 2.80 0.055
5.0 4.245 3.42 0.066
6.0 424, 4.06 0.07
7.0 4.245 4.68 0.09
8.0 4.24, 5.29 0.10;
9.0 4.245 5.92 0.115

10.0 4249 6.51 0.125
11.0 4.255 7.11 0.13
12,0 4.256 7.70 0.14;
13.0 4.260 8.29 0.158

in the cup; initial volume=50.0 cm?3
initial —log[H*]=4.80-
initial terbium(III) concentration=1.02X10-2 M
in the buret; titrant concentration=2.08X10-2 M

(2) Dysprosium(III) mandelate

X:’é“n’?fcgfa —log[H*] [A-]/10~M 7
6.0 2.755 3.51 0.32,
7.0 2.73 4.21 0.36,
8.0 2.72; 4.85 0.405
9.0 9713 5.54 0.44;

10.0 2.704 6.21 0.47
11.0 2,69, 6.88 0.515
12,0 9.69 7.60 0.550
13.0 2,68, 8.23 0.586
14.0 2.68 8.99 0.617
15.0 2.687 9.67 0.650

in the cup; initial volume=50.0 cm?
initial —log[H*]=3.194
initial dysprosium(III) concentration=1.03X10-2 M
in the buret; titrant concentration=3.96X10-2 M

a) Free carboxylate ion concentration at equilibrium.

and the former was plotted against the latter. Straight
lines having positive slopes were obtained. The first
and second stability constants were determined from
the intercept and the slope, respectively. The constants
so obtained are listed in Table 3 together with the error
limits based on the agreement in repetitive titrations.
In these experiments, owing primarily to two reasons,
high 7 could not be obtained, that is, 1) lanthanoid(III)
does not form stable complexes with these ligands
except for mandelate ions, and ii) since the solubility
of the acids employed in water is not high, the free
carboxylate anion concentration at equilibrium was
not over 2X10-38 M. Consequently, the second stability
constants have rather big errors.

It would appear from the values in Table 3 that the
order of the stability constants for a given lanthanoid-
(IIT) is in the following sequence: mandelates>>an-
thranilates>o-anisates=tropates=~a-methoxyphenyl-
acetates=benzoates>salicylates. This sequence may be
due to the differene of pK. of the ligand acids.
Actually, it has been reported® that the correlation
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Fig. 3. Correlation between the first stability con-
stants (log B1) of Eu complexes and the dissocia-
tion constants of the ligand acids (pK.). 1. Mandelate,
2. hydroxyacetate, 3. a-hydroxymethylpropanoate,
4. a-hydroxypropanoate, 5. salicylate, 6. a-methoxy-
phenylacetate, 7. methoxyacetate, 8. B-hydroxy-S-
phenylpropanoate, 9. o-methoxybenzoate, 10. ben-
zoate, 11. acetate, 12. propanoate, 13. anthranilate,
14. chloroacetate, 15. iodoacetate, solid circles: present
work, open circles: taken from Refs. 6 and 7, triangles:
taken from Ref. 9.

between log B1 and pK. is linear, when the interaction
between lanthanoid ion and a ligand is ionic and there
is no variation in the steric effects. Figure 3 shows the
correlation between the first stability constants of
europium(III) complexes (log B:) and pK. of the
ligand acid together with that reported for several
monocarboxylates in the literature. The constants are
classified into two different groups. The a-hydroxy
carboxylic acids which may form five-membered
chelates belong to the upper group, and other car-
boxylic acids belong to the lower group. Although a-
methoxyphenylacetic acid may form a five-membered
ring, it does not belong to the upper group. Simil-
arly, methoxyacetic acid!® also does not belong to the
upper group. In the lower group, the order of the
stability constants in magnitude seems to be correlated
with the difference of pK.. Furthermore, as seen in
Table 1, only mandelic acid forms more stable com-
plexes with the heavier lanthanoid(III), and the stabi-
lity constants (log B1) of the series of lanthanoid(III)
complexes with other carboxylic acids employed in the
present work are similar to each other.

In a word, the presence of the OH group at the a-
position of carboxylates seems to be very effective to
form a more stable complex with the heavier
lanthanoid(IlI). However, B-position of carboxylates,
o-position of benzoic acid or other functional group
such as methoxyl group are not effective. Further
accumulation of data would be necessary in order to
know the reason why a-hydroxy carboxylic acids form
more stable complexes with the heavier lanthanoid.
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Table 3. Stability Constants of Lanthanoid(III) Complexes with Substituted
Benzoic and Phenylacetic Acids in 0.1 M NaClO4 at 25°C

a) —OH substitution
Mandelate Salicylate

log(B1£6)» log(B216) log(B119) log(B2+6)
La 2.5510.06 4.1410.08 1.80+0.06 3.551+0.23
Pr 2.7610.01 4.6510.08 1.88+0.02 3.701+0.33
Nd 2.831+0.03 4.7710.12 1.901+0.04 3.5610.09
Sm 2.901+0.09 4.7510.08 2.06£0.03 3.8210.21
Eu 2.9510.01 5.071+0.13 2.02+0.05 3.841+0.03
Gd 2.8810.03 5.0110.15 1.8910.06 3.78+0.03
Tb 3.0110.03 5.2510.05 1.9510.02 3.8610.02
Dy 3.0310.04 5.2910.08 1.711+0.03 3.7610.04
Ho 3.0510.06 5.3510.09 1.83+0.08 3.79+0.23
Er 3.1510.07 5.4110.05 1.781+0.05 3.5910.17
Tm 3.2010.07 5.5610.06 1.751+0.07 3.6710.08
Yb 3.2910.01 5.7610.02 1.781+0.07 3.4510.06
Lu 3.25%0.03 5.8310.04 1.651+0.04 3.7510.05
b) -OCH3 substitution

a-Methoxyphenylacetate o-Anisate

log(B119) log(B219) log(B11£8) log(B2t48)
La 2.0910.00 3.8410.12 2.0710.00 4.0510.05
Pr 2.1610.06 3.571+0.23 2.2010.01 4.1710.04
Nd 2.161+0.02 3.831+0.06 2.2610.01 4.2010.08
Sm 2.2410.02 3.6410.10 2.3110.03 4.2240.14
Eu 2.1710.02 4.124+0.22 2.28+0.02 4.2610.02
Gd 2.1410.01 3.591+0.17 2.1910.01 3.9910.17
Tb 2.1910.04 3.971+0.20 2.1530.01 4.121+0.06
Dy 2.191+0.03 3.8240.11 2.111+0.02 4.0810.10
Ho 2.1910.11 3.8510.26 2.0710.02 4.0610.05
Er 2.1910.02 3.611+0.07 2.0610.01 3.9510.03
Tm 2.1410.03 3.8610.15 2.0510.03 4.111+0.08
Yb 2.2310.05 4.10%0.12 2.0610.07 3.9010.17
Lu 2.311+0.05 3.97+0.01 2.101+0.03 4,0910.14
c) Miscellaneous

Tropate Anthranilate

log(B1£8) log(B218) log(B1£8) log(B2196)
La 2.0210.07 3.90£0.08 1.961+0.04 4.08+0.08
Pr 2.14%0.01 4.001+0.09 2.331+0.03 4.391+0.04
Nd 2.231+0.05 4.1110.04 2.4410.02 4.2610.17
Sm 2.2410.06 4.111+0.18 2.441+0.02 4.781+0.05
Eu 2.2110.01 4.0210.02 2.4910.02 4.781+0.05
Gd 2.174+0.02 4.1210.08 2.361+0.03 4.511+0.17
Tb 2.071+0.02 4.0010.07 2.2810.01 4.4010.10
Dy 2.10%0.01 3.9210.03 2.2710.04 4.3910.10
Ho 2.0510.02 4.0210.09 2.17+0.04 4.2240.12
Er 1.9910.03 3.9310.02 2.1610.04 4.2110.12
Tm 2.0210.10 3.781+0.2 2.2240.01 4.39+0.06
Yb 2.0510.02 3.98+0.19 2.241+0.00 4.4010.06
Lu 2.0910.05 3.9710.20 2.2240.03 4.5310.11

a) § denotes error limits based on the agreement in repetitive titrations.

The larger stability constants and the monotonical
increase of log B1 against the atomic number could be
caused by the match of the bond angle of the hydroxyl
group and the carboxyl group to the smaller sized
lanthanoid(III). In a-methoxy carboxylates, the one
carbon and the three hydrogen atoms in the methoxyl
group could interfere with taking up an appropriate
bond angle to accept lanthanoid(III).

As seen from Fig. 3, the stability constant of the

salicylate seems to be a little larger than estimated
from the correlation between pK. and log B: of
monocarboxylates. This may be due to the formation
of stable chelates between the salicylic acid and
lanthanoid(III),!? or due to a proper character of
salicylate ion.

The above results may suggest that: 1) there is a
trend that the acid of higher pK, has a larger
dimerization constant. When the ligand acids are not
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a-hydroxy carboxylic acids, log B: increases in propor-
tion to pK.. Accordingly, pK. will be one of the
important parameters for the complexation in the
organic phases as well as in the aqueous solutions. 2)
The behavior of salicylic acid in aqueous and/or in
organic solvents including complexation with lan-
thanoid(III) is different from that of other carboxylic
acids. 3) Only carboxylic acids having a hydroxyl
group at the a-position are effective to form the more
stable complexes with the heavier lanthanoid(III).
Other functional groups, and hydroxyl group at the
B-position or the o-position are not effective.
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