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I. INTRODUCTION

Because the rare earths (those elements of atomic number 57 through
71, as well as 21 and 39) all exist as trivalent ions in solution and have
a great affinity for water, their ions are protected by a tightly adhering
hydrated layer. This layer makes the properties of the rare-earth ions
even more alike; so, the separation of the pure individual rare-earth
elements is very difficult. A great deal of research on separating these
elements by fractional means was done over 140 years (1794 to 1940).
During that period, all the naturally occurring rare earths were isolated,
and a great deal about their basic properties was learned. During World
War II, ion-exchange methods were developed at the Ames and Oak Ridge
Laboratories for separating rare earths, and better than 99.99 pure rare
earths have become commercially available since that time.

Although pure rare-earth elements have been isolated readily the
past 20-30 years, much of their chemistry is still in question compared
to the chemistry of the transition metals. Chemistry of rare earths in
solution is one of the least understood subjects. Complex ion formation
is highly important with these cations, but the governing principles are
not as clearly decipherable as is the case with the transition metals.
nere are several reasons for tbis., In the first place, The well-shielded
(by 5s and 5p electrons) Uif electrons of lanthanides precludes the proba-
bility of hybrids that would lead to covalent bonding involving 4f orbitals.
A further reason lies in the relatively large sizes of the cations. Attrac-

tions that the cations have for anions to yield complexes by any kind of

ionic association are sharply reduced. The number of known complexes is
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limited, because only species that can attract these cations as a result
of their own small size, large charge, or chelating ability will give
strong complexes.

Because of the lanthanide contraction, one should expect a decrease
in basicity across the series from lanthanum to lutetium, If only elec-
trostatic character and the lanthanide contraction are considered in the
complex formation of rare earths, a monotonic increase in formation con-
stants across the series from lanthanum to lutetium would appear to be
axiomatic (the bond strength should increase linearly, or nearly so, from
lanthanum to lutetium). In nearly all complex systems which have been
studied, this is not strictly the case. Although other factors, such as
crystal field effects, thermcdynamic considerations and Bjerrum's statis-
tical ratio theory have been invoked to account for the perturbations
observed, none satisfactorily elucidates all factors of the various stability
trends extant.

Two ligands (&, B -dihydroxyiscbutyrate anda , B -dihydroxy-g-methyl-
isobutyrate) are studied in this dissertation. Complex tormation between
these two chelates and rare-earth cations have been investigated. Hopefully,
some questions concerning the dentate character of these ligands, as well
as inductive and steric effects of the added functional groups in these
two chelates (compared to &-hydroxyisobutyrate and ethylmethylglycolate)
why the effects of the lanthenide contrsction and bonding characler of the
why the effects of lanthanide contraction and bonding character of the
ligand in rare-earth complexes alone do not explain the observed stability
trends. The formation constant data obtained from studies in this rescurch

£i1l some holes in the literature regarding the solution chemistry of
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lanthanons. Such data sre of particular importance in predicting the

separability of the lanthanons by ion-exchange chromatographic techniques.

The well-known Irving-Williams order of stabilities and a linear
relationship between the acidity of the donor group and chelate stability
have been found to hold for most data for divalent transition metals
found in the literature. It was intended to further test these two
theories using the &-hydroxyisobutyrate, &,B-dihydroxyiscbutyrate and
a,B—dihydroxy-B—methylisobutyrate ligands. Consequently, complex formation
between some divalent transition metals and these three chelates was also
studied. It was hoped that formation constants obtained from this study

might shed light on the molecular structures of these complexes in solution.
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II. REVIEW OF PREVIOUS WORK

A. Transition Metal Hydroxycarboxylates

1. The Irving-Williams order of stebilities

Mellor and Maley (1, 2) pointed out that the stability of complexes
of bivalent transition metal ions with ammonia, ethylenediamine, propylene-
diamine or salicyladehyde follows the order

Cu>Ni> Co> Zn> Cd > Fe> Mn

They were not yet certain what factor or factors determined the order of
chelate stability for metals in this series. The electronegativity or
basicity of the metal was thought to have something to do with species
stability (the more basic the metal, the less stable its complexes). If
this were so, one should expect to find a correlation between the covalent
radii of bivalent transition metals and the stability of the various com-

plexes formed by them. Because the extreme members of the series were

of the nature of the ligands involved. Their extended sequence has, how-
ever, little generality and it fails with, e.g., glycine, alanine, glycyl-
glycine, and several carboxylic acid anions, for which the order is
Cu> Ni> Zn> Co> Mn

Irving and Williams (3, 4) later showed, however, that the Mellor and
Maley order of stability does not hold for some systems. The previously
published and current data on complexes formed by bivalent ions of the
first transition series were collected and examined critically by Irving
and Williams and the order Mn < Fe < Co < Ni < Cu> Zn was found to hcld

for the stabilities of nearly all such complexes (irrespective of the
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nature of the coordinated ligand or of the number of ligand molecules
involved). This order is now known as "the Irving-Williams order of
stabilities." Some of the ligands cited in this case are ethylenediamine,,
propylenediamine, 1,3-diaminopropane, 1,2,3-triaminopropane, diethylene-
triamine, triaminotriethylamine, triethylenetetramine, a great variety of
o- and B -aminoscids, nitrilotriacetic acid, ethylenediaminetetrascetic
acid, tropolone, h-hydroxypteridine, and many mono- and dicarboxylic
acids. Thus, the Irving-Williams order remains valid for "nitrogen-type",
"nitrogen-oxygen-type", and "oxygen-type" ligends.

Irving and Williems suggested that both ionic bonds and covalent
bonds were controlling factors in the stability order of metal complexes.
Because, if complexes between cations and ligand anions were purely elec-
trostatic in character, a simple relation should exist between their
association constants, K, snd the radius, r, of the unhydrated ion and its
valency, Z. But, from the experimental and calculated values of K for
hydroxy-complexes of the bivalent transition metals, it was revealed
that these were much more stable than could be accounted for by purely
electrostatic forces of attraction. That the increments in stability
should increase monotonically along the Irving-Williams series can only
mean that some additional stabilizing factor is in operation which in-
creases in extent as one moves along the series; this must be the
tendency towards the formation of a covalent bond between metal and ligand.
The point was made (by the plots in figure 1) that, while the stability
sequence follows the Irving-Williams order for all the ligands represented,
the stability increment from metal to metal is greatest for the most

polarizable ligand. The respective increments decrease with bidentate
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ligands as the donor atoms change from N to O (e.g., ethylenediamine) >
nitrogen-oxygen-type ligands (e.g., glycine), and > oxygen-oxygen-type
ligands (e.g., salicylaldehyde and oxalic acid). Furthermore, the more
electropositive the coordinating atom of the ligand, the greater the
stability increment from metal to metal. This emphasizes the significance
of covalent bonding in determining the stability of complexes. The mag-
nitudes of the electrostatic and covalent interactions were suggested to
be dependent upon the reciprocal of the ionic radius (Zg/r) and the

second ionization potential as (M(gas)- M+2(gas) + 2e) both increase

monotonically throughout the series from manganese to copper.

2. The influence of the donor group in complex stability

The linear relationship between the basicity of the donor group
(pKa) and the chelate stability (logKn) has been found to hold in a large
portion of the literature reported so far. Thus, the weaker the acidity
of the ligand. the more stable is the chelate compound. Thun, Guns and
Verveek (5) suggested that the stability constants of the ¢ -hydroxyiso-
butyrate bivalent metal complexes being higher than those for the corres-
ponding lactate complexes could be attributed to the increased inductive
effect of the 2-methyl group in a-hydroxyisobutyrate. This effect
becomes quite evident in the acid dissociation constants: Ka = 2,30 x ].O-Lf
for lactic acid, Ka = 1,73 x lO_u for G-hydroxyisobutyric acid.
Filipovié, et al. (6,7) reported the stability constant of bivalent metal
complexes with lactate are greater than for the corresponding glycolate
complexes, and again +the increased inductive effect of the methyl group

in lactate makes the acidity of lactic acid lower than in glycolic acid.
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At this point one can see that the values of stubility constants of bi-
valent metal complexes increase in the series glycolute < lactate ¢
@-hydroxyisobutyrate, and the acidity of the three acids considered
change in the reverse sequence.

Murakami, et al. (8) found linear relationships between the acidities
of the donor groups in four catechols and the stabilities of their chelates
with copper(II) and zinc(II). In this case the acidity of both hydroxyl
groups in the ligand molecule should be taken into consideration, since
both groups are involved in caelate ring formation. The value of
(pKH2L + pKHL), as a measure of ligand basicity, decreases in the order:
catechol > L-carboxycatechol > catechol-k-sulfonate> Tiron. The stability
order, however, is antiparallel to this order and is found to be in the
sequence: Tiron > catechol-l4-sulfonate > L-carboxycatechol > catechol.
Substituent groups were considered to play an important role in this case.

Filipovid, et al.(6,7) reported the stability constants between

acidity, decreases in the order: formic acid ) acetic acid>» propionic
acid, and all the metal complex stabilities considered changed in the
reverse sequence,

Steric hindrance influences on formation of metal complexes by a
ligand can be overwhelming, by causing a less favorable positioning of
the basicity of the donor groups with respect to the available cocrdina-
tions sites. Roletto, et al. (9) and Ostacoli, gﬁ_gl.(lo) illustrated this
situation in a case of dicarvoxyli¢ acids (cyclOpropane-1,1-dicarboxy1ic,
cyclobutane-1,1-dicarboxylic, cyclopentane-l,l-dicarboxylic and cyclo-

hexane-1,1-dicarboxylic acids) with some bivalent transition metal ions.
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In this case =z bigger ring bearing the donor groups tended to decresse the
stebility of the complexes. Here the increased inductive effect of the
added methylene group in a bigger ring did not increase the stebilities
of the metzl complexes.

Wernke ond Kwistkowski (11) reported the stability constants of
Co(II), Ni(II), Cu(II), Zn(II) and Cd(II) with propionate, B -hydroxypro-
pionate and ¢ -hydroxypropicnate. They showed that the values of the
stability constants increased in the series propionate ¢ R -hydroxypropionate
<o -hydroxypropionate. From this sequence it follows that the presence of
a hydroxyl group in a carbon chain raises appreciablj the stability of the
compounds being formed. The basicity of the donor ligands changes in the
reverse sequence. Both phenorena may be ascribed to the availability of
the hydroxyl group in the carbon chain. Situating an -OH ata or B
position allows five- or six-membered rings to form, respectively: The
former is characterized by a higher stability than the latter. The
increase in the values of the observed stability constants clearly points
to chelate ring formation involving bidentate ligands.

Patel and co-workers (12, 13) reported some non-relationships between
the basicity or steric hindrance of the donor group (see Table 1, in which:
3MeOHAO, UMeOHAO and SMeOHAO stand for the 3-methyl, L-methyl and 5-methyl
derivatives of 2~hydroxyacetophenone oxime; and 3MeOHB, 4MeOHB and SMeOHB
stand for the 3-methyl, L-methyl and 5-methyl derivatives of Z-hydrozy-
butyrophenone , respectively) and the complex stabilities of divalent

transition metal ions (Ni, Cu, Zn). No explanation was given.
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Teble 1: Metal-ligand stability constants (logK

i ) of metal complexes
[Temp. = L0 + 0.1°C, u = o.m(KNo3 )]

1

Ligand Metal - H
Cu Ni Zn
3MeOHAQ 11.26 7.53 7.98 11.86
UMeOHAQ 10.92 . T7.50 7.86 11.71
5MeOHAQ 11.18 7.49 7.83 11.97
OHB 7.87 5.28 6.00 11.43
3MeOHB 8.55 6.0L 7.10 12.19
LMeOHB 7.54 5.88 6.68 11.63
5MeOHB 8.31 5.53 6.38 -~ 11.70

Bjerrum (14) has described this topic in detail, but a brief summa-
tion will be given hére in order to elucidate the material in this
section and elsewhere.

The successive formation constants are defined as

k= UL
T &)

where M and L are metal and ligand ions, respectively. The ratio of the

successive formation constants, or the "total effect":
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2
depends on three factors, the statistical term (S), the ligand repulsion
effect (E) and the "rest" (everything else) effect (R). The relation-
ship between these factors is
T=8xEZXxR.

The statistical factor, S, can be estimated from the number of cation
association sites and ligand bonding groups, since each formation
constant is equal to the rate constant of the forward step over the rate
constant of the reverse step. The rate constant of the forward step,
in each case, is proportional to the number of sites at which the ligand
can bond to the pre-existing complex. The rate constant of the reverse
step, in each case, is proportional to the number of ways in which the
product complex can lose a ligand to reform the original complex.

If the ligand is monodentate, the coordination number of the cation
is N, and n ig the number cof ¢ 25 o ligend, cne can

see that the ratio of first formation constant to the second formation

constant or S is:

- -n+ 1 N -
5= = n+ )/((n+IB

If the ligand is polydentate, in order to find the factors pfoportional
to the forward rate constants, one must examine the geometry of each
reactant complex to determine the number of sites available to the ligand.
This step is facilitated by the use of structural models. The reverse

rate constants are always proportional to the number of ligands present



in the product complex.
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Such statistical ratios have been calculated

for square planar and tetrahedral models, and together with ratios for

higher coordination which were calculated by Powell (15), are listed in

Table 2.

Table 2: Statistical ratios of stepwise formation constants

Coordination
number

Geometry configuration

dentate
charactor

10

trigonal prism (D3h)

cube (Oh)

dodecahedral (Ded)

square antiprism (th)
pentagonal bipyramid (D5h)
octahedral (Oh)

square planar (th)

tetrahedral (Td)

tridentate
bidentate
monodentate
tridentate
bidentate
monodentate
tridentate
bidentate
monodentate
tridentate
bidentate
monodentate

tridentate
WS Arnmbndna

monodentate
tridentate
bidentate
monodentate
tridentate
bidentate
monodentate

tridentate
i dantato

monodentate
tridentate
bidentate
monodentate

. . o

.

wW=-JMnNw &P w &
o e e

w om\nwmmu—'f\)rwmmxomt—*\o
8LA)\% O\O (TxLU}O-P'H\OLA)LA)\J‘IﬂI\)[\)UJF\)

- .
OMNWW VW=I N
. . . o .

*_J
OV
A i
Ioe)

S

2.40

8.00
2.67
12.00
2.67

The ligand repulsion effect: A ligand that is about to associlate with a

1:1 or 1:2 species is repelled electrostatically by the already bound
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ligands, since all ligands are either negatively charged or possess
dipoles. That is E > 1.0. The "rest" effect, R, is generally ignored
because it is obsure and usually equals about 1. R is only taken into
consideration when such factors as steric hindrance, due to very large
ligands are obvious.

Manning (16) summarized the stability constant data of divalent copper
with acetate and glycolate ligands from Kolat and Powell (17), Fronaeus
(18) and Lundquist (19) and found that E values in both ligands are about
1.6, and that T values are 4.7 + 0.2 and 12.0 + 2.5 for acetate and glyco-
late, respectively. His conclusions were that the respective species were
comprised of monodentate acetate in square plénar array about copper and
bidentate glycolate in a square planar configuration about copper (in
both cases R was assumed to be 1).

Powell and Rowlands (20) reported T values of 3.5 + 1.0 in a case of
divalent Co, Ni, Zn and Cd with l-hydroxycyclopentanecarboxylate complexes,
and 10.5 + 0.6 for the copper camplex. The conclusions were that, in
tetragonally distlorted octahedral complexes, coordinestion probably in-
volves a mixture of monodentate and bidentste linkages in the cases of

-+
Co+2, Ni+2, ang, and Cd 2, and a combination of bidentate and tridenvate

in a case of Cu%2.

The steriochemistry of divalent transition metal complexes involves
tetrahedral, square planar and octahedral structures, but some structures
are more favored than others (21). Octahedral and tetrahedral coordination
are the most common for divalent cobalt, which forms more tetrahedral

complexes than any other transition metal ion. Divalent nickel forms

mainly the structural types: octehedral, tetrahedral, and square planar.
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Pigure 2. Structure of Diaguobis(g-hydroxyiscbutyrato)copper(II)
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The crystal structure of (3,3—dimethyl-l,5,8,ll—tetraazacyclotridecane)

nickel(II) diperchlorate, for example, is square planar (22). Because

of the Jahn-Teller effect in the a2 configuration of divalent copper,

the tetragonally distorted octahedron (in which two trans metal-ligand
distances are greater than the other four) is the most common structure.
Prout, et al. (23) reported the crystal structures of bis(glycolato)
copper(II), aquobis(DL-lactato)copper(II)hemihydrate, diaquobis{a-hy-
droxyisobutyrato)copper(II), diaquobis(methoxyacetato)copper(II), and
diaquobis(phenoxyacetato)copper(II). All these complexes contain
trans-chelate rings which {(apart from the bow-shaped lactate) are co-
planar. The copper ions are in elongated tetragonally distorted octa-
hedral environments with two exceptions: in the lactate copper ions are
in a nearly square-pyramidal five-coordinate enviromment; and in the meth-
oxyacetate the octahedron is compressed. Figure 2 shows the crystal
structure of diaquobis( ahydroxyiscbutyrato)copper(II).. The coordination
configuration of the copper is distorted octahedral with the copper-water
contact Cu-0(4) 2.56 , copper-hydroxyl group Cu-0(3) 2.01 , and the
copper-carboxyl-oxygen Cu-0(L) 1.89 . The individual complexes are

joined by hydrogen-bonding of the hydroxyl group 0(3) to 0(2) of another
molecule in the mirror plane, and the resulting sheets are held together
by hydrogen-bonding through the water molecules. Divalent zinc and
cadmium often have coordination numbers of six; but four, such as in the
case of the tetrahedral structure, is more common. The crystal structure
of zine(II)dithizonate, for example, has been determined by single crystal

X-ray analysis to be tetrahedral by Mawby and Irving (2k).
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4, Formation constants

The stabilities of metal chelates increase with the effective poly-
dentate nature of the chelating agents (25), so one should observe a
stability constant increase in the order of metal-monocarboxylate <
metal-dicarboxylate < metal-tricarboxylate. It is also expected to find
that the stability constants of metal-hydroxycarboxylates fall between
those of metal-monocarboxylates and metal-dicarboxylates. Complexes of
divalent transition metals with ligands containing oxygen atoms as poten-
tial donors, such as carboxylates and hydroxycarboxylates, will be re-
viewed here. Sillen and Martell (26) have published an extensive compi-
lation of stability data which includes transition metal species formed
with many other kinds of ligends.

Because only weak complexes form between monodentate carboxylate
ligands and divalent metal ions, few data regarding these have been re-

ported in the literature so far, and as a matter of fact, those reported

Y

A

Table 3 were collected from data reported by Filipovié, et al. (6, 7),
Mihailov, et al. (27), Hershenson, et al. (28), Kolat and Powell (17),
Yasuda, et al. (29), Tanake (30), Sandell (31) and Mihailov, et ul. (32).
With regard to the values of stability constants in Table 3 (taking into
consideration the lower sccuracy in the case of formate) one cun see that

the Irving-Williams order of stabilities holds for these systems.
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Table 3: The stability constants for the monocarboxylates of some bivalent
metals.

metal K1 K2 X Temp. u Ref.

1. Formate:

Co 5.4 2.8 25 2 7
Ni 2.9 0.9 25 2 7
Cu 25.0 8.0 25 2 6
38.0 2.9 25 2 27
37.0 4.5 25 2 28
Zn 5.0 2.k 25 2 7
3.2 1.7 25 2 27
4.0 2.3 25 2 28
cd 7.0 1.0 25 2 7
hh L.1 25 2 27
3.0 4.3 25 2 28

2. Acetate:
Co 4.6 1.3 25 2 7
Ni 5.5 2.5 5 25 2 7
10.0 2.95 x 10_5 25 1 29
Cu 78.0 15.8 2.80 x 10 20 0.1 17
50.0 9.0 5 2 2 6
63.1 2.95 x 10 2 25 1- 29
7Zn 19.0 6.5 2.80 x 10 20 0.1 17
5.0 2.4 5 25 2 7
10.0 2.95x10 5 25 1 29
ca ui o 1i7 2. 80 x 107 20 0. 1T
6.7 .3 -5 25 2 7
31.6 2.95 x 10 25 1 29

3. Propionate:

Co 5.0 0.8 25 2 7
5.3 25 1 11 .
Ni 5.5 2.5 25 2 7
6.0 25 1 11
Cu 40.0 11.0 25 2 6
he.o 2.1 25 i 11
Zn 9.6 2.5 25 2 7
7.0 2.4 25 1 11
cd 16.0 3.9 25 2 7
15.5 L.7 25 1 11

4. Butyrate:
Co L.6 1.7 25 2 7
Ni 5.4 1.2 25 2 7
Cu 35.0 8.6 25 2 6
Zn 9.6 0.5 25 2 7
o1 16.0 6.7 25 2 7
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Teble 3: (continued)

metal K K K Temp. 7] Ref.

5. Benzoate: 5
.98 x 1072 25

Ni 7.9 9.9 -5 1 29
Cu 39.8 9.98 x 10 5 25 1 29
7n 7.9 9.98 x 10:5 25 1 29
cd 25.1 9.98 x 10 25 1 29
6. Ethoxyacetate:
Ni 11.5 2.0 25 1 32
10.5 3.0 25 1 31
Cu 7h. 6.9 25 1 32
62.0 12.0 25 1 31
Zn 14.5 3.3 25 1 32
_ 13.5 5.5 25 1 31
cd 12.8 2.8 25 1 32
11.7 h.2 25 1 31

Some stability constants for some dicarboxylate chelate species of
bivalent metals are summarized in Table 4. More details can be found in
the publication of Powell and Johnsbn (33), Yasuda, gi_gl.(29), Tanaka
(30), and Roletto, et al. (34) from which these data were taken. Data in
Table 4 show that the size of the chelate ring is the main factor influen-
cing the stability of the complexes. The stability is highest for oxalate
which forms a five-membered ring, =2nd it decreases as the size of the

chelate ring increases. The Irving Williams order of stabilities holds

for these systems very well,
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Table U: The staebility constants for the dicarboxylates of some bivalent
metals,
metal Kl K2 Ka Ka Temp. 4 Ref.
1 2
1. Oxalate L 5 L
Co 5.0x105 uxlo_2 1.55%10 ), 25 .1 26
i 2x107 w105 L.55x107, 25 .1 26
Cu l.6xlOu 1.1x10°  khx10 5 1.55x107), 25 0 26
Zn 8.ox1o3 uxlo'2 l.55x10_u 25 .1 26
cd 3.31x10 59 Lx10~ 1.55x10°° 25 0 26
2. Malonate 5
Co 9.0x10 30 25 .1 33
Ni 1.88xlo§ L7 . , 25 .1 33
l.60x102 1.74x107°  5.13x10°° 25 .1 29
Cu 1.04x%10° 8Lo ¢ 25 .1 33
1.0x102 1.7ux10'3 5.13x10" 25 .1 29
7Zn 9.3}{102 30 3 % 25 .1 33
5.0x10,, 1.7h10 3 5.13x10 o 25 .1 29
cd 2.0x10 1.74x10 5.13x10 25 .1 29
3. Succinate Iy 6
Wi 4o lxlO-h 6.17x10'6 25 .1 29
Cu 398 lxlo'l+ 6.17x10'6 25 .1 29
Zn 4o 1xlo',+ 6.17x10'6 25 .1 29
cd 120 1x10~ 6.17x10" 25 .1 29
L, Glutarate i p
Wi 40 7.2ux10'§ 9.97x10'g 25 .1 29
Cu 251 7.24x10" 9.97x10'6 25 .1 29
7n Lo 7.2ux10‘5 9.97x10'6 25 .1 29
ca 100 7.2ux10'5 9.97x10~ 25 .1 29
5. 1,l-cycleopropanedicarboxylate o _8
Co 3.16x10% 2.09x10_5  7.6x10_g 25 .1 3k
Ni 7.76x105 2.09x10_5  7.6x10 g 25 .1 3k
Cu 9.77x10% 2.09x10 5  7.6x10 g 25 .1 3k
7n 3.16x10 2.09x10 7.6x10 25 .1 3k
6. 1, l—uyclobu’Lanedicaz"goxylate
Co 1.6x10, 10 3 5 2 .1 33
1.7x10; 1x10 2.82x10 25 .1 3k
Ni 2.2x10, 10 3 6 5 1033
1.58x105 3 1x10 2.82x10 25 .1 3k
Cu 1.03x105 1.3x10 3 5 25 .1 33
1.05x10 1x10 2.82x10 25 .1 34
Zn 3.4x10 30 6 25 .1 33
3.02x10 %1070 2.82x10° 25 .1 3L
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In Table 5, are-collected the stability constants for hydroxycarboxy-
late species of some bivalent metals, which were reported by Thun, et al.
(5), Filipovid, et al. (7), Warnke and Kwiatkowski (11), Powell and Rowlends
(20), Tanaka (30), and Folkesson and Larsson (35). If one compares the
stability constants data in Table 5 with Tables 3 and 4, one will see that
the stability constant values of divalent metal hydroxycarboxylates are
higher than in the case of monocarboxylates, but lower than in the case of
dicarboxylates. In this situation, the presence of the hydroxyl group in
the carbon chain appreciably raises the stability of the complex species
being formed. Thus, bonding belween oxygen in hydroxyl groups and a metal
ion should be taken into account, although it is less important than the
bonding between a carboxyl group and the metal ion. Formation of chelate
rings is considered certain in such systems. Figure 3 shows a plot of
logKl versus atomic number of some divalent transition metal ions which

form complexes with butyrate, a -hydroxyisobutyrate and oxalate.

Table 5: The stability constants for hydroxycarboxylates of some bivalent

metals

Metal Kl v K2 Ka Temp K Ref.
1. Glycolate

Co 30 6.5 25 2 7
o4 25 0 36
Ni Lo 10.2 25 2 7
Cu 250 25 2 7
6L6 59 25 0 36
229 22 25 1 30



Table 5: (continued)
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Metal K1 K 5 Ka Temp U Ref,
1. Glycolate (continued)
Zn 52 14.5 25 2 7
cd 32 2.2 25 2 7
73 25 0 36
2. Lactate N
Co 23.5 8.9 2.30x10" 25 1 5
2h,7 8.2 n 25 1 11
Ni 39 12 2.30x10 25 1 5
43.b 15.5 L 25 1 11
Cu 310 31 2.30x10 25 1 5
228 68 I 25 1 11
Zn Lo.7 17 2.30x10" 25 1 5
28.8 10 L 25 1 11
cd 16.2 T.b 2.30x10° 25 1 5
2h.9 7.k 25 1 11
3. PB-hydroxypropionate
Co 10.6 L.,2 25 1 11
Ni 15.6 3.8 25 1 11
Cu 73.1  21.5 25 1 11
309 31 25 1 30
Zn 12.5 4.9 25 1 11
4, @-hydroxysiobutyrate _
Co 28.85 5.3 1.73%x10 . 25 1 5
Ni L6,k 13.5 1.73x10'g 25 1 5
Cu 550  39.8  1.73x10_) 25 1 5
Zn 51.3  30.0 1.73x10_) 25 1 5
cd 17.4 8.3 1.73x10 25 1 5
5. Mandelate
Co 16.5 3.3 20 2 35
Ni 25.5 7.1 20 2 35
Zn 32 11.8 20 2 35
6. 1-hydroxycyclopentanecarboxylate N
Co 37 10 1.13x10, 25 1 20
Ni 66 20 1.13x10 ), 25 1 20
Cu 630 60 1.13x10° 25 1 20
631 60 n 25 1 30
Zn 77 20 1.13x10_) 25 1 20
Cd 28 8.2 1.13x10 25 .1 20
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B. Rare-Earth Hydroxycarboxylates

1. Bonding in lanthanide complex species

The coordination chemistry of the rare-earth metal ions can, with
profit, be contrasted and compared with that of the d-type transition
metal ions. The stabilities of coordination compounds of the d-type
transition metal ions are related to participation of the d electrons in
the metal-ligand bond through hybridization of metal electronic orbitals
and overlaps of these hybrid orbitals with appropriate ligand orbitals
which one knows as covalent bonds. Because electrons in the 4f orbitals
in the rare-earth metal ions are effectively shielded from interaction
with ligand orbitals by electrons in the 5s and 5p orﬁitals, hybridization
does not occur. Significant cation-ligand attractions are thus largely
electrostatic in character (ionic bonds). The absence of significant

interactions between ligand and 4f orbitals is supported by a wealth of

Paramagnetic behavior among the tripositive rare-earth metal ions is
due to the presence of unpaired U4f electrons. Since these electrons are
well shielded from external influences, both their spin and orbital motions
are significant in determining the overall observed susceptibility or
moment of & complex containing such a species should indicate clearly
whether or not these Uf electrons are involved in bond formation. Moeller
and Horwitz (37) compared the magnetic susceptibility of complexes LnL
(where Ln refers to Nd(III), Sm(III), Eu(III), GA(III), or Y(III); and, L is
ethylenediaminetetraacetate, N-hydroxyethylethylenediaminetriacetsie or

1,2-diaminocyclohexanetetraacetate) with those calculated for the free



izaseous lons by Van Vleck and Frank (38), and surmised that the Lf elec-
trons could not be of great significance in bond Tormaution in these chelates.
Fritz, et al. (29, 1) also observed only small effects in the magnetic
susceptibility in complexes LnlL (where Ln refers to lanthanide(III)

cations and L is ethylenediaminctetraacetute or acetylacctone) at low
temperature. Axtmann (41) concluded from proton nuclear magnetic reso-
nance spectra that a hydrated trivalent lanthanide cation in agueous solu-
tion invelved ion-dipole electrostatic bonding with water molecules. His
argument was based on the linearity between the logarithms of the acidity
constants of the hydrated cations and the chemicsl shift.

The sharply defined absorplion bands, characteristic of all the
tripositive lanthanide ions except lanthanum and lutetium ions, are asso-
cinted with forbidden trensitions umong the Uf orbitals that are permitted,
bzcause of the electric effects of fields imposed by the surrounding anions

(42). The overall spectrum of & given ion, therefore, is altered only in

complex bands o th2 anion cnvironment is altered. However, this situa-
tion is not the same us with d-transition elements where the d electrons
(being external) take an active part in bonding, producing a change in

the environment of the central metal ion thut frequently causes a substan-
tial variation in wbsorption spectra. Shielding of the 4f electrons by a
complete 5325p6 octet makes such effects much less drastic in the lantha-
ide series. Moeller and Horwitz (37) found no new bands in different perts
of the spectrum in complex species of LnL (where Ln was Pr(III), Nd(III),
Sn(III) or Er(III) 2nd L was cthylencdiaminetetraacetate, N-hydroxyethyl-

ethylenediaminetriacetate or 1,2-diaminocyclohexanetctrascetate) when



compared with the spectrum of LnCl This is a further indication that

3
the U4f electrons are not involved in bond formation in such chelates;

and no correlation exists between alterations in absorption character-
istics and chelate stabilities.

Further evidence for the ionic model mentioned above is the absence
of m-bonding interactions in the cyclopentadiene derivatives of these ions
shown by Wilkinson and Birmingham (43,44), On the other hand, Jorgensen,
et al. (45,46) pointed out that the possibility of covalent interactions

cannot be completely excluded, because there is evidence based upon nephel-

auxetic effects of some degree of covalency in some of the complex species,

Ephraim and Block (47,48) also found & red shift of the bands in absorp-
3 +3

tion spectra for the anhydrous lanthanide (Pr+ , Nd ~, Sm%3) acetylacetone
chelates compared to the aquo ions. The anhydrous fluorides showed some
blue shift with respect to the aquo ion. The phenomenon of red shift was
explained by Ephraim partly as the expansion of the lanthanide orbital

0 covalent bonding and partly as cOuLracLlon due tu ulghly
electrostatic bonding. Jorgensenzunneé this effect the nephelauxetic

effect.

2. Interpretation of trends in complex stabilities

Some useful data for the rare earth metals and trivalent rare earth
cations are presented in Table 6 (49), they are useful for the review in
this section and elsewhere. One can see from Table 6 that only the elec-
tronic configuration of the cation and its radius are important at this
moment for evaluating the effects of progressive clianges in complex-ion

formation.,
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Tuble 6: Numerical data for rare-earth metals and trivalent rare-earth

cations
| Symbol Z Eiec. Conf. -E° Electro- Met. Rad. Cry. Rad.
(V)  negativity Ln(A) +3, 0
Ln Ln+3 o ()

ra 57 UOsales® 40 2.52 1.1 1.89 1.061
Ce 58 k? 65 uet 2.8 1.1 1.83 1.03k
Pr 59 L 65 kP 2.7 1.1 1.8 1.013
Wa 60 bet 68 ke ok 1.2 1.83 0.995
Pn 61 bt 6s° hfu 2.2 1.2 - 0.979
Sm 62 uf6 6s° ke? ol 1.2 1.81 0.96k
B 63 bl 62 w® o 1.1 1.99 0.950
ca 6k heTsales® uel  2.ko 1.2 1.81 0.938
T 65 ke 6s° uf8 2.39 1.2 1.80 0.923
Dy 66 4t 632 ug? 2.35 1.2 1.80 0.908
Ho 67 ket 65 w0 23z 1.2 1.75 0.5k
mr 68 he'® s bett o 30 1.2 1.78 0.881
T 69 hetd ¢s? uet?  2.08 1.2 1.77 0.869
Yo 70 hflu 65 w3 2.27 1.1 1.94 0.858
o 7 bettsales? et .25 1.2 1.75 0.848
Y 39 hat 582 ---- 2,37 1.3 1.78 0.880

Tonic bonds between rare-earth cations and ligand anions were suggested
in the previous section. If this type of bonding is significant, then in

terms of an extension of the Born relationship (50, 51)



27

where E is the energy change on solvation (complexation) of a gaseous

ion of charge 7 and radius r in a medium of dielectric constant D, a
generalized increase in the stabilities of such chelates with decreasing
crystal radii and stebilities of yttrium complexes comparable with those

of the analogous erbium and holmium species may be expected. Because of
the "lanthanide contraction" (due to the not quite perfect screening effect
of the f electrons) one should expect to see the bond strength increase
linearly with increasing ionic potential Z2/r and a slight discontinuity
at gadolinium.

In nearly all complexes which have been studied, this is precisely
what is found for the values of logKl for complexes of the lighter rare
earths, lanthanum through samarium or europium. This simple relationship
is, however, not always found when the heavier rare earths, teroium To
lutetium, are considered. The trends in the formation constant data for
the heavier rare earths can be divided gqualitatively into three groups.
The first group contains those ligands for which there is a regular in-
crease in the chelate formation constants (glycolate, lactate, iminodi-
acetate, ¢z -hydroxyisobutyrate, nitrilotriacetate, ethylenediamine-N,N'-
diacetate, ethylenediaminetetraacetate and 1,2-diaminocyclohexanetetra-
acetate). The second group is comprised of ligands for which the chelate
formation constants of the heavier rare earths have very nearly the same
values. Such ligands include acetate, methoxyacetate, acetylacetone,

dipicolinate and N-hydroxyethylethylenedisminetriacetate. The last group



28
is represented by the 2,2'-bis [di(carboxymethyl)amino]Jdiethyl ether ligand
and diethylenetriamine-N,N,N',N',N"-pentaacetate. The lanthanide chelate
formaetion constants of this last group increase at first and then show a
slight decrease to lutetium.,

An example of each group will be discussed here. Aminopolycarboxylates
have been chosen instead of hydroxycarboxylates, because consideraﬁle
thermodynamic data is available for aminopolycarboxylates. Formation
constants and thermodynamic functions of rare-earth metal N-hydroxy-
ethylethylenediaminetriacetate (HEDTA) (52, 53, 54), ethylenediaminetetra-
acetate (EDTA) (55); and diethylenetriaminepentaacetate (DTPA) (56, 57)
specles are summarized in Table 7. LogK versus ionic potential data for
these three compounds have been plotted in Figure 4.

Figure 4 shows a fairly linear relationship between logK and Z2/r
for the lighter rare earths in each case (so the electrostatic bond
picture is not unreasonable); but other factors must be involved in the
rcAases of the heavy rare-earth species Tor which non-linear relationshins
are seen, It can be argued that the gadolinium break is related to the
corresponding discontinuity in crystal radius 2t gadolinium, however,
this discontinuity appears too small to account for the substantial

anomalies in formation constants observed at this point.
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Table 7: Thermodynamic functions of formation of rare earth-aminopoly-
carboxylate complexes

Complexes  logK A GO A HO A SO ASO+§’(I)J1
(Kcal/mole) (Kcal/mole) (e.u.) (e.u.)

Ln-HEDTA
La 13.46 -18.38 -2.28 54,2 20
Ce 14,11 -19.27 -3.06 54,2 19
Pr 14.61 -19.95 -Lus 52.0 15
Nd 14.86 -20.29 -4.25 53.8 15
Sm 15.28 -20.87 -4.65 544 15
Fu 15.35 -20.96 -4,.81 54,1 14
Gd 15.22 -20.78 -L.66 54,1 12
Tb 15.32 -20.92 -3.39 58.8 16
Dy 15.30 -20.89 -2,12 62.65 19
Ho 15.32 -20.92 -1.14 66.3 21
Er 15.42 -21.06 -0.32 69.4 25
Tm 15.59 -21.29 0.92 74.5 29
Yb 15.88 -21.68 0.36 4.0 27
Lu 15.88 -21.68 0.22 73.4 26
Y 14.65 -20.00 -0.29 66.1 19

ILn-EDTA
La 15.19 -20.72 -0.80 66.8 32.1
Ce 15.45 -21.07 -0.47 69.1 32.8
Pr 15.76 -21.49 . -0.80 69.4 31.9
Nd 16.05 -21.09 -0.00 T0.7 32.2
Sm 16.53 -22.54 -0.80 72.9 32.6
Bu 16.66 -22.72 -0.16 75.7 3k.6
Gd 16.82 -22.94 0.43 78.4 36.6
Tb 17.32 -23.62 1.50 84.3 L1.6
Dy 17.78 -2k.25 1.50 86.3 bo,7
Ho 13.0k4 -2h.61 1.25 86.7 4o.2
Er 18.37 -25.06 1.50 89.1 43.8
T 18,64 -25. 44 1.58 90.6 bh.5
¥o 18.99 -25.91 1.32 91.3 il 5
Lu 19.14 -26.11 0.64 89.7 4o,2
Y 18.09

In-DTPA
La 19.48 -26.57 -5.7 70 35.3
Ce 20.50
Pr 21.07 -28.74 -7.1 72.0 34.5
Nd 21.06 -29.47 -5, 79.4 40.9
Sm 22.3k -30.48 8.2 7.7 kb
Eu 22.39 -30.55 -8.1 75.3 34,2
ad 22.46 -30.65 -7.5 77.6 35.8
Tb 22.71 -30.99 -7.7 78.1 35.4
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Table 7: (continued)

Complexes  logK A GO AHO A S0 A SO+§(;H
(Kcal/mole) (Kcal/mole) (e.u.) (e.u.)

Ln-DTPA (continued)
Dy 22.82 -3L.1k -8.0 77.6 34.0
Ho 22.78 -31.08 -7.6 78.7 3.2
Er 22,74 -31.02 -7.3 79.6 34.3
Tm 22.72 -31.00 -5.5 85.5 39.4
Yb 22.62 -30.87 -5.5 85.1 38.3
Lu 22,4k -30.61 4.6 87.2 Lo.7
Y 22.05 -30.08 -5.2 83.h4 36.2

Staveley and Randall (58) and Choppin and Chopoorian (59) suggested
a possible existence of crystal-field effects in rare-earth metal chelates
in the EDTA type ligand, since a change in the logK values with increasing
atomic number is observed as in the d-type transition elements. There is
indeed a break ai vhe gadollnium ion, Tor wnich there should be no crystel-
field stabilization, that is possibly why the yttrium chelates do not quite
fall in the place predicted from the radius cf the yttrium ion. Since both
gadolinium and yttrium have zero crystal-field stebilization, however, it
would be expected on the basis of size that the yttrium complex of a given
ligand would always be more stable than ghe corresponding gadolinium com-
plex. Such is not the case. In addition, it is seen that, when the
chelates of two other ligand types (HEDTA and DTPA) are considered, the
crystal-field modification of the electrostatic argument does not hold,

since there is no regular increase in logK values.
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Both the coordination number of the rare-earth metal ions and the
number of coordination sites occupled by each ligand involved seem to
play a role when one considers thermodynamic and statistical ratio data.
However, the interpretation of the trends observed in such data is at
most only partly satisfactory. The trends in the formation constants of
the 2:1 and higher complexes are much more difficult to systematize since
in many of these species there is good evidence for assuming that steric
effects are important, and also, for the Eimple complexes, the errors in
the measurements are so large that it is difficult to decide which trends
are real. Without a doubt, the rare-earth metal ilons coordinate predomi-
nantly to oxygen donors, and very little work has been done with nitrogen
donors, since the basicity of most of these compounds is such that rare-
earth metal hydroxides precipitate before coordination extensively occurs
(60).

Wheelwright, et al. (61) found the formation constants of the tri-
valent lanthanide ions with EDTA to increase generally with atomic mumber;
however, a "plateau” occurs in the region Eu-Gd. These authors suggested
as an explanation for this plateau, that the progressively smaller radii
of the lanthanide ions in the series from La to Lu imposes increasing
steric hindrance on the interaction between EDTA and the ions. They also
suggested that all six donor atoms of EDTA are coordinated to the lanth-
ancns La to Gd; but that after Gd, only five of the six could fit around
the central ion, leaving one molecule of water still attached. From
absorption spectra of protonated Nd and Y-EDTA complexes, Moeller, et al.

(62) suggested that Nd is probably pentacoordinated by EDTA rather than

6-coordinated. The change in coordination after Gd would then be from
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pentacoordinated to tetracoordinated, rather than from 6- to 5- as pro-
posed by Wheelwright.

Betts and Dahlinger (55) obtainedAHo,AGO, and As® values of for-
mation of chelate species from EDTA and rare earths (Table 7). The major
contribution to stability is seen to be the entropy change. Of more in-
terest, however, is the partial molal entropy of the chelate, g

§3

InY
-0

authors obtained this value by approximation in terms ofHASO+SLn*3

e The

(£50=§gnY, -§Zﬁ+»§3_). The entropy of s simple hydrated ion is

determined primarily by its charge and radius, while the entropies of com-
plex ions have additional contributions arising from structural factors
(63). Table 7 indicates that éiny— for EDTA chelates in the La-Gd region
and in the Tb-Lu region differs by 6-10 eu. Constancy within each region
was interpreted as indicating constancy of structure in that region, and
the difference between the two regions was ascribed to alteration in the
polydentate character of EDTA. Entropy data correlated quite well with a
change from pentadentate to tetradentate in those two regionms.

However, one can see from Table 7 that, the thermodynamic data in
the HEDTA (52, 54) and DTPA (54, 56, 57) cases suggested no comparable ex-
planation for the trends in stability. On the other hand, it must be em-
phasized that the errors in evaluvation ofAHO andASO from formation-con-
stant data by the methods used are substantial, and small differences
which might be significant are thus covered up. Exact thermodynamic inter-
pretations that can reflect steric effects must thus await more accurate
evaluation of enthalpy changes.

Powell and Burkholder measured the ion-exchange separation factors

for the rare-earths with EDTA (64) and HEDIA (65) as eluent at 92°C and

|
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suggested that at room temperature EDTA chelates form a nine-coordinated
chelate species ELn(OH2)3Ch]- from La to Nd (perhaps Pm) in which a
number of hydrogen bonds form between uncoordinated carboxyl oxygen atoms
and coordinated water molecules, and tend to enhance the chelate stabil-
ity above that expected to be due to a simpie hexadentate attachment. For
the heavy rare earths (Tb to Lu) and Y, an uncomplicated nine-coordinated

chelates species [Ln(OH,).Ch] receives no stability contribution at all

2)3
from hydrogen bonding. A gradual change in the number of existing hydro-
gen bonds from Sm to G4 was suggested, accompanied by progressive reduc-
tion in the nominal dentate character of the ligand anion to 2 minimum
value of six. In the HEDTA chelate case, it was suggested that the HEDTA
ligand always bonds pentadentately to the heavy lanthanons (Lu to Er), but
that it attaches hexadentately to all lighter lanthanons larger than Eu
(the 6th donor atom of HEDTA is the oxygen of the hydroxyethyl group). The
intermediate lanthanon (Ho-Eu) chelates comprise a transitional set in
which the character of the HEDTA anion increases gradually from penta-
dentate to hexadentate. At 920 it may be presumed that both the hydrogen
bonds in the case of EDTA and the bond of hydroxyethyl group in the case
of HEDTA are broken, lowering the fcrmation constants of the lighter

lanthanons at this temperature for both cases.

decrease in radius from La to Lu, the coordination number of the ligand

tends to decrease by one due to straing introduced, other data exist which
suggest that a change in ligand dentate character occurs somewhere between
Sm and Ho depending on the chelating agent. Powell also invoked Bjerrum's

statistical ratio theory to explain trends in the formation constants of
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the 2:1 and higher complexes which are much more difficult to systematize
than are the 1:1 complexes because of the weak complexes represented.
This subject will be discussed more extensively in a later section.
Spedding, et al. (66-69) studied the properties of dilute aqueous
solutions of ordinary rare-earth electrolytes, and strongly suggests that
the basic coordination number of the lauthanide cation does increase by

3

+
one wnit as the radius of the cation increases from that of Dy

3

to that
+ . . 13 +3

of Nd ~. Spedding has suggested that the smaller cations (Dy ~ to Lu )

exhibit an 8 coordination number, and that a 9 coordination number is

probsble in the larger cations (La'> to Na'5). Powell and Burkholder (65)

proposed that the change in coordination number of the freely hydrated

rare-earth cation with radius is more likely to be from 9 to 10 than from

8 to 9, because the X-ray crystallographic data of Fitzwater and Rundle (70)

reveals 9 nearest-neighbor oxygen atoms (all donated by water molecules)

about the lanthanon in crystalline Er(CEH 050.,)

50503 '9H20, as well as in
C

2573
Bertha and Choppin (71) studied the entropies of hydration (ASE) of

Ln+3

in the lanthanide iodates, and found the values of ASE of -8l eu for
La-Pr and -96 for Dy-Lu. The authors concluded that this would be con-
sistent with a model of two differently sized hydration spheres, one

associated with the La-Pr ions and a larger one with the Dy-Lu ions. The

ions from Nd through Gd form a transition group.

3. Bjerrum's statistical ratio theory

Although it can be misleading to infer too much about structures in

solution from crystallographic data, such information gives some idea of
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the possible structures and coordination numbers of the rare-earth com-
plexes in solution as well as the number of donor sites of the ligands
utilized in bonding. Consequently, the structures of known crystalline
complexes will be reviewed before speculating further.

10-coordinate lanthanide chelate HLa(HZO)uEDTA and 9-coordinate
lanthanide chelates MLa(H20)3EDTA (M = ammonium, sodium or potassium)
have been studied by X-ray analysis (72-7h4). Both HLa(HEO)uEDTA and
MLa(H20)3EDTA tend to exhibit the eight vertices of a dodecahedron
structure. 1In the second chelate type, the authors predicted that if
they replaced La+3by smaller Ln+3 ions, a transition from 9-coordinate
MLn(OHg)

EDTA (La-Sm) to 8-coordinate MIn(OH,) EDTA (Tb-Lu) would occur.

3 2)2
They suggested that the chelates of Eu+3 and Gd+3 would be transitional
in coordination type between a 9-coordinate and 8-coordinate. Martin and
Jacobson studied the crystal structure of nitrilotriacetatodiaquopraseody-
mium(III) monohydrate (Pr(Hzo)ENTA'HQO) (75) and nitrilotriacetatodia-
quodysprosium(111)dihydrate Dy(HEO)z(NTA)‘2HEO (76). The authors found
that in the first case, Pr is 9-coordinate with 6 carboxylate oxygen atoms,
2 waters, and one nitrogen in the coordination sphere, the structure can
be described as either a distorted, tricapped, trigonal prism or a dis-
torted, capped, square antiprism. For Dy(Hgo)eNTA'EHZO, Dy is 8-coordi-
ith 5 acetate oxygen atoms, 2 waters and one nitrogen atom in the
coordination sphere, the eight donor atoms reside at the corners of a
distorted dodecahedron with triangular faces,

The structure of trichlorotris(hexamethylphosphoramide)praseodymium
(I1I) (77) consists of discrete monomeric units comprising a Pr(III) ion

coordinated to 3 hexamethylphosphoramide molecules via the oxygen atoms
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0.(

Figure 5. Structure of tris(hydroxyacetate)europium(III), F‘Ju(HC)CHQCOO)3
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and to 3 chloride ions forming an octahedral coordination sphere (sz).

Grenthe determined the structures of Ln(HOCH2C00)3 from X-ray inten-
sity data and found that in the structure of the heavy rare-earth (Tb-Lu)
chelates such as Er(HOCH2C00)3'2H20 (78), there are two non-equivalent
metal atoms in the structure. They are located on two-fold axes and are
each coordinated by 8 oxygen atoms forming distorted dodecahedra. One
metal ion is coordinated by four hydroxyacetate ligands forming a discrete
anionic complex, the other by two hydroxyacetate and four waters forming
a discrete cationic complex. The complexes are joined by hydrogen bonds.

Identical structures are obtained in the cases of Gd(HOCHZCOO)3 (79)
and Eu(HOCHzcoo)3 (80). The structure of Eu(HOCHZCOO)3 is shown in Figure
5. The metal ion is 9-coordinate with a coordination polyhedron of the
tri-capped trigonal prism type. All ligands are bonded as chelates with
the hydroxy oxygen in the equatorial and one of the carboxylate oxygens

at a corner position of the prism. The three remaining corners are

neighboring europium atoms.
One can see that the coordination number of lanthanide chelates
varies between 6-10 in crystals. The coordination number of the central
metal ion changes in some chelates series, but remains constant across
the series (from Lu to La) in others. Powell and Burkholder (65) proposed
from these X-ray crystallographic data and ion exchange separation data
that in solution the change in coordination number of the freely hydrated
rare-earth cation with radius ought to be from lO(La+3-Nd+3) to 9(Dy+3-Lu+%.
Powell and Rowlands (81l) measured the stability constants of rare earths

with l-hydroxycyclopentanecarboxylic acid (HCPC), and found that Kl/K2
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are 4.93 and 3.29 fur larger rare-earths (La-Nd) and smeller rare-earths
(Tb-Lu), respectively. The authors compared their data with a 9-coordi-
nated trigonal prism (D3h) model for the rare-earth metal ions, S values
of which are shown in Table 2, being 4.92 and 3.27 for the tridentate and
bidentate ligand cases, respectively. They concluded that in this system
HCPC bonded tridentately with lighter rare-earths (La-Nd) and changed to
bidentate in a heavier rare-earths (Tb-Lu).

Lanthanide 2-hydroxy-2-methylbutanoate(EMG) chelate stabilities were
studied by Powell, et al. (82), and Kl/K2 values were found to be 6 for
La to Nd and &4 for Sm to Lu. The conclusions drawn were thet, EMG also
functions tridentately in bonding to larger lanthanons but only bident-
ately to the smaller ones. Powell also calculated E and R values in these
two systems and found that 1.0 < E < 1.5 for the process Ln+3» LnL+2—*LnL;
(L are HCPC and EMG), that 1.0 <R < 1.5 in the case of HCPC, and that

1.22 < R < 1.83 with EMG. In both systems, the values of f(u) at 4 = 0.1

(the activity correct

ct

PO I T R iy
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0.67 via Bjerrum's equation (Kl/K2 = T = SERF(&)).

4, Tormation constants

The most strong lanthanide complexes are formed between lanthanides
and aminopolycarboxylates. Carboxylates or hydroxycarboxylates are ex-
pected to form but wesk complexes with lanthsnides (25, 83). Because of
the imprecise nature of most data on lanthanide aminopolycarboxylate che-
lates stability constants found in the literature, one should not expect
to find more agreeable dats in cases of carboxylates or hydroxycarboxy-

lates., Rare-earth hydroxycarboxylate chelate stability constant data will
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be reviewed here, together with those of some species formed by mono and
dicarboxylate ligands. Sillen and Martell (26) and Moeller, et al. (84)
have published an extensive compilation of stability data which includes
much of the information on rare-earth stability constants.

Formation constants of lanthanides with acetate, propionate and

iscbutyrate in Table 8, reported by Kolat and Powell (17), Powell, et al.
(85), and Stagg and Powell (86) show that the ligand affinity for rare-
earth ions decreases in the order acetate>propionate> isobutyrate. As one
cen see, the linneer relrtionship between the basicity of the donor group
and the chelate stability, which has been found to hold in a large portion
for most transition metal chelates, does not hold for these simple carboxy-
lates of trivalent lanthanides. Choppin and Graffeo (87) found almost the
same values for the formation of the lanthanide propionate and isobutyrute
complexes at 250 and ionic strength of 2.0, but the values of AS and A H
for the complex formation of isobutyrate were reported to be higher than
with propionate. The authors concinded that the hulkier isobniyrate ion
should disrupt the inner hydration sphere of metal ions more than propion-
ate would. Grenthe (88) shown from his thermodynamic data that acetate ion
acts as a unidentate ligand in the same way as thioglycolate.

Some formation constants for the dicarboxylates of trivalent lanthen-
ides are summarized in Table 9. One should expect to see the most stable
complex five-membered ring formed between oxalate anion and lanthanide
cations in such systems, and as a matter of fact, the oxalate ion has been
used for the precipitation of the rare-earths in a gravimetric method of
analysis. In complex species formed between 1:1 malonate homologues =nd

+ +
lenthanons, the formation constants for the heavy lanthanons (Er 3-Lu j)
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Table 8. The stability constants for the monocarboxylates of trivalent

lanthanides.
Metal Acetate Propionate Isobutyrate
K, K, K, K, Kl K,
La 105 17.2 78 15 43.8 3.3
Ce 124 27.5 112 17 61.1 3.4
Pr 150 28.1 132 22 82.9 18.1
Nd 166 34.8 157 21 95.L 13.1
Sm 201 38.4 161 31 112 18.5
Eu 202 39.7 168 33 9k.6 7.7
cd 146 39.8 122 30 73.7 25.8
Tb 118 39.3 99 39 65.5 10.5
Dy 108 Lok 85 33 55.1 6.7
Ho 101 39.3 90 32 49,7 16.9
Er 102 38.8 87 35 L9.3 7.8
Tm 104 38.9 81 33 k9.5 3.9
Yb 107 43,3 85 28 60.7 20.8
Lu 111 43.6 100 3k 6h.1 3.2
Y 9l ho.7 75 15 39.8 13.0

acetate (17) : K_ 2.80 x 10_5, 20° and 1 = 0.1

p)

propionate (85) : K_2.21 x 1077, 20° and = 0.1

isobutyrate (86) : X 2.30 x 10‘5, 25° and g = 0.5

increase in the sequence: 1,l-cyclopentanecarboxylate « malonate< dieth-

A 2 A e e T T A ~ g
c{u;_-u-y:.uy‘yuua.z.unatc. Powell and Jghneen (91) and POWell; et al.

(92) suggested that the steric effecct of the alkyl groups is more important
than the inductive effect, because the -00C-C-COO- bond angle is important

in the complex formation.
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Table 9. The stability constants for the dicarboxylates of trivalent

lanthanides
Metal Oxalate Diglycolate 1,1-cyclopentanecarboxylate
le10'6 K, Xx10 2 Kgxlo_a lelo'h K2x10_2
La 0.45 0.85 0.30
Ce 0.78 1.4k 0.58
Pr 2.00 2.16 0.78
Nd 3.32 2.82 1.13
Sm b.17 3.54 2.21
Eu 9.12 3.35 3.28 1.49 3.38
Gd 4,90 2.53 3.36 1.51 3.10
Tb 3.80 2.11 L.s1 1.82 3.29
Dy 3.55 2.05 L.68 1.92 3.31
Ho 3.80 1.90 71 1.77 3.11
Er 2.20 bh.77 1.75 3.33
Tm 3.63 3.11 5.37 1.76 3.76
Yb L.o7 3.56 6.49 1.84% 4,16
Lu 4,3k 8.16 1.65 L. 4o
Y 1.75 3.32

oxalate (89) : K, 6.45 x 10"2, K, 6.17 x 10‘5, at 25° and [ = 0.5

! %2 ] .
diglyeolate {92) : X, 1.60 x 1077, X, 1.82 x 1077 At 200 and o= 3.0
1 2
1,1-cyclopentanecarboxylate (91) : K, 9-0x lO_u, K, 1.56 x 10_6, at 25°
1 2

and o= 0.1




Pable 9. (Continued)

Metal malonate diethylmalonate di-n-propylmalonate
lelo'L‘l K?_xlo'2 lelo’h Kexlo-g lelo‘h lelo‘2

La 0.49 1.6 0.4 2.2 0.46

Ce 0.68 2.2 0.61 3.4 0.92 4.5
Pr 0.82 2.5 0.81 3.8 1.04 8.2
Nd 0.88 3.0 1.03 .1 1.1k 10.0
Sm 1.56 4.5 2.13 3.9 2.83 7.8
Eu 2.03 4.9 2.92 3.9 3.72 7.1
Gd 2.09 L.k 3.09 3.6 3.82 5.2
Th 2.7h 5.1 L.28 4,1 5.39 5.7
Dy 3.00 5.0 4. 87 4.0 6.02 4.9
Ho 2.L5 3.8 .30 3.4 5.25 3.6
Er 2.63 ) .60 3.9 5.41 b2
Tm 2.65 3.9 5,00 h.1 5.71 4.3
Yb 3.0 5.6 5.70 4.9 6.52 5.6
Lu 2.82 4.8 4.87 5.2 6.08 5.6
Y 2.51 L.h L. 00 2.8 5.16 4.5

malonste (92) : K 2.47 x 1073, K 5.3k x 10'6, at 25° and g = 0.1
, l\ . 2—9 -7 0
Aiethvimalonate (O2) < K 110 v 10 ¥ L.Oh v 10 " st 287 and o = Q.1
= v e AT Ty - i > g, - b4 4 ™

) 2

ai-n-propylmelonate (92) : K_ 1.50 x 107°, K_ 7.12 x 1077, at 25° ana
1 >
Lo=0.1

bome of the stability constants of the lanthanide hydroxycarboxylate
complexes are summarized in Table 10. The data have been collected under
the seme conditions (250 andﬁio.l) if zvailable. The most work has been
done on a -hydroxyisobutyric acid (59, 86, 93, 94, 95, 96), lactic and gly-
colic acids (59, 94, %6, 97, 98, 99,). Eeckhaut, et al. (100), and Thun
and Verbeek (101) reported some stability constants of the lanthanide dialkyl-

substituted ¢lycolate homologous complexes, but the data are not complete,
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The monoalkylsubstituted glycolates, such as methylglycolate (MG),
cthylglycolate (EG), isopropylglycolate (PG) and t-butylglycolate (BG)
together with.l—hydroxycyclopentanécarboxylate (HCPC) are plotted in
Figure 6. The stability constants increase as BG <PG <EG <HCPC <MG, the
steric effect of alkyl group 1s considered to be much greater than the

inductive effect in those systems.

Table 10. Stability constants for the hydroxycarboxylates of trivalent

Janthanides
Metal G MG EG
K, X, X, K, K, K,
La 355 L9 400 55 212 66
Ce 495 71 570 93 o84 78
Pr 600 80 705 113 388 85
Nd 780 92 740 126 438 91
Sm 820 126 760 162 566 129
Eu 860 137 8a0 160 593 133
Ga. 620 116 780 141 605 14k
Th 600 123 790 203 722 175
Dy 8LO 111 1020 220 82k 202
Ho 980 112 1050 250 875 248
Er 1010 153 1460 288 995 267
Tm 1135 188 1550 329 1110 298
Yb 1350 17k 1700 388 1290 342
Lu 1400 21k 1875 405 1390 365
v A10 123 10l 216 724 210

glycolstesn (9h): K_2.72 x 1077, at 20° and p 0.1
-4
methylglycolate-nt (94): K 2.33 x 107, at 20° and % 0.1

ethylgiyeolaterDi (102): K, 2,13 x 107, at 25° and  o.1

v




Table 10. (Continued)
Metal PC BG HCPC
Kl K, Kl K2 Kl K2
La 149 58 120 39 238 L8
Ce 197 71 156 L8 324 67
Pr 237 89 164 37 Lo2 83
Nd 270 3 210 gl 463 91
Sm 380 104 300 83 615 140
Fu Lp7 115 330 9l 636 170
5d 433 122 390 82 . 698 167
Tb 520 151 k2o 126 792 230
Dy 616 166 500 140 958 293
Ho 654 182 520 164 1050 302
Er 740 200 500 173 1163 381
Tm 830 217 620 207 1288 4og
Yb 943 246 720 211 1497 L7k
Iu 1027 253 The 235 1663 528
Y 541 153 Loy 126 995 273
isopropylglycolate - PG (102) : K, 2.03 x 1o’h, at 25° and g vl

4o aadioel oY aem
L-OULYLELYC

~7 -~
vl

4

~ e/
LE ~ DLu gy

- N
LAV

- o

~d+s NOC
s QAU

1-hydroxycyclopentanecarboxylate - HCPC (81) Ka 1

and g4 0.5

O
:

A e
ALl &

13 x 1077, at 25°
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Table 10. (Continued)
Metal HIBA EMG EEG
Ky K, K, K, K, K,
La 290 62 220 38 102 29
Ce 367 96 320 53 111 Ll
Pr 507 92 350 59 167 52
Nd 579 102 450 69 20k 70
Sm 771 165 630 140 4185 99
Eu 9k6 209 800 200 687 111
Gd 991 230 880 220 822 110
Tb 1235 302 1200 299 1060 142
Dy 1360 332 1450 350 1250 150
Ho 1592 409 1720 L2g 1340 158
Er 1756 540 2090 539 1440 181
Tm 2009 553 2320 577 1530 197
Yb 2280 652 2690 669 1740 20k
Lu 2565 734 2790 703 1790 223
Y 1333 355 1600 385 1100 138

& -hydroxyisobutyrate - HIBA (93): K, 1.63 x 1o'u, at 25° and 4 0.1

b

i
=thyimethylglycolate - EMG (82) : Ka 1.86 x 10 7, &t

dicthylglycolate - BEG (102):

K,
4

2.

38 x

4
L

C

-k

PIER Y
, AU oy

~
nEY

-/

and ¥ 0.1

and 4 0.1




Tuble 10. (Continued)

Metal THIB BHMP HP
K, K, K, K 5 K K,
La 2Lq 30 114 30 36
Ce Log 69 37
Pr 559 88 201 39 ho
Nd 6L6 65 236 39 L6
Sm 720 164 299 L7 56
Bu 631 158 288 Lg Ll
ad L86 200 236 L3 Iy}
Tb 519 145 201 4o 35
Dy Lol 164 186 Lk 28
Ho 511 153 191 Ll 30
Er 619 110 188 Lo 21
Tm 711 130 202 Lo o8
Yb 789 148 197 L1 32
1u 874 176 217 43 25
Y k51 104 147 36 27

& ,B,8 ' -trihydroxyiscbutyrate - THIB (86) : Ka 5.15 x 10'”, at 250 and
KO.5

bis-hydroxymethyl-2,2-popionates - BHMP (103) : K, 4.07 x 10'5, at 25°
and i O.1 |

B -hydroxypropionate - HP (10L4) : at 25° and 4 2.0
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Figure 7 shows a plot of the dialkylsubstituted glycolates, such as
o -hydroxyisobutyrate (HIBA), ethylmethylglycolate (EMG) and diethylgly-
colate (EEG). The trends of the stability constants in this system are
very interesting, because the stability constants increase as EEG < EMG <
HIBA in the lighter lanthanides, but increase in the order EEG < HIBA <
EMG for the heavier lanthanides. Powell's argument (81, 91, 92) on di-
carboxylate and l-hydroxycyclopentanecarboxylate systems can be used in
explaining in this system. When the steric effect is increased by in-
creasing the bulk of the alkyl groups from methyl-methyl <ethyl-methyl <
ethyl-ethyl, this steric effect will make the bond angle -00C-C-OH decrease
in the order HIBA>EMC > EEG. The smaller ionic radius of the heavier
lanthanides will then fit the smaller -00C-C-OH bond angle better compared
to the lighter lanthanides. In the case of EEG, one is led, therefore, to
hypothesize that, the -00C-C-OH bond angle is too small even in the case
of the heavier lanthanides.

mi. o
i

P R T
ue pLuuv vl

&,8. B'-trihydroxyis
methyl-2,2-propionates (BHMP) in Figure 7 shows that the hydroxy groups
of B-carbon atoms are not bonde@ to the heavier lanthanides. Jones and
Choppin (104) studied the formation constants and thermodynamic parameters

in B-hydroxypropionate lanthanides complexes and indicated that the

hydroxyl group is not involved in a chelate ring.
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III. MATHEMATICAL METHOD

A. Acid Dissociation Constants

1. General considerations

In aqueous solution a carboxylic acid exists in equilibrium with

the carboxylate anion and hydronium ion.

- +
HA + HO = H A"+ H0

where HnA represents the undissociated carboxylic acid, HEO the water

- +
molecule, H _A the carboxylate anion, and H.O the hydronium ion.

n-1 3

Since the acids used in this research are dihydroxymonocarboxylic acids
and the hydroxyl group is a weaker acid than water (the K, value is 16

for methyl alcohol (105) and 19 for tertiary butyl alcohol (106)), the

dissocistior

v of hydrogen ion of the hydrovyl groun can he neglected in
comparison to the dissociation of the hydrogen ion of the carboxyl group.
Only one hydrogen ion in homologous series is dissociated, therefore n
in ebove equilibrijum reaction is equal to one. The charges on the
hydronium ion and the carboxylate ion will be presumed understood, here-

after, and the hydronium ion will be represented simply as H.

The thermodynamic dissociation constant Ka is defined by the

equations,

X - (1] 4] %%
[HAY

HA




Y
K:K.-_A_A
a C'y.

HA

where Kc is the stoichiometric dissociation constant, the brackets denote
molar concentrations, and yi_represents the activity coefficient of the
ith species. For a given system, the thermodynamic dissociation constant
is a function only of temperature and is directly related to the free

energy of acid dissociation by means of the equation
Ac® = -RTLIK (1)

At all finite concentrations, the stoichiometric dissociation constant

will be related to the thermodynamic dissociation constant as:

y
_ HA
%“&wv
H 8

It

KF(r) = KF(I) (2)

At the solute standard étate, the activity coefficients approach one as

the concentrations of all the species approach zero. Thus, in the limiting
case of the infinitely dilute solution, the stoichiometric dissociation
constant will equal the thermodynamic dissociation constant.

Activities or activity coefficients can not be measured in the multi-
camponent systems, such as the ones studied in this research. Consequently,
the thermodynamic dissociation constants cannot be obtained experimentally,
but one can obtain the stoichiometric dissociation constant directly,

because the molar concentrations of all the species can be measured.
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At this point, three theories which were defined by Lewis and Randall
(107), Debye and Hfickel (108), and Harned (109) and Harned and Owen (110)
should be introduced. Lewis and Randall pointed out that the activity

coefficient of a given ion is the same in all solutions of identical ionic

strength. The ionic strength, I, is defined by
= lv 4°
=32 2C, (3)

where Zi and Ci represent the charge and molar concentration of the ith
ions respectively. The summation is carried out over all the ions present
in solution. ILater Debye and Hlickel pointed out that the relationship

between activity coefficients and ionic strength is

1
37572
1

]_ogtyi = -

(%)

1
1-BaI2

where “he constants A and B depend on the temperature and the properties
of the solvent, and 8 is the ion-size parameter of each individual ion.

In practice, the ion-size parameter is usually treated as a .semiempirical
constant, because its exact value is difficult to determine. This theory
18 valid only
Debye-Hlickel theory, the activities of ionic species in a solution are
primarily a function of the ionic strength of the solution. The last
theory is Harned's theory of ionic interactions. Harned's equation is in

the following form:
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clla]
Alog‘yA- = T (5)

where Alog')’A is the difference in logy, for two solutions of the same ionic
strength which differs in free ligand concentration by A[A ] The constant
C deﬁends upon the ionic strength and the specific electrolytes under
study. It will be shown later that for the systems studied in this re-
search, the only major concentration differences in a given series of
solutions are in the values of [A], the free ligand concentration, and in
[NO3-]'the concentration of background electrolyte anion. It can be seen
from this equation that Alog'yA may be rendered almost negligible if the
ionic strength is several orders of magnitude greater than the values of
free ligand concentration. This fact suggests using as large a value of
ionic strength as is consistent with the validity of equation 4, Harned's
equation can provide a quantitative relationship between these concentra-
tion changes and the activity coefficient changes which result thererirom.
Stoichiometric dissociation constants in this dissertation are deter-
mined from a wide range of equilibrium constant data. These data have all
been obtained from dilute solutions of identical ionic strength in which
equation 4 is presumed valid, so all the relevant activity coefficients
should have remained constant. The term F(I), in equation 2 should be
constant; consequently, the value of the stoichiometric dissociation con-
stant should be a constant for all solution of the same ionic strength,
and this type of dissociation constant is called a qonditional dissocilation

constant. Once conditional dissociation constants have been measured, one
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can estimate the values of ihe thermodynamic dissociation constants in

a number of ways. The most famous way is by obtaining conditional dis-

sociation constants at several ionic strengths and extrapolating the
results to zero ionic strength. At zero ionic strength, F(I) will equal
one, and Ka will equal Kc.

Powell, et al. (81, 82, 111, 112) and Devine (93) have applied the
Debye-Hlickel theory in determination of the acid dissociation constants in
the last ten years, and they found that the value of KC decreased slightly
as the concentration of ligand increased. This idea was also examined by
E11il% (113) who found that the acid dissociation constant of acetic acid
depended upon the nature and concentration of the background electrolyte
even in solutions of identical ionic strength. Kilpatrick (114) also
found that the acid dissociation constant of benzoic acid depended on
the nature and concentration of the supporting electrolyte in solutions
of identical ionic strength. So, application of the Debye-Hlckel theory
to acid dissociation constants is in question.

Powell has applied Harned's theory of ionic interactions to the acid
dissociation constants of carbexylic acids system, and found a variation
in Kc with [A]. According to Harned's theory of ionic interactions, if
the composition of the ionic medium changes substantially, the value of
Kc will vary slightly with concentration even when the i
remains constant. For many purposes a slight variation in Kc with changes
in [A Jcould be ignored. However, Powell showed that this variation
should be taken into account in the calculation of rare-earth and transi-
tion metal complexes stability constants. The use of a variable Kc

resulted in lower standard deviations and improved consistency of the
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results. Consequently, a varizble Kc was used to calculate the stability

constants reported in this dissertation.

2. The methods of calculation

The preparation of the sample solutions used in the determination

of the conditional ionization constants will be described in the next

chapter. The pHc readings and stoichiometric data on these solutions

were used to calculate KC, the conditional ionization constant, for each

sample solution.
The following definitions must now be introduced:

VT = total volume of each sample;

Vé‘ = volume of buffer solution added to the ith sample;
VST = volume of KNO3 supporting electrolyte added to the ith sample;
CHZ = concentration of unneutralized acid in the buffer solution;
CA = concentration of carboxylate anion in buffer solution;
CS = concentration of KNO. supporting electrolytes:
pHC. = pHC of the ith sample solution,
i

Prom a monobasic acid,

- +
HA + H20 = A + H3O

the values of Kc were then calculated by the equation
i

LB ]
[y

K

i

(6)
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The concentration of undissociated acid in each sample, [H‘A].i and the
concentration of free carboxylate ion in each sample,[A]i, were calculated
by means of the equations

v, C

B, HA

], = -HmL,
e
Vg Gy

B, = —— + [a]
1 >

and [H]i, the hydrogen ion concentration of each sample, was calculated

from the pr of the sample by means of the equation

1

The correct amount of XWO., supporting electrolyte for the desired ionic

3

. (] . SN e a r B T B Al m e D
Sulelgoil L ealCll saluplic, vS s Wad CadlCula LUl VT Cyuva vl

The calculabed values of VS were vhen comparsd with the original est
i

mates. If the difference of these two values 1s greater than one percent
for a given set of concentration data, that set can be dropped from con-

sideration, or the experiment may be repeated using the calculated values

of VS_'
i
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The slight variation in Kc with changes in the [alvalue obtained
from an ordinary least squares calculation was used to calculate the
formation constants in this dissertation. The experimental KC from
equation (6) was compared with the least squares K,. If the percentage
difference between these two values exceeded one percent for a given set
of concentration data, that set was dropped from consideration, and a new,
more precise, least squares calculation was made with the remaining data.

An ordinary least squares calculation of the conditional ionization
constant Kc can be rationalized by means of Harned's theory of ionic
interactions. From equation 2 it can be seen that the variation of K,
must be due to variations of the activity coefficient F(I), because the
thermodynamic ionization constant K& is a function only of temperature
as in equation 1.

If the undissociated acid is & non-ionic species, then Yy Should be
independent of changes in the ionic composition of the solution and should
remain constant at any constent io

Harned's theory predicts that‘YH will change as the supporting
electrolyte cation is replaced by hydrogen ions. However, in all the
solutions studied, the concentration of potassium ion remsined constant
at 9.80 x 102 molar at a constant ionic strength of 0.100 molar., The
variation in hydrogen ion concentration was very small over the series

h to 2.882 x lO_u molar in the

of solutions studied as from 2,262 x 10~
case of 2,3-dihydroxy-2-methylisobutyric acid, so the variation of Kc
caused by?%{ can be ruled out in this case.

In the caze of?’A, the data from 2,2-dihydroxy-2-methylisobutyric

acid showed that, [A] varied from 1.71k x 1073 to 2.260 x 1072 moler,
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while [No3'] varied from 9.829 x 107° to 7.740 x 107° molar. According

to Harned's theory,?” A will vary as the supporting electrolyte NO3 anion

is replaced by carboxylate anion and these concentration changes are
significant. So, it is reasonable to conclude that the variation of Kc
in equation 2 due to variation ofY A and Harned's equation, as shown in
equation 5, must be applied to obtain a quantitative relation between

Kcand[Al

The term Ka‘yHA/yH in equation 2 was assumed to be constant in this

system; if this constant is designated Ka , the equation may be rewritten
I
K

%1

[e]
N

A
or ]_ogKC = log,Ka1 - log’)’A.

If the values of Kc at two different ligand concentrations [a ]l and

(A 12, are compared,

- A/ !

- r- . ,
log - logk = -Llog/, - 1log¥, |
ca ¢ Ay Ao
Harned's equation can be introduced into the above equation, if A ]1
equal zero and EA‘]Z equal any finite ligand concentration,
C[A]i

loch - logKc = . ——
i 0 I

Kc at zero ligand concentration and constant ionic strength will be
0]



60

defined as Ka . The above equation can then be rewritten
2

or K =K 10
C. a

From the exponential equation

2 3
(x1na) (x1na)
aX= eXlna=l+x1na+ + + . .
2. 3.
The lO-C[A]i'/I can be expanded to give:
2ryq@ 3ra13
Clal. c=[a]% ¢ lal”.
10 0L/ T_ 1-2.3——42.65 t 2,03 ——= 4. ..
I 12 I3
The above equation can then be written
clal c“laT. clal,
K = K - 2.3 —lK + 2-65___LK = 2003—-_——_:1;1( ., + . e 0 e
c ., 3 I N a. &
i 2 2 2 3
I I
2
or L —a.-b[A]i +c[A]i—d[A]3i_+.. ..

i

where a = K

)
b =2.3CK /I
82 2
¢ =2.65¢K /1
3 . 3
@ =2.03CK. /1
3 ap



61

One can see that equation 7 is rationalized from Herned's theory of
ionic interactions. If7%1> and?’H are assumed to be constant and the
higher powers of anion concentration are assumed to be small compared to
the first two terms. In practice equation 7 is used to find the best
fit between the experimental conditional ionization constant from equation
6 and the variable conditional ionization comstant from this equation.
Sometimes this theory has been ignored in order to obtain the best fit of
Ke in using the least-square method of calculation.

Powell, et al. (81, 82, 111, 112) and Devine (93) assumed that (Al
is always much larger than [A]Ei, then the equation was rewritten to get

a good fit by least square method,

Key = @ - b[A]i (8)

Farrell, a former chemist in professor Powell's research group minimized
1

Co. - | - . .
plotting K, versns | AlZ.. and his
- - 1’

the coefficient b in equation

equation was written as

Ke, = a - b[A]‘i% (9)

It would be surprising if anyone paid any attention to the third term
in equation 7, but it was nevertheless of interest to see how the more
rigorous KC experimental fit compared to the less exact version, using &

least square calculation. In this dissertation, this idea was tried for

K, =a-ulal + 7Y (10)
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The methods of least square calculation (115) were applied to
equations 8, 9, and 10 in order to determine the coefficient a, b, and
c. A computer program used for this purpose had been written by James
Farrell, and later Don Johnson modified the progrem for the case of
equation 10. These three simple least squares treatments have been
compared in this dissertation for 2,3-dihydroxy-2-methylisobutyric acid.

For equation 8

3

0.30593 x 10 - - 0.52157 x 10'3[A] (x1)

=
il

with equation 9

3

=
1]

1
0.310% x 10~ - 0.10135 x 10’3[A]2 (12)
and with equation 10

X, = 0.29791 x 1073 + 0.1742k x 10'3[A] - 0.15620 x 1o'lEA]2 (23)

The sample output tables of equations 11, 12, and 13 are shown in

Appendix A.
B. Formation Constants

1. General considerations

If the two species M(H2O)nq and A(aq) ? coexist in agueous solution,

they may react to form one or more complexes in accord with the general
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equilibrium equation

+Qx-py

A + yH0 (1k4)

+q -p '
+ =
xM(HZO)n yA(aq) MX(HQO) Py

where M+q and AP stand for the metal cation and ligand anion, respec-
tively. ©Since the metal cations used in this research are the trivalent
lanthanide ions and the divalent transition metal ions, and oxidation-
reduction reactions are not being considered due to the existing con-
ditions, the charges on the metal cations will be.presumed always to be
three for lanthanide ions and two for transition metal ions. The
charge on the ligand anlon will be always be presumed to be one, because
the hydroxyl hydrogen atoms of the dihydroxymonocarboxylic acids used in
this research do not dissociate (at least not in the pH range utilized).
Hydrolysis is assumed not to occur with either the metal cétions or the
ligand anions since all equilibrated solutions in this work were in the
pH range 3-U; and at such low pH values, hydrolysis of tripositive lanth-
anons and divalent transition metal cations is negligible (116, 117).
For the reasons mentioned above, the charges on metal cations, ligand
anions and complex ions will be omitted here and elsewhere.

The metal cations, ligand anions and complexes will all usually
be solvated appreciably, but the number of associated solvent molecules
in solution cannot be determined; hence the associated water molecules
will also be omitted from the formulas of these species.

Although many examples of the existence of polynuclear complexes
for which x>1 and y = O have been reported, it has been found that only

mononuclear complexes, for which x = 1 and y 21, are formed in a large
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number of analogous systems, especially in dilute solution. 1In the
particular conditions of this research and others, only mononuclear com-
plexes appear to form, and polynuclear complexes will not be considered
further. In a system which contains only mononuclear species, M may be
considered the central group of the complex MAn, and A is usually referred
to as the ligand. The maximum number of ligands that can combine with one
central group is commonly denoted by N.

Now, equation 1l can be represented specifically as various equilibria

between a metal ion M and a ligand anion A:

M+ A = MA
MA + A = MA2
-+ =
MAE A MA3
MA + A = MA
n-1 n

The eauations above give rise to a set of equilibrium expressions

i = LVA]
e3la]

£

K, = ——
T Ma]iA]

[MA3]

K = (15)
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Another way of expressing the set of equilibrium relationships is as

follows:
M+A=M
M+ 2A = MA2
M+ 3% =MA
3
M+ nA =MA
n
for which

g =-lwl
Mk

L
(M][A1°
. s,
BERN YR FAE
1A ]

® AT

2

B (16)

Since there can be only N independent equilibria is such a system, it
is clear that the Ki's and the Bi’s are related. It is not difficult for

one to see that the relationship is:

The Ki's are called the stepwise formation constants (or stepwise stability
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constants and stepwise equilibrium constants), andlgi's are called the
over-all formation constants (or over-all sfability constants and over-all
equilibrium constants).
The stoichiometric formation constant, Bn in equation 16 can be re-

written to get the thermodynamic formation constant, *3

n
Y Ma_
By = 3n§;ﬁ;§‘ (17)
Tuh
or Bn = ﬁ%;;———- = *5ﬁF(7) = *ﬁnf(l) (18)

For a given system, the thermodynamic stability coﬁstant is a function
only of temperature; it is directly related to equation 1 (which replaces
Ka in equation 1 by *Bi). Equations 17 and 18 are referred to systems
involving finite concentrations. At the solute standard state, the activ-
ity coefficients approach one as the concentrations of all the species
approach zero. Thus, in the limiting case of the infinitely dilute
solution, the stoichiometric formation constant will equal the thermo-
dynamic formation constant.

Essentially the same general considerations by Lewis and Randall (107),
Debye and Huckel (108), Harned (109), and Harned and Owen (110) theory are
applied to the complex-ion formation constunts. The thermodynamic forma-
tion constants cammot be cbtained directly, although stoichiometric forma-
tion constants can easily be measured. According to Debye and Hfickel's

theory, the value of B<n will be constant for all dilute solutions of the

same ionic strength. According to Harned's theory of ionic interactions,
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if the composition of the ionic medium changes, the values cﬁ‘ﬁrlwill vary

slightly with concentration even when the ionic strength remains constant.

Stoichiometric formation constants are determined from a wide range
of equilibrium constant data obtained from dilute solutions of identical
ionic strength in which equation It is presumed valid, as all the relevant
activiﬁy coefficients should have remained very nearly constant. F(¥) or
F(I) in equation 18 should be constant; consequently, the value of the
stoichiometric formation constant should be a constant for all solution
of the same ionic strength, and this type of formation constant is called
a conditional formation constant (or conditional stability constant and
conditional equilibrium constant). Once conditional formation constants
have been measured, one can estimate the values of the thermodynamic
formation constants by obtaining conditional formation constants at
several ionic strengths and extrapolating the results to zero ionic

strength. At zero ionic strength, F(Y) or F(I) will equal one, and R

Powell used an application of the Harned's theory to calculate the
acid dissociation constants. He used this slight variation in KC with
changes in [A] to obtain the formation constant in order to correct the
Bi values. He showed that when this variation K_ with changes in[A]
was taken into account, it resulted in lower standard deviations and
improved consistency of the results. Consequently, a variable K, was used
to calculate the formation constants reported in this dissertation.

Approximately the same range of ligand concentration was used in the
study of the rare-earth and transition metal complex stability constants

as was used in the study of the acid dissociation constants. Since the
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activity coefficient of one of the species was not held strictly constant
during the measurement of the acid dissociation constant, one must assume

that the same behavior will be found during the measurement of the forma-
tion constants. As in Harned's theory, the formation constant values
should vary slightly over the range of ligend concentrations employed.
Unfortunately, because of the computational difficulties involved, the
functional dependence of Bi on [A] cannot be determined as one does in
the case of acid dissociation constants. But by using a variable KC’ the
variation in 3i with increasing [A] should be kept relatively small, and
the formation constant values presented in this dissertation can be con-
sidered to be the average values over the ligand concentration range

employed.

2. The methods of calculation

Prior to discussing formation constant calculation methods, some
necessary definitions should be imbtroduced. In the next seccticn, the
experimental aspects of the formation constant determinations will be
described. CA and CM are the total concentrations of the ligand and metal

ions, respectively, and are known from the analytical compositions of the

initial solutions. These terms are defined by
C, = [a]+ Ma] + 2[MA2] + 3[MA3] ‘r...n[MAn]
and Cy = (M]+[ma] + (Ma ] + [MA3] oo ]

Where [A] and [M] are free 1ligand and

s

ree metal concentrations respec-
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tively. The solution of these equsations generally invclves the use of the

average number of ligands bound per metal ion ﬁ, which is defined as:

¢, “[A]

Gy

n = (19)
n was Tirst introduced by Niels Bjerrum (118, 119) in 1915 and has been
defined as "the degree of formation of the system” or "the ligand number"
by Jannik Bjerrum (14). The ligand number is also given as:

(va] + 2[MA2] + 3[MA3] +--nEMAn]

n=

M] + EMA2] + [MA3] ooy ]
[ma]
from K =—-——
L il
fva, ]
K, = e
(] [A]
o]
7 [MAIA]
[Ma ]
K =
* [MAn-l][A]
it is seen that bl = KlM[A] = f3lEM][AJ

a2 >
[MA2] = KlKe[M Lale= ﬁEEM][A]

_ 3 _ 3
[M.t\3] = K1K2K3[M][A]° - .83[MIA]



0
[va ] = K. K MO = g 1T

One can replace the terms A, [AM2], [AM3]----Duwn] appropriately, and

factor out [M] to get:

K, ol + 2K1K2[A]2 + 3K KK, 3 +....NK1....KN[A]N

2 3 N
1+ Kl[A]+ KlKe[A] + K1K2K3EA] foonoKpen K (A]

1

N
g;lnﬁn[A]n

= —— (20)

Tais interesting result shows that the ligand number n depends only on the
conditional formation constants and the concentration of the free ligand

[A] in solution. If one knows N different values of n at N values of [A7,
one can determine N constants (either ﬁl, 32, BIS" » B

.o:N 3’-0"

-\ — s - N R . . - . - - - e
"\N). For Tne calcutation o These CconsSTants \D‘JT‘HPH? cal or numeraical metnoas

or Kl’ K2, K

are widely used (14, 120, 121, 122) though the use of computers is replacing
these methods to a large extent (123).

Equation 20 is the basic equation for the formation constant calcu-
lation. The methods to be considered consist of two types: (a) those
methods useful only or primarily where one complex is present at a time;

(b) those methods designed to take step-wise formation of the complexes
into consideration without worrying zbout whether all of the possible
complexes are actually present in the solution or not. The systems studied
in this resecrch are complex, so the focus of this section will be on the

second type, but some idea of the first type should be introduced here.
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The slope-ratio method was described by Harvey and Manning (124) and
Meyer and Ayres (125) for the case in which one complex predominates at g
time. Beer's law can be used to determine the molar concentration of the
complex species, Once the extinction coefficient of the complex has been
established, the formation constant can be determined. Another spectro-
photometric method used to determine the formation constant is the method
of isomolar solutions. It was described by Job (126), Jones (127) and
Watkins and Jones (128). The last method for the single complex  that
will be mentioned is the solubility method. This method is applicable only
where solubility changes are due to formation of a single new complex.
Vosburgh and Beckmann (129) studied the formgtion of cadmium oxalate in
cadmium perchlorate solutions; and a somewhat more complicated instance
where solubility studies were used to determine complexity constants (the

'3

- cgoz system) was studied by Crouthamel and Martin (130).

Equation 20 is the basis for calculating ®he formation constants in
a system wherein more than one compiex is present af a Time. The methods
that have been used to calculate the stability constants can be divided
into three categories: successive approximation methods, graphical inte-
gration techniques, and least sgquares computvations. Although a least
squares method was used in this research, the basic concepts of the other
two methods will be briefly discussed. The descriptions of these two
methods given below are intended to illustrate the general nature of the
methods rather than their most sophisticated mathematical formulation.

a) J. Bjerrum's Potentiometric Method (14). This publication

presented a very complete survey of the problems involved in the deter-

mination of successive stability constants of metel ammines and related
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complexes., By using a medium which contained a large amount of an
ammonium salt, such as ammonium nitrate, ammonia and the metal ammines

could be generated by the addition of a strong base. For any solution:

+
[NHMJ

et J = Kyt
3 L e
where KNH+ is the acid disscciation constant of the NHi ion. The ammonia
concentration could thus be determined from the pHc’ while the total avail-
able ammonia, CNH , and the ionic strength remained constant due to the
2
J

experimental conditions. From these quantities, n can be calculated by

either the exact expression:

+
) cNHB +LH] - [,
n =
CM
) CNH3 - [NH3]
or by the apvroximation o=
C

From the varicus equilibria in which M(NHQ)Y species are formed one can
then determine the successive stability constants using at least N expres-

sions of the type:

[1\1}13] + KK, [NH ¥+ 3K1K2K3[NH B IPTD . SIS . il

KK, 1 4 l""K‘N[NH3]

14k ENH]+KK\ZNH]2+Kl

Martell and Calvin (131) present a variety of approximate and graphical
methods for obtaining solutions for such sets of equations. Specific

solutions have not been published for all numbers of complexes but are
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available for cases where up to three ligands are coordinated. Block and
McIntyre (132) have given exact algebraic solutions for the formation
constants for N = 1, 2, and 3 which are useful in the treatment of most
complexation reactions involving polydentate ligands; Randall, Martin,
and Moeller (133) used a digital computer to calculate suc.essive formation
constant for N = 3., The disadvantages of Bjerrum's methods are the limit-
ing use of N and one cannot use data for which n is greater than N, or
data for which n is very close to N. Consequently, K. is calculated

1

from data for which n is between the limits of 0.3 and 0.7, K, is calcu-

lated from data for which n has the limits of 1.3 and 1.7, and K3 is estab-
lished between the n values 2.3 and 2.7.

b) Yon-exchange Methods (134, 135). Cation exchange chromatography
has been used to study complexes in solution for systems containing either
a single complex or systems in which several complexes are present. The

basic principle is the relationship which exists between the amount of

metal absorhed on the ion evchange resin and the concentration of metal

1<

ion in solution., The amount of metal absorbed on the cation exchange resin
ideally depends only on the concentration of free metal ion in solution.
The asmounts of resin, the ionic strength, the pH, and the temperature must
all be held constant in such experiments.

Ion exchange techniques have been applied to the determination of
successive stability constants by several people. Fronaeus (136, 137,
138) has illustrated his study of the cupric acetate system. The sodium
form of the resin was used in a medium kept at unit ionic strength by
the addition of sodium perchlorate. His equations are developed as follows:

CM auid QA ere the totel concentrations of metal ion M and ligsnd ion A



Th
in the solution in equilibrium with the ion-exchanger. [MRE],DMAR], and
+ + +
[NaR] are the moles of M 2, MA , and Na contained in a unit weight of

the exchanger at equilibrium. Then

O = DR, 1+ (MAR]
‘R
= —
Y

In practice, § values are obtained at different CA values but ideally

CMR should be kept comstant. Tor

I

rough approximation one may use:

If the denominator of isguation 20 is denoted by x, then it is apparent that
N
= T Z hk
x =1+ B [A]

n=L -

To obtain theBIf the pfoduct ¢-x is differentiated twice with respect to

[ A" ] and using the equation for ¢ to get:

¢”‘X + 2¢"X’ + ¢'X” =0
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Substitution of the expressions for x, x', and x" leads to:

N
¢|| + nz_:—_]_([A-]n.Qs" + 2n D\_—_\n-l'¢' + n(n-l)[A-]2‘¢)ﬁn =0

A graph of § vs. [A7Jallows §' to be evaluated and a graph of §' vs. [A7]

allows §" to be obtained. When @, @', and §" terms are known at N

discrete values of LA7] the complexity constants BN can be computed.

Meahan and Dey (139) used this method for nickel(II)-Nitroso-R-Salt complexes.
c) A Graphical Method. Equation 20 has been modified by several

people to get a suitable form such that, if 2 functions in the modified

equation are plotted, scme other function such as complexity constants

Bi can be obtained from the graph. One useful method has been reported

by Rossotti and Rossotti (140) who rearranged equation 20 to get:

- - N -
) -
Y P G

a(a-1) Y 2 (a1) 3R B

Plotting n/a(n-1) vs. a(n-2)/(n-1) give Bl as an intercept and 32 as a
limiting slope.

d) The Least Squares Method. The least squares method used in this
dissertation is based on the method of Sullivan, Rydberg, and Miller (123).
This method was first adapted by Stagg (141), Stagg and Powell (142). The

method has been further modified by Powell and several of his co-workers.

Equations 19 and 20 can be rearranged to get

N N

£ {nn)gkT = 2 (c, -[a] -nC)B AT =0
n=0 n=0
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A program was developed for the I.B.M. 360 computer to calculate the best
values for the Bn from the equation:

N

0= % (y-x-nz)Bx"
n
n=0

The input data are y = C., x = LA] and z = C,. The residual for a given

A)
set of data (Xi’ Yy Zi) will be given by the equation

N
n
U, = Z (y:.L - %, - nzi)ﬁ X, (21)

1 =0 ni

A weighting factor was introduced in applying the method of least
squares to equation 21, because of the small random errors in the depen-
dent varisbles (x, y, z) thet one cannot avoid. The weighting factor
weights those data expecfed to exhibit smaller errors more heavily than
data prone to larger errors. When the dependent variasble is subject to
randoin errors,
Bn be determined which minimizes the residuals. Therefore in equation 21,
while one ideally should have each Ui = 0, one can determine that set of
Bn_values which best relates I data sets (Xi’ ¥is Zi) in the least squares

sense by minimizing
S = I WU, (22)

Wherevwi is the weighting factor for the ith data set and I is the total

number of data sets (xy, ¥y, Zi)°



T

When § is minimized with respect to each of the parameters in the
,ql, N equations of the form dS/dﬁn are obtained. These N equations are
set equal to zero and solved by matrix algebre, Each of these N equations

is of the form

Y(n) + W(n,l)Bl + W(n,2)32 toeeot w(n,N)BN =0

or in matrix form

7 N ) / N
W(1,1) w(1,2)....W(1,N) ,31 2
w(2,1) B, -Y,
(#(N,1) W(n,2)... W(N,N)] By ) LYy
I
= Z - x. - S x. - 2N
where Ww(N,N) i:]_wi(yi X nzi)(yi %, l\lzi)xi
I
.z _ v _ N
Y(N) i:]_wi(yi Xi)(‘yi X, nzi)x:.L
using a matrix notation WA = .Y
A can be solved by inverting W as
-1
A=W (-Y) (23)

The computer progrem is set up to calculate the values of BO’ Bl. . "BN
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from the data sets (Xi’ Yy Zi) using equation 23. The minimum value of

B,

S in equation 22 is then calculated using the best values of theB(j,

*B N The standard deviation of each of the parametersﬁﬁi, may be

computed from the diagonal elements of the inverse of the matrix as

S .
& 12 _ W;i min
(1-n)

where Wii is the i th diagonal element of the inverse of W, and (I-N) is

>

2
the degrees of freedom for the Chi-squared distribution¥ ~ of QJW
it

where I is the number of data points used and N is the number of param-
eters.

The weighting factor should be determined prior to the calculation
of equation 23, The weighting factor is related to the errors in the
measurements by the expression

1
W, = —s (2k)
i 6U2
where U 1s the standard error in the residual U which reflects the
errors in the data x, y and z. Sullivan, Rydberg, and Miller (123)
assumed that most of the variation in U is due to variation in x, then
oU
6U = — &
ox
where 6x is the standard deviation in the quantity x. Devine (93) revised

the computer program to include the variation in y and z in the weighting
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factor:

s Chi) 3u o

0U = —a—xﬁx + é}ﬁy + —a—zﬁz (25)
This complete weighting factor gave a better fit of the data, and showed
smaller standard deviations in the calculated Bn values than when the
shorter weighting factor was used. The complete weighting factor was
also used in this research instead of the original shorter one.

Since one needs to know the Sn in order to calculate the'weighting
factor, an iterative procedure was employed. One must Tirst estimate
the values of the desired stability constants and feed them into the
computer program to calculate the first set of weighting factors from
equations 24 and 25. Then an improved set of B's are calculated from
equation 23, and this improved set of B's is used to calculate a new
set of weighting factors. The process is repeated until convergence is
in within acceptable limits, Generally fthree to ten such iter-
ations sufficiently yields a consistent set of solutions in this research.

The best stability constants, calculated from the last iterative
process, were used to obtain a number of gquantities. The sample output
tables of this program is shown in Appendices B, C, D, E, and F. The
experimental n was obtained from the experimental quantities %5 yi, and
z{ , using equation 19, and equation 20 was used to obtain a calculated
n from stability constants and the Xi values. The percentage difference
between the two values of n was then calculated for each individual data
set. The percentage differences in the two values of n provide a means

of checking the consistency of each data point with respect to the whole
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series of measurements.
The weighted least squares method had several advantages. It pro-
vided a number of statistical checks on the results of the computations,

such as the calculation of the standard deviation of each parameter and

the percentage difference or apparent errors between the two values of

.



81

IV, EXPERIMENTAL DETAILS

A. Preparation of the Organic Ligands

1. @,B-dihydroxy-B-methylisobutyric acid (DHMIBA)

Melikoff (143), Melikoff and Petrenko-Kritschenko (144) had diffi-
culty in synthesizing this acid, because the two asymmetric carbon atoms
caused four optical isomers or two pairs of enantiomorphic modificétions.
One of the dl-mixtures melts at 110-111° and the other at 88° (145). The
high-melting diastereomer has been prepared successfully from tiglic acid
(trans-2-methyl-2-butencic acid) via treatment with HOC1l followed by alcoh-
olic KOH and subsequent hydrolysis (143) and from tiglic acid by hydroxy-
lating via peracetic acid (trans-addition) (146) and from zngelic acid
(cis-2-methyl-2-butencic acid) by hydroxylating with aqueous alkaline
KMnO), (cis-addition) (145). The lower-melting diastereomer has been ob-
tained from tigiic acid via the hvdroxyviating action of alkaline i\'IVInO;+ at
0° (145, 146). Because of the low yield and the high cost of angelic and
tiglic acids as intermediates in the methods mentioned above, a new method
(147) was developed in this laboratory using a procedure similar to that
used in the case of o ,B-dihydroxyisobutyric acid (148).

a.Experimental procedure Ninety-four grams (3.5 moles) of freshly

prepared anhydrous liquid HCN (Oo) was added in an efficient hood to 259 g
(2.5 moles) of 85% 3-hydroxy-2-butenone (acetoin) at O contained in a
2-1, three-neck, round-bottom flask, fitted with an ice-water-cooled
reflux condenser, a thermometer and a stirrer. After thoroughly mixing

the reactants, the flask was raised just out of the ice-bath, and solid
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KCN catalyst was added in 0.1-g portions to initiate and sustain the
reaction. After adding a total of 0.8 g of KCN, the temperature was
observed to rise, slowly at first and then rapidly. When the tempera-
ture reached MOO, the reaction was quenched and maintained between 30
and 320, either by judiciously dipping the reaction flask momentarily
into the ice-bath or by adding a bit more KCN. 1In all, 2.0 g of solid
KCN catalyst was used. After the reaction subsided and the temperature
had dropped to 25° (2.5 h), the mixture was allowed to stand overnight
at room temperature.

The mixture was then cooled to 2° and treated with 282 ml of chilled
12N HC1, (3.5 moles), whereupon the temperature rose rapidly. The tem-
perature was again controlled by means of the ice-bath between 30 and 320
and (after about an hour) the solution was saturated with respect to HC1
by bubbling in anhydrous HCl at such a rate that the temperature of the
mixture did not exceed 30o while being stirred in the ice-bath, After
5 h of such treatment,; the mixture was allowed to stand overnight at
room temperature.

After 20 h, the light-brown reaction mixture was diluted to a volume
of 4,5 1, then passed into and eluted (with distiiled water) through an
jon-exchange column system (comprised of six 6-in.-diameter X L8-in.-
long cylindrical beds of 40-50 mesh Dowex 50W-X0 (H+form) cabion-exchange
resin) as shown in Figure 8, at a rate of l.21/h.The effluent solution
was collected in a series of fifty-five 1.2 1 fractions and the pH of
each solution was measured to monitor the separation achieved. The
strong acid (HC1l) was observed to pass through the system (at pH 0.9) in

fractions 19-36, and 2,3-dihydroxy-2-methylbutanamide wes detected (ac-
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companied by some formic and 2,3-dihydroxy-2-methylbutanoic acids) in
fractions 40-49 (which had a pH of about 2.lL).

When the Hl1-free amide-bearing fractions(40-49) were combined and
evaporated to a small volume (at 98°) and allowed to cool, large crystals
of 2,3-dihydroxy-2-methylbutanamide separated from the aqueous medium.

The crystals were filtered off, washed with a small portion of cold ace-
tone and dried. The recovered amide, weighing 288 g (86% yield), melted

at 139-140° and was found to contain 45.25% C, 8.20% H and 10.50% N (theor-
etical analysis: U5.11% C; 8.27% H; 10.53% N; 36.09% 0). On two prior
occasions, when the temperature was controlled less carefully, the amide
was obtained in yields of 53 and 71%.

Two moles (266 g) of the amide were dissolved in 2.5 1 of water and
treated with 100 g (2.5 moles) of NaOH pellets. The solution was simmered

at 98° (while water was added occasionally) until evolution of NH. ceased;

3

then it was cooled and passed into and eluted (with distilled water)
through an ien-exchange column system (ecomprised of three A-in, -diameter
X 48-in.-long cylindrical beds of 40-50 mesh Doxex S50W-X8 (H+ form) cation-
exchange resin) at a rate of about 1.2 1/h. The effluent solution was
collected in a series of thirty 1.2-1 fractions. Fractions 18 through 25
(pH 2.13) were found to contain the bulk of the 2,3-dihydroxy-2-methyl-
butanoic acid. These were concentrated by vacuum evaporation (under 40°)
to a thick syrup, which was dissolved in hot ethyl acetate and allowed to
cool; whereupon, 2,3-dihydroxy-2-methylbutanoic acid separated in crystal-
line form and was recovered by filtration. This crude acid product was
recrystallized from a warm mixture of acetone and carbon tetrachloride,

yielding 204 g (76% yield) of 2,3-dihydroxy-2-methylbutancic acid melting
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at 109-110° and having an equivalent weight of 135.39 (calculated 134.14).
The product was found to contain 44.54% C and 7.50% H (theoretical anal-

ysis: 44,719 c; 7.464 H; 47.83% 0).

2. @,B-dihydroxyiscbutyric acid (DHIBA)

Because of the difficulty in the synthesis of this acid reported by
Melikoff (143), Glattfeld and Sherman (149), Powell developed a new
method of preparation using ion-exclusion and ion-eichage techniques.
The a,B-dihydroxyisobutyric acid used in this research was synthesized
using the method described by Powell, et al. (148); and full details are
reiterated here in order to compare the method with that described above
in the case of 0@3—dihydroxy-B-methylisobutyric acid.

a.Experimental procedure 124 g (4.6 moles) of freshly prepared

anhydrous liquid HCN (0°) was added in an efficient hood to 296 g (3.61
moles) of 90.6% acetol at 0° contained in a 2-1, 3-neck, round-bottom
eflux condenscr, o thermometer and
a stirrer. After thoroughly mixing the reactants, the flask was raised
just out of the ice-bath and solid KCN catalyst was added in 0.2 g portions
to initiate and sustain the reaction. After adding 0.4 g of catalyst,
the temperature of the reaction mixture was observed to rise, slowly at
first and then rapidly, until the mixture began to boil and HCN began to
return from the condenser. The temperature was maintained between MS-SOO
by judicious dipping of the reaction flask momentarily into the ice-bath
or by adding catalyst, as needed. 1In all, 2 g of catalyst were added to
the mixture to ensure establishment of equilibrium within a reasonable

time.
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After the reaction had subsided and the temperature returned to 250
(about 2 h), the flask assembly with reaction mixture was weighed (the
assembly had been weighed alone previously) and about a gram of the mix-
ture was weighed into a 100-ml volumetric flask containing 2 ml of con-
centrated nitric acid and about 50 ml of distilled water and finally
diluted to volume. This procedure "froze" the reaction and permitted an
analysis for the constituents HCN and acetol cyanohydrin present at
equilibrium. HCN was estimated in one aliquot of the diluted reaction
mixture by adding a known amount of silver nitrate, filtering off and
rinsing the AgCN precipitate, and finally titrating the soluble silver in
the filtrate plus rinse water with standard potassium thiocyanate solution.
The acetol cyanohydrin content was determined by the difference between
the CN  titers in this aliquot and an identical portion which was first
made strongly basic to convert the cyanohydrin to the original ketone

and CN and then added with vigorous stirring to a known amount of excess

all of the base. The reaction

OH

SC—CN + OH — =0 + CN + H,0

was found o cccur instantaneously and quantitatively. By virtue of these
analyses it was established that 3.41 moles out of 3.61 moles of acetol
originally present were converted to acetol cyanohydrin, and that only
0.81 moles of HCN and 0.20 moles of acetol remained unreacted.

The reaction mixture was then cooled to OO, treated with 400 ml of

cold concentrated hydrochloric acid, and saturated with respect to HC1l by
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bubbling in anhydrous HCl at such a rate that the temperature of the mix-
ture did not exceed 40° while being stirred in an ice bath. Within an
hour a large amount of NHuCl had formed and the reaction was allowed to
proceed at room temperature overnight with no further addition of HCl.
After 16 h of hydrolysis, the mixture was sampled and analyzed again for
cyanohydrin. The same technique was used to determine the concentration
of cyanohydrin in the presence of chloride as was used to estimate cyano-
hydrin in the presence of excess cyanide. At this point only 0.06 moles
of cyanohydrin remained. Analysis for nitrogen (Kjeldahl), after re-
moving ammonium ion from an aliquot by cation exchange and correcting for
cyanohydrin, revealed that the reaction mixture contained 2.86 moles of
&,8-dihydroxyisobutyramide at this point.

The reaction mixture was then diluted to a volume of 8 1, passed
into and eluted (with distilled water) through an ion-exchange column
system (consisting of three 6-in. diameter x 48-in., long beds of H&-form,
L0-50 mesh, Towex 50W XO. catiom-exchange resin) as shown in Figure 8, at
a rate of about 1.8 1/h. The effluent solution was collected in a series
of 80, 900-ml fractions. The individual samples were analyzed for total
acidity, chloride (HCl), displaceable NH3 (amide), and volatile weak acid
(formic acid). The first strong acid (HC1l) appeared in the 27th fraction,
peaked at about the 45th fraction and then fell off sharply (see Fig. 9).
Amide and weak acids were detected in samples 50 through 76. Samples 50
through 60 contained varying proportions of HCl, amide and & ,3-dihydroxy-
isobutyric acid, but only a little formic acid. Most of the formic acid
(from hydrolysis of HCN) eluted in fractions 61 through 75.

Elution curves for the several constituents of the mixture are some-
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what irregular. The occurrence of shoulders was unexpected, but repro-
ducible, and remains to be explained. Integration of the areas under
these analytical curves revealed a total of 2.55 moles of a,ﬁ-dihydroxy—
isobutyramide, 0.84 moles of 0,8 -dihydroxyisobutyric acid and 0.76 moles
of formic acid. Since 3.41 moles of acetol cyanohydrin and 0.8l moles
of HCN were indicated before hvdrolysis, material balances reveal that
virtually all of the excess HCN ended up as formic acid and 3/4 and 1/L
of the acetol cyanohydrin intermediate yielded amide and acid respectively.

When the ﬁCl-free amide-bearing solutions (61 through 73), containing
233 g of amide, were evaporated to near drymess and allowed to cool,
large crystals of g,B8-dihydroxyisobutyramide separated from the aqueous
medium, These crystals were filtered off subsequently and rinsed with a
small portion of cold acetone. The recovered amide, melting at 123-1270
weighed 202 g. When recrystallized from water, the pure amide melted at
128.5-129.50. It is clear, of course, that additionsal ion-exclusion
Cl-containing sampies, 50 through A1, as well
as appropriate retreabment of the mother liquor from amide recovery, would
have enhanced the yield of &,8-dihydroxyiscobutyramide. Subsequently,
155 g of the recovered amide was dissolved in a liter of water and treated
with 60 g of NaOH pellets. The solution was boiled (while water was
added occasionally) until evolution of NH3 ceased; then it was cooled and
passed through a 2-in., H+-form, L0-50 mesh, Dowex 50W X8, cation-exchange
resin bed, 4 ft. long, to obtain a dilute solution of ¢r,B-dihydroxyiso-
butyric acid which was subsequently concentrated to a thick syrup by

vacuum evaporation below 300. The syrup was dissolved in 3 parts of warm

ethyl acetate and ellowed to cool. Crystallization of &,8-dihydroxy-
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isobutyric acid was induced and the mixfure was cooled in ice before
filtering. Two crops of crystals totalling 115.4 g and melting at 10L4-
th.SO were obtained. The melting point noted by Glattfeld and Sherman

(149) was 104°.

3. @-hydroxyisobutyric acid (HIBA)

& -hydroxyisobutyric acid from the Aldrich Chemical Co., Inc., was
purified by recrystallizing it from hot carbon tetrachloride solution;
The recrystallized acid was found to melt at 83.5o and have an equivalent

weight of 104.70 (calculated 10k.12).
B. Preparation of Reagents

1. Trivalent rare-earth nitrate solutions

Approximately 0.1 M rare-earth nitrate solutions were prepared by
concentrated stock solutions were prepared originally from rare-earth
oxides of 99.99% purity supplied by Powell's rare-earth separation group
at the Ames Laboratory of the U. 5. Atomic Energy Commission by Mr. James
Farrell, using the method described by Adolphson (150). They were found
to have a 3:1 anion to cation ratio, within experimental error. The
diluted solutions were standardized by precipitation of aliquots with
oxalic acid and ignition of the rare-earth oxalates to their corresponding
oxides (all rare-earth oxides are Ln203, except Ce02, Pr6011 and Tbu07)

at 800° (83). As a check of these standardizations, complexometric EDTA

titrations of the type described by Fritz and Schenk (151) were used.
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2. Divalent transition metal nitrate solutions

Approximately O.1 M transition metal nitrate solutions were prepared
from crystalline transition metal nitrates, which were obtained from
J. T. Baker Chemical Co., without further purification. These solutions
were standardized by passing aliquots through a well-washed hydrogen-form
cation exchanger (Dowex-50) and titrating the effluent and rinsings with

standard base,

3. Potassium hydroxide solution

Approximately O.1 M and 1.0 M potassium hydroxide solutions were
prepared by diluting concentrated, carbonate-free, potassium hydroxide
purchased from Anchemia Chemicals, Ltd. in boiled, deionized water. The
resulting solutions were kept in large containers and Ascarite (NaOH),

8 to 20 mesh, and Drierite (Casou), 8 mesh, were used to protect the
solutions from carbonate contamination and dilution errors, respectively.
andardized by vitration against primary standard

grade potassium acid phthalate.

4. Potassium nitrate solution

About 1.5 M potassium nitrate solution was prepared from J. T. Baker
reagent-grade potassium nitrate, dissolved in boiled, deiohized water,
The solution was standardized by passing aliquots through a well-washed,
hydrogen-form, cation éxchanger (Dowex-50) and titrating the effluent

and rinsings with standard base.
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5. Nitric acid solution

Approximately 0.05 M nitric acid solution was prepared from concen-
trated, reagent-grade acid. The solution was standardized by titration

against standard base.

6. Buffer solutions

Approximately 0.1 M soluticns of &,B-dihydroxyisobutyric acid, «,8-
dihydroxy-g-methylisobutyric acid and g-hydroxyisobutyric acid were pre-
pared by dissolution of the recrystallized reagents and standardized;
then they were partially neutralized with standard Coe—free potassium
hydroxide. The free acid concentration in each buffer was confirmed by

subsequent titration of aliquots with standard base.

C. Experimental Apparatus

The apparatus for the potentiometric experimefts is shown in Figure
10. Either a Beckman Research pH meter or a Corning Model 101 Digital
Electrometer was used to measure hydrogen ion concentrations of the
solutions. These pH meters were each equipped with a Beckman sleeve-type
calomel reference electrode and a Beckman (or Corning) glass electrode.
Most of the experiments were done using the Corning Model 101 Digital
Electrometer, because this instrument has a number of modes of operation,
including a direct pH readout which was used in this research., This in-
strument was better than the currently available electrodes in terms of
accuracy, stability, and reproducibility. The Corning 101 Electrometer

will read pH values to within + 0.001 pH units with comparable linearity
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and repeatability. High quality glass and reference electrodes deliver
comparable performance only when in perfect operating condition, a state
much more easily discussed than attained.

A pair of constant temperature water baths, equipped to circulate
through a jacketed titration cell were used. The titration cell was pre-
pared by the Ames Laboratory glass shop. The temperatures of the baths
were maintained at 25.000 + .050 by Philadelphia Micro-set thermoregula-
tors and Precision Scientific electronic relays. Beside reference and
glass electrodes, the titration cell was also equipped with a solution
ground, a tube for bubbling nitrogen through the solution, a filling
funnel and a draln. ©Since a separate solution was prepared for each
experimental point, this cell was not a titration cell in the true sense
of the word, but was rather designed to make highly reproducible pH
determinations of successive prepared solutions of known stoichiometry.

The solution ground was simply a platinum wire, immersed in the
4 Cerminagl of vhe polen-
tiometer., The solution ground and the sleeve-type reference electrode
were incorporated into the system in order to alleviaste some rather
persistent problems of instebility and irreproducibility. It was also
found that the stability of the glass electrode was improved substantially

by storing it in strong acid solutions during periods of disuse.
D. Experimental Procedure

The difficulty of this experiment was the instability of the pH

measurements. Reference electrode, glass electrode, battery and solution
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ground were thought to cause this difficulty. The solution ground (Fig.
10) and a Beckman sleeve-type calomel reference electrode were suggested
by Mr. Harvey Burkholder in this research group, and it improved the
measurements. The mercury batteries were checked every month.

The main problem resulted from surface adsorption effects at the tip
of the glass electrode, because it was quite sensitive to changes in its
ionic enviromment., After the electrodes were removed from the standard
solution and placed in a sample solution containing rare-earth ions, a
wait of twenty minutes was necessary before a steady pH reading could
be obtained., Also, if the electrodes were washed with distilied water
after each measurement, about ten or fifteen minutes was needed for the
surface of the glass electrode to equilibrate with the new ionic environ-
ment. The following procedures were developed for standardizing the pH
meter and measuring the samples in order to overcome this difficulty.

After internal calibration of the pH meters (Beckman Research or

Cornin
Lerniy

o Plectrometer)
g piecLrometer)

5 v - e
known nitric acid solution (the pH of the standard was close to the pll
range of the subsequent measurements) with its ionic strength adjusted

to 0.10 M. A standard nitric acid solution was used instead of standard
pH buffer in order to yield readings in terms of hydrogen ion concen-
tration rather than activity. The electrodes were soaked in a portion of
the standard for at least an hour before standardization was bepun, and
at least three samples of the buffer were read each time the inctrument
was standardized.

The sample readings were made in a similar fashion after the pH

meter had been standardized. Each cample solution was divided into three
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portions. The first portion was used to rinse the electrodes, which were
then soaked in the second portion. The final reading was taken on the
third portion. Three minutes were allotted to allow the surface of the
electrodes to equilibrate with each new ionic sample before the pH was
measured.

Since a concentration standard rather than an activity standard was

employed, the pH meter read the hydrogen ion concentration directly.

1. Formation constant measurements

As shown in Appendices B, C, D, E, and F, different volumes of
buffer (VB) were added to a series of 23 to 45(I), 100 or 200-ml {final
solution volume), volumetric flasks together with 2.00 or L4.00 ml of
standard metal nitrate solution, and a constant ionic strength of 0.100
was maintained in all cases by adding calculated volumes of standard -
potassium nitrate solution prior to diluting to volume. All solutions

C o en L C e - ~e O . N .. N
were equiliihrated overnight in a 25.0 C water hath, and The nH (pH

C

of

.~

each was determined to 0.001 units by means of the Beckman Research pH
meter or Corning Model 101 Digital Electrometer.

The computer program used to calculate the formation constants
also calculated the volume of standard potassium nitrate solution (Vol.
KNO3) that should have been added to each sample solution to achieve the
desired ionic strength. These calculated values were used to check the
original estimates and, if the calculated values (Vol. KNO3) were signif-
icantly different from the original estimates, the measurements were
repeated on new sample solutions which contained the correct amounts of

potassium nitrate.
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2. Acid dissociation constant measurements

The same procedure used in formation constant measurements was
used in acid dissociation constant determinations, except no metal
nitrate solution was added. Vacid and Vbase, as shown in Appendix A
are the volumes of buffer added to each sample. Again, if the calculated

values of potassium nitrate solution from the computer (VKNO.) were

3

significantly different from the original estimates, the measurements

were repeated on new sample solutions which contained the correct amounts

of potassium nitrate.
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V. EXPERIMENTAL RESULTS

A1l the acid dissociation constants and chelate formation constunts
studied in thic dissertation are stoichiometric velues obtained at an ionic
strength of 0.1 M (with potassium nitrate as the supporting electrolyte)
and a temperature of 2500. All the results from computer printouts are
shown in Appendices A, B, C, D, E, and F. Only the computed acid disso-
ciation constants from Appendix A and the formation constants from
Appendices B, C, D, E, and F, together with the calculated standard
deviations of the formation constants will be reported in this section.

Some graphs will also be plotted from these data.

A. Acid Dissociation Constants

One can see from Harned's theory of ionic interaction (109, 110)

should vary slightly with the anion concentration even at constant ionic
strength. The variable acid dissociation constant and the range of anion
concentration in each system from Appendix A are summarized in Table 11.
The variation of K  up to [L]= 0.02 M. were calculated to be bout 3,
1.9 and 3% tor HIBA, DHIBA, and DHMIBA, respectively. Although thiu
variation is small, it was taken into account in the calculation of metal

complex stability constants in order to improve consistency of the

results.
The variation of KC for HIBA, DHIBA, and DHMIBA versus the anion

concentration is shown in Figure 11. One can obtain similar linear be-
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Table 11. The variable acid dissociation constant K_ of & -hydroxy-
isobutyric (HIBA), a,B-dihydroxyisobutric® (DHIBA) and ,B-
dihydroxy-8-methylisobutyric acids (DHMIBA) as a function of
anion concentration (L~

Acid Variable K [171x10% range
(moles/liter)

HIBA (1.59% - 2.616@})10’l+ 0.416 - 1.015
DHIBA® (2.654 - 1.&07@3)10'” 0.035 - 1.247
(2.650 - o.6oo[L]%)1o'u 0.035 - 2.468

DHMIBA (3.059 - 5.218[L])1o')‘L 0.171 - 2.260
(3.084 - o.9o7[L]'5)1o'LL 0.222 - 2.260

(2.979 + 1.742[L] - 156.20[L]2)1o‘LL 0.171 - 2.260

aFarrel]_, James, Department of Chemistry, Iowa State University.

havior, if a plot of Kc versus the square root of the anion concentration
is made. The acid dissociation constants of these three acids decrease
slightly as the anion concentration increases, and as the anion concen-
tration approaches zero, K, values equal 1.596 x lO—lL (pKC = 3.80),

2.654 x 1o‘LIL (pKC = 3.57), and 3.059 x 10')‘L

(pKC = 3,52) for ¢ -hydroxy-
isobutyric, a,B-dihydroxyiscbutyric and &,B-dihydroxy-8-methylisobutyric

acids, respectively.
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B. Formation Constants

1. Rare-earth(III) g,ﬁ-dihydroxyisobutyrate complexes

The formation constants of the rare-earth(III) DHIBA complexes from
Appendix B are summarized in Table 12. The first three stepwise formation:
constants (Kl, K2, and K3) have been determined. Some values of Kh have

also been reported where calculable,

The formation constants of the rare-earth DHIBA chelate species have

been studied previously by Mr. James Farrell of this research group. The
- experimental method and computer program used by Farrell is similar to
the one used in this wark with one significant exception: all pH readings
were taken by a Beckman Research pH meter. The data otherwise were ob-
tained under the same conditions as those employed in this research

(25° and 4= 0.1M). The preliminary results obtained by Farrell are
listed in Table 13. Comparison of these values with the author's results
in Wahle 12 shows good agreement.

Figure 11 shows a plot of the first and second formation constants
K,) of the rare-earth(III) DHIBA complexes as a function of ionic
radius. One can see from this plot that, both values of Kl and K2 from
Tables 12 and 13 agree very well to each other, and as a matter of fact,
the standard deviations for the Kl and K2 values in both Table 12 and 13

are very small.

The ratios of the successive formation constants (Kl/Ke) in Table 12
can be divided into three groups, La to Nd, Sm to Tb, and Dy to Lu
(including Y). The average values of Kl/K2 are 5.97, 4.66, and 4,62 for

La to Nd, Sm to Tb, and Dy to Lu (including Y), respectively. The values
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Table 12. Formation constants of rare-earth(III) a, B-dihydroxyisobutyr-

ate complexes

Ln(IiI)

K K, Ky K, Kl/K2 K2/K3

La Lh5.6+0.7  73.9+L.4  15.6+11.9 6.03  L.715
Ce 682.5+0.6  112.1+0.5 23.745.5 6.07 L.75
Pr 886.9+0.6  15k.Lr0.7  26.6%5.2 5.7 5.81
Na 922.440.9  152.4+0.3 30.8th.1  5.4425.1 6.05 k4,95
Sm 1115.0+0.1  217.6+0.5 43.8+1.1 5.12 4,97
Eu 1123.0+0.7 253.8+0.2 L6.4+3.3  61.4+0.1 L4.50  5.53
Gd 1067.0¢0.1  234.6+0.7 L48.3+¥2.6 16.86.0 L.55 4.8
Tb 1084,0+0.1  241.8+0.6  L43,1+1.5 L8  s5.62
Dy 1165.070.7 251.240.5 L7.2+#k.3  19.4+8.L L6k  5.32
Ho 1299.0+0.k  279.110.5 61l.4+2.0 16.246.8 L.66 k.55
Er 1479.0+0.6  322.5+0.3 64 7+2.5 19.4+5.7 L.59  L.99
Tm 1657.0+0.4  363.4+0.4  67.3¥2.5 49.3+l.2 k456 5.L0
Yb 1848.0+0.4k  38k.0t0.2 65.6+1.8 20.8Fk.1 L.81  5.85
Lu 1984.0+0.4  LO1.7+0.3  71.1+2.1  2L.4+5.7 L.ok 5,65
Y 1134.0+0.8  276.1¥0.5 53.5+3.9 36.6+1.9 L.11  5.16
average from La to Nd 5.97 5.07

average from Sm to Tb L66  5.25

average from Dy to ¥ L. 62 5.28
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Table 13. Formation constants of rare-earth o ,8-dihydroxyisobutyrate
complexes (data from Mr. James Farrell) same conditions as

in Table 12.

Ln(III) K, K, Ky K, Kl/K2 K2/K3
La Lh1.4+0.3  80.7+0.8  12.L+h.9 5.7  6.49
Ce 689.8+0.2  112.8+0.5 26.6+1.7 6.12  L.24
Pr 864.0+0.3  154.1+0.4  28.6+2.1 5.61L  5.ko
Nd 99k.5+0.2  169.6+0.5 31.7#3.0 10.8+8.2 5.86 5.3
Sm 1157.0+0.3  220.7+0.4 Lko.5+2.5 2.9+33.1 5.2k 5.45
Eu 1146.040.3  232.5+0.4% 33.9+3.0 7.3+15.8 L.93  6.86
Gd 1046.0+0.3  234.5+0.3  L7.W+1.7 11.0+9.6 L.k6  L,95
Tb 1108.0+0.k  238.4+1.1  52.h#3.0 13.1#8.3 4,65 k.55
Dy '1205.0+0.3  266.0+0.3  L6.7+1.9 11.2+6.0 L.53  5.70
Ho 1263.00.2  273.4+0.3 52.6+1.7 5.9+12.5 L.62  5.20
Er 1k28,0+0.2  309.3+0.k 61.3+1.7 13.7+6.6 L.62  5.04
Tm 1624.0+0.2  353.6+0.2  7l.5+l.k 23.0+2.2 L4.59  L.95
Yb 1828.0+0.4  377.2+0.5 65.9+2.6 10.0+12.0 L4.85  5.73
Lu 1925.0+0.6  394.b+0.k  77.8+2.6 5.7+26.0 L.88  5.07
Y 1037.0+0.2  223.4+0.3 L6.5+1.5 10.1#5.9 L.64  L.81

average from La to Nd 5.77 5.37
average from Sm to Tb 4,82 5.45
average from Dy to ¥ L.68  5.23

of KB/K3 are not significantly different as shown in the case of Kl/KB’

and as a matter of tact, the standard deviations of K, values are large

3

compared to the values of K If the values of KE/K3 are separated into

3°
three regions as in the case of Kl/KZ’ they are 5.07, 5.25, and 5.28 for
La to Nd, Sm to Tb, and Dy to Lu (including Y), respectively. Also, Kl/K2
and K2/K3 from Table 12 agree very well with Farrell's data in Table 13.

His average Kl/K2 values arc .77, 4.82, and 4,68 for La to Nd, Sm to Tb,
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and Dy to Lu (including Y), respectively, and K2/K3, are 5.37, h.b5,
and 5.22 for the same order as in the case of Kl/Kg‘
The variations in Kl and K2 with decreasing ionic radius of the
trivalent rare-earth ions as shown in Figure 12 are very similar to each
other, that is, they increase from La to Sm and Fu, then decrease to Gd.

Beyond Tb, they increase smoothly to the maximum at Lu, while Y values

lie below the lines. The lesser variation in the case of K2 compared to

Kl is not surprising if the smaller magnitude of the K, values are taken

2
into account. It is likewise not surprising that, if one tried to plot
the values of K3 and Kh’ the trends would be difficult to sort out. The
standard deviations for K. and Kh are altogether too large to allow any

3

reliable correlations to be made.

2. Rare-earth(1II) @ B-dihydroxy-B-methylisobutyrate complexes

The first three stepwise formation constants (K,, K., and K3) and

o3
some vaiues of K,
Table 14 for the case of the trivalent rare-earth DHMIBAchelate species.
The values of Kl/Kg and Kg/K3 for these chelate species are also shown in
Table 1k,

Powell, et al. (102) studied the formation constants of some of the
trivalent rare-earth DHMIBA complexes at a higher ionic strength. Their
data are summarized in Table 15. No comments or discussion will be made
regarding these data, because their data were not obtained under the
conditions studied in this research. The potentiometric titration method,

in which it is very difficult to obtain high accuracy was used in this

early study of this systei.
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Table 1. Formation constants of rare-earth(III) a,ﬁ-dihydroxy-B-methyl-‘

isobutyrate complexes

Ln(III) iy K, Ky Ky, Kl/K2 K2/K3
La 372.5+0.5 59.8+2.3 9.7+27.0 6.23 6.1h
Ce 650.8+0.1  99.5+0.3 13.8+0.3 6.54 7.23
Pr 903.0+0.3  1Lk1.B+0.4  21.373.6 6.38  6.65
Nd 1082.0+0.2  166.4+0.2  23.541.8 6.51  7.08
Sm 1393.0+0.6  210.0+0.5 28.8+5.9 3.3+8.70 6.64 7.29
Eu 1342.0+0.2  299.6+0.1 39.8+0.6 1.5+ L.u8  7.52
Gd 1204.0+0.6  226.7+0.9 36.9+6.4 2.3¥71.0 5.31  6.15
Tb 1099.0+0.7 223.6+0.3 36.4+2.8 k.92 6.1k
Dy 994, 9+0.4  228.6+0.3  15.2%4.3 4,35 15.09
Ho 1065.0+0.6  221.7#0.6  21.5%6.k4 4,81 10.30
Er 1288,0+0.5 241.1+0.3  38.5+3.5 5.3 6.26
Tm 1ko1. qzo 2 291.5t0.1 52.8%0.5 L.81  5.53
¥b 1616.0+0.3  355.0+0.1  51.8+0.8 4,55 6.85
Lu 1769.0%0.2  381.9¥0.1  60.4¥0.7 463  6.33
Y 817.3+0.3  17h.6+0.4  27.1%2.L 4,68  6.45

average from La to Sm 6.46 6.88
average from Eu to Dy L77  6.60°
average from Ho to ¥ 4.80 6.2

“Does not include K,/K, of Dy
)

PDoes not include Ke/K3 of Ho
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Table 15. Formation constants of rareéearth ITI)
isobutyrate complexes at 25~ and g = O.

¢, B-dihydroxy-8-methyl-
5 M.
Powell, et al. (102)

NaC10, (data from

Ln(III) Ky X, K, Kl/K2 1{2/1<3

La 263 46 5.72

Ce L1 81 13 5.82 6.22
Pr 614 96 6.40

Nd 830 120 13 6.91 9.22
Sm 1070 175 12 6.12 14,60
Eu 1060 175 14 6.06 12,50
Gd 780 200 10 3.90 20.00
Tb 700 213 8 3.29 26.60
Dy 710 231 3.07

Ho 650 217 11 3,00 19.74
Er 720 207 13 3.48 15.93

Figure 13, shows a plot of the first and second formation constants
(Kl’ K2) of the rare-earth(III) DHMIBA complexes as a function of ionic
radius of the trivalent rare-earth ions. The variations in Kl and K2 with
decreasing ionic radius of the trivalent rare-earth ions at either ionic
strength 0.1 or 0.5 in Figure 13 are similar to each other; that is, they

increase from La to Sm and Eu, then decrease to Dy (Ho in the case of Kg).

Beyond Dy, they increase to the maximum at TLu, Y falls below the lines.

The legger var

4 LT AT SRS Ta v

ion in the case of X_ compared to K. iz to he expecied

because of the smaller K2 values. The ionic strength difference (0.1

compared to 0.5) of these two data sets (data in Table 14 and 15) accounts

for their vertical displacement.

The ratic of the successive formation constantc (Kl/Kg) given in

v~ ! - P
3Ty T L v s SSseS S s S
PRI CSes VT oo T

intc three regicns, &3 in the zaze of Lthe rure-
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earth(III) DHIBA complexes; but, the extent of each region is different.
In this case, three regions are La to Sm, Eu to Dy, and Ho to Lu (ihclud;
ing ¥). The average values of Kl/K2 are 6.46, 4,77 and 4.80 for La to
Sm, Eu to Dy and Ho to Lu (including Y), respectively. The values of
K2/K3 are not significantly different, but, if they are divided into the
same three regions, the average values of K2/K3 are 6.88, 6.60, and 6.28

for La to Sm, Eu to Dy, and Ho to Lu (including Y), respectively.

3. Tormation constants of divalent transition metal &,B-dihydroxyiso-

butyrate complexes

The formation constants of the first two chelate species of Co(II),
Ni(II), Cu(II), Zn(II), and CA(II) cations with the DHIBA ligand from
Appendix D are summarized in Table 16. The Kl values decrease in the
order Cu(II) > Ni(II) > Zn(IT) > CA(II) > Co(II). The ratio of the
successive formation constant (Kl/K2) is 9.39 for Cu(II), and is the only
10 in Taeble 16 that was determined to a sufficient degree of accuracy

to be of significance. The standard deviations of K, in the case of Co(II),

Ni(II), Zn(II) and Cd(II) compared to X, were simply too large.

Table 16. Formation constants of divalent transition metal Ogﬁ—dihydroxy-
isobutylate complexes

M(III) K, K, Kl/K2
Co 41.5 + 0.2 5.8 + 11.7 7.11
i 66.1 + 0.2 8.9 + 8.2 7.50
Cu 429.0 + 0.2 15.8 ¥ 0.7 9.39
Zn 58.3 + 1.0 5.6 = 20.0 10.40
Cd L2.5 + 0.3 22,6 + 4.1 1.88
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L, Tormation constants of divalent transition metal @,8-dihydroxy-g-

methylisobutyrate complcxes

The first and second formation constants of Co(II), Ni(II), Cu(II),
Zn(II) and Cd(II) with DHMIBA from Appendix E are summarized in Table 17.
Their K, values also decrease in the order Cu(II)> Ni(II) > Zn(II) >
Cd(II) > Co(II). Because of the large values of the standard deviations
of X, in the case of Co{II), Ni(II), Zn(II), and CA(II) compared to K,
as shown in Table 17, the only Kl/K2 ratio determined to any degree of

accuracy is that for Cu(II).

Table 17. Formation constants of divalent transition metal &,B-dihydroxy-
B-methylisobutyrate complexes

M(II) K, X, Kl/K2
Co 38.8 + 0.7 17.2 + 6.7 2.26
Ni 64.0 + 0.2 17.3+ 1.8 3.70
Cu bk 0¥ 0.2 R 8.77
Zn 56.9 + 0.6 22.0 + 1.8 2.58
cd 41.5 + 0.1 27.9 * 10.5 1.k9

Figure 14 shows a plot of the first formation constants of Co(II),
Ni(TT), Cu(TT), %n(TT), and CA(IT) with DHIBA and DHMIBA. Parallel trends

are observed for these two ligands.

5. Formation constant of divalent copper &-hydroxyisobutyrate complex

Only the Cu(II) HIBA complex formation constant was studied in this

system. The stabilities of the 1:1 and 2:1 HIBA complex species of
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' divalent copper from Appendix F were reported in Table 18, The ratio of
the successive formation constant (Kl/KZ) is 10.51 for this chelate

species.

Table 18. Formation constant of copper(II) @-hydroxyisobutyrate complex

M(I1) K K | Kl/K2

Cu 660.0 + 0.2 62.8 + 1.0 10.51

The formation constants of divalent transition metal HIBA chelate
species have been reported by Thun, et al. (5) at 25° and £ 1.0 M
were summarized‘in Table 5. The potentiometric titration method was used
to obtain those data under different conditions than studied in this
research; 50, no reliable comparison can be made. The first formation
constants in Table 5, however, decrease in the order Cu(II) > Zn(II) >

Ni(TI) > Co(II) > ca(II).
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VI, DISCUSSION AND CONCLUSIONS
A, Transition Metal Dihydroxycarboxylate Complexes

The linear relationship between the basicity of the ligand (ch)
(or the acidity of the ligand (loch))and the chelate stability (logK)
has been found to hold in a large portion of the literature reported so
far. Thus, the weaker the acidity of the ligand acid, the more stable is
the metal chelate compound. The stabilities of the divalent transition
metal @,B-dihydroxyiscbutyrate (DHIBA) complexes (Table 16) are higher
than for the corresponding divalent transition metal &,B-dihydroxy-8-
methylisobutyrate (DHMIBA) complexes (Table 17). Only the copper(II)
@ -hydroxyisobutyrate (HIBA) complexes were investigated in this research
(Table 18), and they exhibited higher consecutive formation constants than
either the DHIBA or DHMIBA complexes. From this, it would not be unreason-
ahle to aczume that the format
higher than those of the other two ligands in the cases of Co(II), Ni(II),
Zn(II), and CA(II) as well. Therefore, the data obtained from this invest-
igation confirms the paralliel relationship between the ligand basicity
and the stability constant in agreement with past observations, that is,
both ch and logK increase in the order DiMIBA < DHIBA < HIBA. The plot
in Figure 1k presents good evidence to support these two trends. One
would expect to see similar parallel trends in Figure 1L in addition to
the ones that already appear, it the formation constants of Co(II), Ni(II)
and Zn(II) (perhaps Cd(II)) HIBA chelates were investigated under the same

conditions &as one studied in this research.
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For both dihydrozy ligand: (DHIBA and DHMIBA) the sequence of in-
creasing formation constants proved to be the same: Co(II) <Ni(II) <
Cu(II) > Zn(II) > CA(II), which is in agreement with the well-known
Irving-Williams order of stabilities (3, 4).

Because both ionic and covalent interactions are involved in these
divalent metal complexes, the stability sequence ought to depend on the
reciprocal of the ionic radius and the second ionization potential of
the transition metals. However, from the ionic radius and second ioniza-
tion potential values in Table 19, it is clearly very difficult to predict
whether the orders for the non-adjacent metals Ni and Zn should be Ni(II)
> Zn(II) or Ni(II) < Zn(II). Likewise it is unclear from the opposing
trends whether the stability order should be Co(II)> Cd(II) or Co(II)
<Cd(II). As a matter of fact both orders in each case are found in the
literature (Table 3, L, and 5). Apparently, the stabilities of these
complexes depend also upon the nature of the ligand, thus no invariant
order can be expected. For bothi iigands (DHIBA and DHMIBA) Lhe seguence
of non-zdjacent metal complex stabilities is Ni(II) >Zn(II) and Co(II)

. ca(Ir),

Table 19. Thermodynamic data of some divalent transition metal (152)

Co+2 Ni+2 Cu+2 anz Cd+2
ionic radius (R) . 0.7k 0.72 0.69 0.7+ 0.92
second ionization potential.b(Kcal) 577.2  597.6 649 633.8 600.3
hydration energy L\th(Kcal) -505 -519.5 -516.4 -503.0 -hk7

aM(gas)-—» M+2(gas) +2e
b, 42 +2
M™(gas)»M “(aq)
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For both ligands (DHIBA and DHMIBA) studied in this research, there
is an increase in both formal charge and electron-donating power, com-
pared with water; so, both electronic and covalent interactions are
important in divalent transition metal complexes. If the percent ionic
character in each complex could be calculated, one should be able to
predict the stability trends of these complexes. Nevertheless, the
relative steric hindrances of the ligands and the coordination geometry
of each metal complex must also be taken into account.

Because of the Jahn-Teller effect in the d9 configuration of divalent
copper, the tetragonally distorted octahedron (in which two trans metal-
ligand distances are greater than the other four) is the most common
structure in copper(II) complexes. The crystal structure of diaquobis-
(a-hydroxyisobutyrato)copper(II) (Figure 2) is an example of this,
having two waters in trans positions and two bidentate HIBA ligands which
form trans-chelate rings in a square planar configuration (23). Bjerrum's
statictical ratio theory (1L) which was deseribed previonsiy has heen
applied for this system. The ratio of the successive formation constants
(Kl/KE)’ or the total effect (T), is equal to the product of a statistical
term (S), a ligand repulsion effect (E) and a "rest" effect (R). The S
term was calculated, using the configuration of diaquobis(¥-hydroxy-
isobutyrato)copper(II) in Figure 2, to be 8. Because small ligands are
involved in this system (HIBA, DHIBA, and DHMIBA), steric hindrance prob-
ably can be ignored, so R equals sbout 1. E values for the copper com-
plexes in Tables 16, 17, and 18 (calculated using these assumptions) are
then 1.10, 1.18, and 1.31 for DHMIBA, DHIBA, and HIBA, respectively.

Manning (16) sumarized the formation constant datae on divalent copper
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chelates, from Kolat and Powell (17) and Fronzeus (18), and found the E
value was 1.75 for acetsate. One can see then that E increases in the

sequence: DHMIBA <DHIBA < HIBA  acetate, with the inductive effects on
4

H

these ligands changing in the sequence (KC: 3.06 x 10-u, 2.65 x 10~
1.50 x 10'2+, and 2.80 x 1077 for DHMIBA, DHIBA, HIBA and acetate, respec-
tively). This is reasonablé, because the E value is determined princi-
p2lly by the magnitude of the effective negative charge on the carboxyl
group. Kl/KE values of 8.77 for DHMIBA, 9.39 for DHIBA, and 10,51 fo?
HIBA, therefore, do not appear unreasonable, if one assumes that the

Cu(DHMIBA ) Cu(DHIBA)E, and Cu(HIBA)2 species in solution all have the

2)
tetragonally distorted octahedron configuration (for which S equals 8)
in agreement with the crystal structure of diaquobis(HIBA)copper(II)
mentioned above.

No safe conclusions with regard to coordination geometry can be

drawn in the cases of DHMIBA and DHIBA chelates of Co(II), Ni(II),

mum n achieved was less than 1 in these cases, thus the standard devia-
tions for the K2 values in Teble 16 and 17 are prohibitively large.

The last point that will be considered in this system, before going
to the next section, is whether both or only on= hydroxyl group in DHIBA
and DHMIBA participates in bonding to the metal cation. Warnke and
Kwiatkowski (11) studied the stability of divalent transition metal com-
plexes of propionate, & -hydroxypropionate and B-hydroxypropionate (Tables
3 and 5), and observed the stabilities of the chelate species increase in
the series propionate< P -hydroxypropionate «q -hydroxypropionate. From this

sequence, the author suggested hydroxyl groups ing or B positions allow
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the formation of five- and six-membered rings, respectively. Jones and
Choppin(th) in another paper reported that the B-hydroxy group irlg-hy-
droxypropionate is not involved in a chelate ring with the trivalent rare-
earth cations. In the case of ligands studied in this research, the
stebility of the chelate species increase in the order DHMIBA< DHIBA< HIBA.

From this sequence, one is forced to conclude that only one hydroxyl group

in either DHIBA or DHMIBA participates in bonding to divalent transition

metals, The hydroxyl group in &-position is the one most likely to
interact with the metal cations, because it allows Tformation of a five-

_ member ring as with the more stable HIBA chelates. If both hydroxyl
groups interacted with these transition metal ions, one should observe
stabilities of the chelate species of DHMIBA and DHIBA to be greater than
in the case of HIBA. Since that is not the case, bidentate character
(one from the ®-hydroxyl and one from the carboxyl group) is suggested
for DHIBA and DHMIBA. As a matter of fact, this suggestion agrees very

jerrum's statistical ratio theory discussed above.
B. Rare-earth Dihydroxycarboxylate Complexes

Nearly pure ionic or electrostatic interaction between the donor
group and the central atom in the rare-earth chelate species has been
supported by a wealth of experimental evidence, especially magnetic (37,
39, 40, 41) and spectral deta (37, 42). Assuming ionic character and
because of the lanthanide contractions which causes the ionic radius of
lanthsnons to decrease smoothly as the atomic number increases (Figure 15),

ons should expect to see the Born relationship to hold true in all rare-
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earth complex systems (50, 51). That is, a linear relationship should
predominate between logK and 22/r (or more generally 1/r) (K = formation
constant, r = ionic radius and Z = charge). Some of the monohydroxy-
carboxylate ligands seem to behave principally in thils fashion in forming
complexes with the rare-earth cations. Some of the aminopolycarboxylates
such as ethylenediaminetetraacetate, 1,2-diaminocyclohexanetetraacetate
and nitrilotriacetate also show this expected trend. Recently, the rare-
earth N'-methylethylenediamine-N',N,N-triacetate (MEDTA) complexes were
studied by Johnson (153), Powell, et al. (154), and the complex stabili-
ties were found to increase quite regularly across the series from lighter
rare-earths to heavier rare-earths. The authors (153) suggested that
MEDTA acts as a pentadentate ligand across the entire series.

Both 1ogKl of the lanthanon-DHIBA and the lanthanon-DHMIBA chelate
species as a function of l/r are plotted in Figure 16. A non-linear be-
havior is obtained in this plot, in contrast to the corresponding data
for monohydroxycarbouylates compleves, Electrostatic inferaction in the
complexes alone fails to explain this behavior. Crystal-field effects
and thermodynamic data failed to explain this in some other complexes
(52-59); and, as a matter of fact, both crystal-field stabilization
energies and thermodynamic data are not available for DHIBA and DHMIBA
lanthanon complexes. The statistical ratios of the formation constants of
the complexes formed between DHIBA and DHMIBA and rare earths are there-
fore considered the best way to obtain an explanation of this non-linear
behavior.

Powell and Burkholder (65) proposed that in solution a change in co-

ordination number of the hydrated rare-earth cations with ionic radius occurs
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from 1O(La+3 - Nd+3) to 9(Dy+3 - Lu+3). Most of the nine-coordinated
rare-earth complex crystal structures studied have beén characterized
as the distorted, tricapped, trigonal prism type by X-ray analysis (e.g.,
Pr(HEO)gNTA-HZO (75) and Eu(HOCH2000)3 (80). If one assumes that in
solution the trivalent rare-earth cations also have a distorted, tri-
capped, trigonal prism type molecular structure, Figure 5 becomes the
model for discussing Bjerrum's statistical ratios.

The theoretical Kl/K2 and KZ/K3 ratios (or S terms) were calculated,
using the configuration of Eu(HOCH2C00)3
4.875, respectively, for a tridentate ligand, and 3.27 and 4.125, res-

in Figure 5, to be 4.92 and

pectively, for a bidentate ligand. The computations are summarized in
Table 20, together with the corresponding experimented statistical ratios
for DHIBA (Table 12) and DHMIBA (Table 14). ER (E = ligand repulsion
effect, and R = rest effect values) were calculated only in the case of

Kl/Ke.

Table 20, Data for Bjerrum's statistical ratio theory

Tridentate Case Ridentate Case
Kl/K2 KE/K3 ER Kl/K2 KQ/K3 ER
Theoretical u.gza h.B?g i 3.27b h.lag i
DHIBA 5.97C 5.07c 1,21 u.62d 5.25d 1.41
DHMTIBA 6.46 6.88 1.31 4.80 6.28 1.47

aAverage La to Nd.
b

Average Dy to Iu, including Y.
cAverage La to Sm,

dAverage Ho to Lu, including Y.
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From the statistical ratios in Table 20, it docs not appear unrea-
sonable to assume that DHIBA is attracted to the lighter rare-earth
cations (La to Nd) as a tridentate ligand, and that the ligand is at-
tached bidentately rather than tridentately to the heavier rare-earth
cations Dy to Lu (including Y). The intermediate lanthuanons (Sm-Tb)
chelates comprise a transitional set in which the charucter of the DHIBA
anion decreases gradually from tridentate to bidentate. DHMIBA seems to
behave in this fashion also, but it slightly changes the regions churac-
teristic of each dentate character. For DHMIBA, the ligand acts trident-
ately from La to Sm and appears to be attached bidentately to the heavier
rare-earth cations Ho to Lu (including Y). The intermediute rare-earth

(Eu-Dy) chelates again comprise a transitional set in which the average

character of the DHMIBA anion decreases gradually from tridentate to
bidentate.

For the first ligand to complex, the hydroxyl group at the B -carbon

th
t+

h

v
«

chain in hoth DHIBRA snd DHMIRA iz free Ta awing around in the case

[

of a bidentate complex, but in the tridentate case it bonds directly to

the metal cation. When free, the hydroxyl group provides both a steric

5
effect (R) and repulsion effect (E) to the second incoming ligand. So,
one should expect to see bigger values of ER in the bidentate case when
compared to the tridentate case. This effect was found in this research
(see Table 20), with both DHIBA and DHMIBA, ER (tridentate) is less than
ER (bidentate). Llso, a greater R effect ic expected, with DIMLIBA thun
-ith DHIBZ in both the tri- and bidentazte casec, due Lo Lhe methyl croap
in theB -pozition in DHMIBL. The ER vzlues in Tuble 20 apree very well

with this prediction, that is, FR (DHIBA) < ER (DHMIBA) in both the tri-
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and bidentate cases.

From the application of Bjerrum's statistical ratio theory men-
tioned above, one is forced to conclude that both DHIBA and DHMIBA
attach tridentately to the lighter (larger) lanthanons, but bidentately
to the heavier (smaller) lanthanons. One should cbtain straight lines 2
and 4, in Figure 16, if both DHIBA and DHMIBA behaved as a tridentate
ligand across the series, and straight lines 1 and 3 if they behaved as
a bidentate ligands across the series. With this picture in mind, one
can adequately explain the non-linear relationship between logKl and
1/v as shown in Figure 16.

More evidence to support the change in dentate character of the ligand
can be seen in Figure 17, the plot of logK of HEDTA lanthanon complexes
at 15°, 40° (52) and 92°C (65). Powell and Burkholder (65) suggested that
HEDTA always bonds pentadentately to the heavy lanthanons (Lu to Er), but
that it attaches hexadentately to all the lighter lanthanons larger than
Eu (the 6th donor atom of HEDIA is the oxygen of the hydroxyethyl group)

at room temp:rufture. At 920, the bond of the hydroxyethyl group is broken,

O

lowering the formation constants of the lighter lanthancons at this temper-
ature. So, a nearly straight line is obtained at 920 because HEDTA
behaves at that temperature purely as a pentadentate ligand across the
entire series.

The effect of the hydroxyl group at the f-carbon in both DHIBA and
DHMIBA is shown in Figures 18 and 19. The formation constants of DHIBA
and &-hydroxyisobutyrate (HIBA) are compared in Figure 18, and the forma-

tion constants of DHMIBA and ethylmethylglycolate (EMG) are compared in

Figure 19. In both cases, X of the lighter lanthanon (La to Gd) dihy-
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Figure 18. The first formation constants (Kl) of DHIBA and HIBA as a
function of ionic radius
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Figure 19. The first formation constants (K1) ‘of DHMIBA and EMG as a
function of ionic radius -
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droxycarboxylate (DHIBA and DHMIBA) complexes are higher than in the case
of the corresponding monohydroxycarboxylates (HIBA and EMG). This clear-
ly suggests that the hydroxyl group at the B-carbon both in DHIBA and
DHMIBA participates in bonding to the central atom. The stability re-
lationship reverses for ﬁhe heavier lanthanons (Tb to Lu) in both cases,
In this situation, one is forced to conclude that the hydroxyl group at
the 8 -carbon has nothing to do directly with the bonding of the ligands
to smaller cations. The inductive effect of this group now causes weaker
lanthanon complexation with DHIBA énd DHMIBA thaen with EMG and HIBA.

The complex stabilities of DHIBA and DHMIBA lanthanon chelates are
compared in Figure 20. From La through Ss both ligands appear to func-
tion tridentately, but from Eu to Tb the percentage of tridentate bond-
ing decreases. Because of the inductive effect of the methyl group on
the B-carbon and the buttressing steric effect of methyl groups on both
the @- and B-carbons, the bond angle HOC-COH-COO should be smaller in
THMTRA Than in THIBA. and one shouid expect to see higher complex stabil-
ities with DHMIBA from La through Tb. It appears that this argument holds
only from Pr through Tb., One is led to the conclusion that the bond angle
HOC-COH-COO in DHMIBA is now too small to satisfy the larger La+3 and

Ce+3

cations as well as does DHIBA.

From Dy through Lu (and with Y), both DHIBA and DHMIBA attach only
bidentately to the cation. The methyl group at S-carbon in DHMIBA donates
electrons to the carboxyl group (inductive effect), so that the complex
stabilities of DHMIBA should be greater than in the case of DHIBA. But,
this is not the case, because the stability curve of DHMIBA in Figure 20

falls below the DHIBA curve. The reason for this is not completely clear.
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Figure 20, The first formation constant of DHIBA, DHMIBA and THIB as a
function of ionic radius
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However, if a hydrogen bond between the unbonded hydroxyl group ( B-posi-

tion) and the unbonded oxygen of the carboxyl group occurs in both DHIBA
and DHMIBA, the hydrogen bond in DHMIBA should be relatively greater
than in DHIBA. This is because the cteric effect between the methyl
groups at the ®- and B-positions in DHMIBA causes the bond distance
between the hydroxy group at the f-carbon and oxygen of the carboxyl
group to be shorter than in the case of DHIBA. If this is true, the
behavior of the complex stabilities from Dy through Lu can be ration-
alized. As a matter of fact, divalent transition metals also fcrm
stronger complexes with bidentate DHIBA than in the case of the bulkier
bidentate DHMIBA ligand.

A test of the above argument would be a study of the formation con-
stants of rare-earth complexes with a@,B8-dihydroxy-8,8-dimethylisobutyrate
and «,fB, B8' -trihydroxyisobutyrate ligands. One more methyl group at the
B-carbon compared to DHMIBA should cause even more deviation from
linearity in the stability sequence. Hydroxyl grouns on both the A and
B'-carbons in the later ligand should provide an unfavorable inductive
effect that would lower the complex stabilities compared to DHIBA and
DHMIBA. The first formation constants of the THIB 1ligand with lantha-
nons at 250 and 2 0.5 are plotted in Figure 20. Because of the differ-

ent conditions studied with this complex no firm conclusions can be drawn,

but the trend of these data appears to confirm the above prediction.
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VII. SUMMARY

The stoichiometric stepwise formation constants of the complex
rere-earth(III) ,f-dihydroxyisobutyrate, rare-earth(III) &,B-dihydroxy-
B -methylisobutyrate, transition metal(II)iz,B—dihydroxyisobutyrate,
transition metal(II) & ,B-dihydroxy-B-methyliscbutyrate and copper(II)
gr-hydroxyisobutyrate species were investigated. The stoichiometric acid
dissociation constants of a-hydroxyiscbutyric and o,B-dihydroxy-fB-methyl-
isobutyric acids were also measured. All the stoichiometric formation
and acid dissociation constants were studied at an ionic strength of
0.1 M with potassium nitrate as the supporting electrolyte and at a
temperature of 250C using the potentiometric method. The pH was measured
by a Beckman Research pH meter or a Corning Model 101 Digital Electro-
meter equipped with a sleeve-type calomel reference electrode and a glass
electrode. The stoichiometric formation and acid dissociation constants
were celeul Sduares program using an
I.B.M, 360 computer.

For both dihydroxy ligands (DHIBA and DHMIBA) the sequence of in-

+ +
creasing formation constants proved to.be the same: Co+2 < Ni < Cu 2>

anz > Cd+2, in agreement with the well-known Irving-Williams series.
The stabilities of the divalent transition metal complexes increased in
the order DHEMIBA < DHIBA < HIBA. The molecular structure in solution of
Cu(DHMIBA) o Cu(DHIBA) , and Cu(HIBA)2 was predicted to be a tetragonally
distorted octahedral configuration from the statistical ratios observec,

and in this configuration, bidentate ligands were proposed.

The anomalous trends in the stabilities of both the rare-earth DHIBA
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and the rare-earth DHMIBA complexes were thought to result from a change
in the dentate characﬁer of the ligands. Statistical ratios of succes-
sive formation constants were studied to predict the dentate character
of the ligand in each complex. Both DHIBA and DHMIBA ligands appeared
to bond the lighter rare-earth cations tridentately and the heavier rare-
earth cations bidentately. The proposed change in dentate character of
these ligands was also supported by the observed higher formation con-
stants of the lighter rare-earth DHIBA and DHMIBA complexes compared to
the complexes of @-hydroxyisobutyrate and ethylmethylglycolate. This
order of stabilities reversed direction with the heavier rare-earth
chelates. Both inductive and steric effects of the methyl group at
B-cerbon position in DEMIBA seem to affect the formation constants.
The DHMIBA chelate stabilities were lower than those for DHIBA with La
and Ce, markedly higher from Pr through Tb, but then lower again from

Dy through Lu.
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IX. APPENDIX A:
ACID DISSOCIATION CONSTANTS OF a,f -DIHYDROXY -B-METHYLISOBUTYRIC

AND 0-HYDROXYISOBUTYRIC ACIDS



KC OF OHMIBA-X,

ORIG ACIC
CRIG KOH
BUFFER ACIC
BUFFER SALT
FINAL SCLN.

CCNC.
CONCe.
CGNC.
CCNC.
VOLUME

CONC. SALT ACDEC =
£JR KA & ANION DATA IS Y =

IONIC STRENGTH= C.11GCC

ST. LIMNE ECQ.

AMPLE VACID
L 3.00
2 4,00
3 5.00
& 6.00
5 8.00
[} 9.00
7 10.00
K] 12.00
9 14.00

10 16.00
11 18.00
12 20.00
13 22.00
14 24.00
15 26.00
16 28.00
17 30.C0
18 22.00
19 35.00
20 40.00
21 45,00

RUN2

0.€9930
C.04958
0.04572
C.C4558

= 10000

1e2SC10

VBASE

3.00
44C0
£.00
6.00
8. 00
9.00
16.00
12.00
14.00
16.00
1€.00
20.00
22400
24.C0
2€.00
28.C0
30.00
32.00
3t£.00
40400
45.C0

NOVEMBERL1

PH

346457
3.£200
3.6025
3.5%04
3.5746
3.5€55
3.5621
3.5600
3.5561
3.5¢€22
3.5490
3.54€2
345455
3.5450
3.5440
3.5428
3.5400
3.£400
2.£398
3.5398
3.5400

1571

ANICN

0.17135£-02
0.22231E-02
0.27287E-C2
0e22316E-02
0.42327E-02
0.47342E-02
0.52321E-02
0.62250E-C2
0e7T2191E~02
0.82132E-02
0.520€9E~02
0.10200€E-01
O.111G52E-C1
0.12184E-01
0.12177€-01
0.1416GE-01
0.15162E-01
O« 1€6154E-01
0.17642E-01
0.20121E-01
0. 22599E-01

0.30554E~03+{-0.52180E-03)*(X)

KA

0.30614E-03
0.30492E-03
0.30475E-03
0.30439%-03
0e30374F%-03
0.306342-03
0.30526E-03
0.30127F-03
0+30021E-03
0.30009E-03
0.300CBE~-03
0.30023E-03
0.29917E-03
0.29824E-03
0.25786E-03
C+29777E-03
0.29855E-03
0.29823E-C3
0.25744E-03
0.29621E-03
0629511FK-03

LSTSCKA

0.30504E-03
0.30478E-03
0.30451E-03
0.30425E-03
030373E-03
0e30347E-03
0.30221£-03
0.30269E~03
0.302175-03
0.30165E-03
0.30113E-03
0.30061E-03
0.300105-03
0.29958E-03
0.29906E-03
0.29854E-03
0.26803E-03
0.29751E-03
0.25€73E-03
0.29544E~03
0.29414E~-03

ERROR

0.36
0.05
0.08
0.05
0.00
0.95
0.68
-0.47
-0.65
-0.52
-0.35
-0.13
-0.31
-0.45
-0.40
-0.26
0.31
0.24
0.24
0.26
0.33

VKNO3

T.619
Te579
7.540
7.501
Te423
T«384
Te346
T«265
Te.192
Te115
7.038
6.961
6.884
6.807
6.730
6.653
6.57¢€
64499
6.384
6.192
6.000

T



KC OF DHMIBA-~SQRT (X}

CRIG ACID
CRIG KOH
EUFFER ACIC
BUFFER SALT
FINAL SCLN.

CCNC.
CCNCo
CCNCa
CCNC.

VCLUNME

CONC. SALT ACCED
FOR KA & ANION DATA IS Y = C.30835E-C3+(-0.90660E-04)*%SART(X)

ST. LIME EC.

RUN1+2

C.CSS30
0.04958
0.C049172
C.C4958

100.00

1.25010

IONIC STRENGTH= 0.10000
ANPLE VACID VEASE
1 4.C0 4.00
2 5.00 5.00
3 €.00 €.00
4 7.00 7.C0
S 8.00 8.00
6 12.00 12.00
T 14.00 14.00
8 14.00 14.C0
9 16.00 16.CO
10 16.00 16.C0
- 11 18.00 18.00
12 18.00 18.00
13 20.00 20.CO
14 20.00 20.00
15 22.00. 22.00
16 22.00 22.00
17 24.00 24.00
18 24.00 24.C0
19 2€.00 2€.00
20 2€.00 26.C0
21 28,00 284C0O
22 28.00. 28.00
23 30.00 30.C0
24 3C.00 30.C0
25 22.00 12.00
26 22.00 3200
27 35.00 35,00
28 35.00 35.00
29 40.00 40.00
30 40.00 40.C0
31 45.00 £.C0
32 45400 45.00

NOVEMBER11

PH

3.€200
3.£025
3.5904
3.5E65
3.51746
3.,5600
2e55€1
3.5565
3.5522
2.,5526
3.54%90
3.5%22
3.84¢2
3.5490
35455
3.5467
3.5450
245460
35440
3.5450
345428
23,5440
2,.5400
3.5429
3.5400

«£422
3.5398
3.5420
3.53658
35410
3.5400
3.5418

1<71

ANICN

0.22231E-02
0.27287E-C2
0.32316E-02
0.37297E-02
0.423227E-C2
0.62250E~-02
0.72191E-Q2
0.72188E-Q2
0.,82132E-02
0.82130E-02
0.62065E-G2
0.92048E-02
0.10200E-01
0.101S8€E-01
0.11192€-01
0.11192E-01
0.12184E-01
O« 12184E-01
0.12177E-01
0.13176E-01
0e1416GE-Q1
0.14168E-01
0.15162E-01
0.15160€E-C1
0.16154E-01
O.1€153E-C1
0.17€42E-C1
0.17640E-C1
0.20121c-C1
0.20120€-01
0.225G9E-C1
0.225GE8E-C1

KA

0.30492E-03
0.30475E-03
0.30439€-03
0.300C2E€-03
0.30374E-03
0.301275-03
0.30021E-03
0.299S1E-03
0.30CC9E-03
0.29579&-03
0.300C8E~C3
0.29774E-03
€.30023E-03
0.29819E-03
0.29517€-03
0.29831E-03
0.29824E-03
0.25752E-C3
0.25786E-03
0.29714E-03
C.25777£-C3
0.296G2E-03
0.29855E-03
€.29€883-C3
0.29823E-03
0.25666E-03
C.25744E-03
0.25589£-03
C.29621E-03
C.29537€-03
0.29511E-03
€.25386E-03

LSTSQKA

0.30407E-03
0.30361E-03
0.30319E-03
0.30281E-03
0.30245€E-03
0.30120E-03
0.300£5€E-03
0.300€5€E-03
0.30013€E-03
0.30013E-03
0.2G5€5E-03
0.,295€5E-03
0.25919E-03
0.29919€E-03
0.29876E-03
0.26876E-03
0.2S834E-03
0.29834€-03
0.2G794E-03
0.29794E-03
0.2S756E~-03
0.25756E~-03
0.29719E-03
0.2G71SE-03
0.2%€¢83F-03
0.,25683E-03
0.29€31E-03
0.29€31E-03
0.29549E-03
0.295498-03
0e29472E~-03
0.294722-03

ERROR

0.28
0.37
0.39
-0.92
0.43
0.02
~0.15
-0.25
-0.01
-0.l11
Oel4
-0.€4
o.wm
-0.34
0.14
-0.15
-0.03
-0.28
-0.03
-0.27
0.07
-0.22
0.59
-0.10
0.47
-0.05
0.38
-0.14
0.24
-0.04
Oe«l3
-Ce29

VKNO3

T.579
T«540
74501
T4€2
T.423
T«266
T.192
7.192
7.115
T7.115
7.038
T7.038
6.9¢1
6.9€1
6.884
6.884
€.807
6.807
6.730
6.720
6.€53
6.653
6,576
&E.576
€.496
6.499
6.384
€.384
€.192
6.192
64000
€.000

2Nt
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KC OF HIBA-X RUN1 OQCTOBER3 1672

CRIG ACIC CCNC. = 0.10786
ORIG KOH CCNCe = (oC49E7
BUFFER ACID CCNC. = 0.05799
BUFFER SALT CCNCe. = (0.G43E7

FINAL SOLN. VOLUME = 200.00
CONC. SALT ACOEC = 1.E8800
ST. LINE EQ. FDR KA & ANION DATA IS Y = 0,15562E-03+(-0.2615SE-03)*(X)

IONTC STRENGTF= 0.100CC

AMPLE VACIOD VBASE PH ANICN KA LSTSQKA ERROR VKNO3
1 16.00 L€4CO 37670 De416C6E-02 0e.15G23€E-03 0.15853E~03 0.44 10.152
2 16.00 1.6.00 3.7678 N0.41€03E-02 0.158S1E-03 0.15853€E-03 0.24 10.153
3 17.00 17.CO 3.7668 0e44100E-0Q2 0.158575-C3 0.15846c-03 0.07 10.126
4 17.00 LT.GCO 37665 0«44101E-02 0.15868E-03 0.15846E~03 O.14 10.126
5 18.00 1.8.00 3. 7660 0e.46597E-02 0.15822E-03 0.15840E-03 -0.11 10.100
6 19.00 1.G-CO 3.7660 0+4S090E-02 0.157€3E~-03 0.,15833E-03 =044 1L0.073
7 19.00 1.9.00 3.7660 0.49090E-02 0.15763F-03 0.15833E-03 -0.44 10.073
8 2000 20.G0 2.7648 De51589E-02 0.15757E~C3 0.15827E-03 -0.44 10.047
9 20.00 2C.CO 3eT7£40 0.51592E-02 0.15788E-03 0.15827€~-03 -0.25 10.047

10 22.00 22.00 3.7610 D.5€5G1E-02 0.15811E~03 0.15814E-03 -0.01 9.994%
11 22.00 22.00 37600 0e.56565E-02 0.15850€-03 0.15814E-03 0.23 9.994
12 23.00 232.00 37600 D.56088€-C2 0.15810€E-03 0,15807E-03 0.02 9.967
13 24.00 24.00 3e 7585 0e€1588E-02 0«15830E~03 0.15801E-03 0.19 9.941
14 25.00 28.C0 3.1583 0.€4082E-C2 0.158C4E-03 0.15794F-03 0.06 9.914
15 2€.00 26.C0 37573 0e£6580E-02 0.15810£-03 0.15787€-03 O.14 9.888
1€ 2€.00 26.CO 347573 NDe EES5B0E-02 0.15810€E-03 0.,15787€-03 O.14 9.888
17 27.00 27.C0 3.75€8 D«6SCT5E-C2 0.15800E-03 0.15781E-03 0.12 9.861
18 28.00 2€.C0 3.7568 D.7156GE-02 0.15773£-03 0.15774€E~-03 -0.01 9.835
19 28.00 28.C0 3.7564 0.715702-02 0.15788£-03 0.15774E-03 0.09 9.835
20 29.00 29.00 3.7564 Qe T4064E-02 0.157€3£-03 0.15768E-03 -0.03 9.809
21 30.00 30.00 3.15¢4 D.7€557E-02 0415739€-03 0.15761F-03 -0.14 9.782
22 20.00 30.CO 3.75€5 De T€55TE-Q2 0.15735E-03 0.157€1E-03 -0.17 9.782
23 21.00 31.C0 31,7564 QJ.7S051E-02 0.15717E-03 0.15755£-03 -0.24% 9.756
24 32400 32.00 261543 0.81553%-C2 0.15776E-03 0.15748€-03 0.17 9.729
25 32.00 3200 367542 D.81553E-C2 0.157795-03 0.15748E-03 0.20 9.729
26 33.00 33.C0O 3.7543 Q.84046E-02 0.157565-03 0.15742C-03 0.09 9.703
27 34,00 34.00 3.7%43 D BES54CE-02 0.15738%-03 0.15735E-03 0.02 9.676
28 34.00 34.00 3.7543 D.B8E540E-02 0.15738E-03 0.15735E-03 0.02 9.676
29 35.00 35.00 3.7542 JeB8S034LE-C2 0.15724E-03 0.15729F-03 -0.03 9.650
30 25.00 35.C0 3.17540 0.8G034E-02 0.15732:-03 0.15729€E-03 0.02 9.€50
31 3¢.00 3€.C0 3.7537 0.61529€E~-C2 0.15727E-03 0.157222-03 0.03 9.£24
32 37.00 37.C0 3.7530 0e54025E-02 0.157375-03 0.15716E-03 O.14 9.597
33 38.00 38.00 3.7530 J.€€ES519€-02 0.15723E-03 0.15709E-03 0.09 9.571
34 38.00 3€.C0 3.7530 De9€5193-02 0.157232-03 0.15709F-03 0.09 Q.571
35 40,00 4J3.CO 247537 0.10150c-0C1 0.15€£9%-03 0.1560€6F-03 -0.17 9.518
3¢& 40.00 4C.CC 3.7540 D.10150£-01 0.15658%-03 0.15696E-03 -0.24 9.518

Tt
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X. APPENDIX B:
FORMATION CONSTANTS OF RARE-EARTH Q ,f-DIHYDROXY ISOBUTYRATE

COMPLEXES



STABILITY CCNSTART CF LAB-OHIEA

CRIG ACID CONCENTRATICN
ORIG BASE CCNCENTRATICA
BUFFER ACID CINC.
PUFFER SALT CONCZ.

RATID CF THL VKIOH TC VB
FINAL SCLUTICN VvCLUM=
STRAIGHT LINE

(1) Vs

€.000
8.000
1C.00C
11.000
12.000
14.000
1€.0C0
18.000
20.G00
10 22.00¢C
11 2¢.00C
12 28.00¢C
13 31.000C
14 34,000
15 2¢.00C
16 3R.000
17 4C.000
18 5C.0C0
19 €C.C0C
20 7C. 000
21 8C.00C

H DNV HUN-

(LI T I TR T S TR U]

SLUATICMN-Y

ANTION CCN

[T RN
1
!

(9]
.
n
<
n
o
K]
|
PO OO0

B I )
|

3
—
3
n
1
|

S.24€3Cr-

Ce2i356€7—

0.324357-

0e36¢3557-307
Coagii3ete-C2
C.46:5147-C2
Ce2251C%-C2
0.550327-C2
C.652518-C2
Ce€55327-C2
Ce710227-C2
0.723827-02
CelC071%-Cl
0.123¢658-C1
Cel14674F-C1
c.17cC87-C1

JN NN NN NN

(1) BFTA(LI LtCcc B
1 0.445¢€¢%F (3 Zeé
2 0.22¢<1% C5 . E
3 0.5121% C:¢ £e7
THE NUMBER ZF IT/KATIC

NO POINTS

ELIMINATIC

«xa24vh<xkTHIFE PARAMITER PROGRAM LSED®®xyxssxix

RUN 2 NOVEMEZIQ 3 1CT72

3.CG635¢% IZNIC STRENGTH OF SJOLUTICGN = 0.1000

0.C5C1l5 PCTASSIUM NITRATE CCNCe. = 1.8880

J.C4344 VvOLUNFE 9F METAL ICN SOL. = 4,00

Q.0501°% CCNC. OF METAL ICN SOL. = 0.10061

1.CCCO0 CCANC. EXCESS ACID IN METAL = 0.0

2CC.NC

D.26500%-03+(~-0.60GCO0E-04)%5C RT(X)
N EXF N CALC FRROR PH KA USED KA THEO
Ue35° 0.359 -0a«42 3.582¢C 0« 26306E-03 0.26229E-03
0.44°5 Ce445 -C.02 3.5580 0.26276E-03 0.262735-03
0.524 CecS23 G322 3.545C 0.2€6250E-03 0.263201E-03
Ce.5€1 Ca559 C.40 3.5410 0.26237£-03 0.26299E-03
C.5¢7 C594 C.54 3.538C 0.26225E~-03 0.26306E-03
C.t€2 Ce€tD 0434 3.535¢C 0.,26202F-03 0e2€6249E-03
Ce?1% J.723 -0.51 3.535C 0.26179£~-03 0.261112-03
0.77¢ Ca780 -0.48 «5350 0. 26158E-03 0.26C97F-03
C.RZ3 2.233 -Ce57 3.53¢€C 0e261382-03 0. 26C69E-03
Ce3°C Ca3Rr2 -Z.28 3.537¢C 0.26119E-03 0.26C87E-03
0.S47 6.552 -C.4S 3.54CC 0«260S1E-03 0.260382-03
1.017 1.014 C.34 3.5420 Ce 26065€-03 0.26CGSE-03
1.071 1.273 —-C. 24 3.54€C0 0.26039E-03 0.26016E-03
1.135 1.126 0.80 3.5480 0.26015E-03 0.26083E~-03
l.171 1.160 0.96 3.550C 0.26000E-03 0.26C83E£-03
1.1G¢€ 1.193 Ca22 3.5530 0.25984E-03 0.26002E-03
1.228 1.224 0.30 3.5550C 0.25G6%E-03 0.25993:-03
l.3¢€1 le362 -C.06 3.5650 0.2585BE-03 0.25894E-03
leb€4 1.477 -C.87 3.574C 0.25833E-03 0.25779&E-03
l.5€1 l.574 -C.34 3.5810 0.25773E-03 0.25726€E-03
1.€45 1.€58 -C.75 3.587¢C 0.25717E-03 0.256805-03

FTACL) SIGMA(T) K(I) LChH K1) K{I)/K(I+]1)

4960 0.3C2F C1 C>»4456E C3 2.€4890 6.032

1723 0.7C5¢ 03 0.7386% C2 1.8€£842 4e747

0527 C.6€5% 05 0.1556E (2 1.19205 kb koK K

NS = 5 SVMIR = (C.7621:t Cl

VvOL KNC3

S.381
G.383
9.375
9.375
G.370
94358
Se342
9.322
9.300
G274
G.233
G.187
9.139
9.08¢
S.050
9.014
8.576
8.776
B.5€2
8337
8.106

oMt



Rickxd Fxkua THREE PARAMZTER PRCGRAM USE Dn## w¥skusk

STABILITY CCASTANT OF (F3-DHISA RUNM 1 NOVEMRZ 8 1672
ARIG ACID CONCTNTRATICN = 0.09259 ICNIC STRENGTH OF SJLUTICN = 0.1000
GRIG EASE CGNCIMTARATIIN = 0.05015 FOTASSIUM NITRATE CONC. = 1.8880
BUFFER ACIC CCNC. = 0.00344% vCLuMz JF METAL ICN SCL. = 4.00
BUFFER SALT CCNC. = 0.05C15 CCNCe 2F METAL ICHh SOL. = 0.10150
RATIO CF THE VXCH 70O vP = 1.C20CC CONC. ZXCESS ACID IN METAL = 0.0
FINAL STLUTICN vioLUMZE = 206,00
STRAIGFT LINE £3QUATITA-Y= J.265007-03+(-0.5CCCOE-C4)*SQ RT(X)
(11 Ve HOIXF N CALC TRRIR PH KA USED KA THEQ
1 4.00C 3 Ce327 C.325 C.58 3.578C C.26353£-03 0.26519F-03
2 €.,000 3 Ded42 C.443 -Ce27 3.5310 0.263205-03 0.262493-03
2 £.0CC 0e12123%-C2 Cefh4 Ceb567 -Cat4 35350 Cea26251E-03 0e26162c-03
& 1C.000 Gel52¢3:-C2 Te€3% C.c38 S.16 3.4G7C 0.262€5E-03 0.263C8E-03
5 11.000 Cel7327:-C2 3677 0.6R3 -Z.80 3.4G¢C Ce262526-03 C.260825-C3
& 12.000 CelECGT-(2 Je 724 Ce721 3.40 3.492°0 0.26241E-03 0.26336%-03
7 14.000 J3.221237-C2 C.729 C.76GG -C.C9S 3.452C Ce2521EE-03 0.26200E-03
L} 16.000 C.257C83-02 J.RcE C.RES -J3.28 3.4930 0.261G66E£-03 0.2618B1E-C3
e 18.000 Ce253727-02 CeS2a CeG34 D304 3.495¢C 0.26175E-03 0.26182C-03
10 2C.00C Ce33514%7-07 CeGch C.%94 C.00 3.49EC 0.25155E-03 0.26155E-03
11 22.96C C.363755-C7 1.0%7 1.04% Q.77 3.50CC C.26136F-03 Ce25252E-C3
12 2%.00C Ce42342%-(2 1.121 1.127 C.%l 3.50¢C 0.261CTE-03 0.261€4E-03
13 28,00C CoeuFA3E.-C2 1.20¢ 1.136 Ce7C 3.c11C C.26081E-03 0.26171E-03
1l 21.000 Ge55217%=-C2 lec2 38 1263 ~-Ce35 3.518C 0.25054E-03 0.26011E-03
15 34.000 0.€14860-C2 l.21° 1.322 -C.2% 3.523C C.25029E-03 0.25698&-03
l6 3¢€.000 Ce.€5R8457~-(2 1.35G 1.3€9 -Ce77 «£27C 0.256013E-03 0,25629F-03
17 38,000 Ce65541°-C2 1. 3254 1334 C.04 «52SC 0.255S58E-03 0.26002E-03
1R 4C.000 0.74245=-C2 1.423 1.427 C.C% 3.5320 C.25G83E-03 0.25G691=-03
19 5C.0CC CaGE33€E7-C2 1.871 1.574 -Ge21 2454¢€0 0.25611€E-03 0.25893£-03
20 6(.000 0.11614%-C1 1e€773 l.6%4 ~Ce92 3.558¢C 0.25845E~03 0.25776€-03
21 7C.000 0.141747-C1 1758 1.792 Ce.32 3.56¢€C Qe257ECE~-03 0.258C8C2-03
22 8C.000 Oel65457-Cl 1. P€2 JLBTR -C.80 3.575C 0.25728£-93 0e.256812-03
(1) BETA(I) LCG 3774 01) SICMe(1} XK{1) LCcs K(I) K{I}/KLI+1)
1 0.£€825% C3 20934172 Ce3E8Ve 01 0.€6825£ 03 293412 6.C73
2 C.7€71" CS 4o FRGH 2 De.110% C4 C.1124% 03 2.05071 4.749
3 O0.181% O7 £.25865 C.1?0 Q¢ 0.23¢75 02 1.37415 Lt A 2 2 2 Y
THE NUMBE2 OF ITERATIONS = € SMIN = 0.1H28E (/2

NO PODINTS

ELIMINATED

VOL KNC3

G.402
F.425
Ge437
Ge440
J.441
Ge437
Se429
F.417
S.400
9.380
9. 35¢
9.317
9.273
9.226
9.175
9.140
9.102
9.064
B. 863
B.646
8.418
8.184

Lat



STABILITY CCA

2RI6 ACID CONC
CRIG PASLE CCAC
BUFFER £C1D CC
BUFFER SALT CC
RATIC €F THE V
FINAL SCLUTICN
STRAIGHT LINF

e

.

1,000
1.00¢C
2.0092
3.00¢C
2.200
4.2C0
4,000
. 200
£.000
€. 0G0
£€.030C
7.000
7.0C0
£.IC2
15 2.002
16 5,002
17

—
COWNTMPWN -

—
-

g e
sPwn

18 1cC.0cc
19 1C.0C0

28 3C.o00
29 2£.0CC
30 £,000
31 4C.,J0C
22 4C.CCGC
33 45,000
4 4c.,C00C
35 £¢.000
36 S5C.CCC

(1) RETA
0.E€65

1
2 0.132€5
3 0.3¢43

STahT 7F FE3-h13a

srsaAsxeraTHREE PARAMETER PRCGRAM LSED®» kaxsaius

1¢2

JUNE 27 1672

ENTRATICA = J.1026% ICNIC STREINSTH OF SCLUTIGN = 0.1C00
ENTRATICMN = 0.C4c82 PCTASSIUM NITRATE CONC. = 1.2901
AC. = 0.05236 VCLUME OF METAL ICN SOL. = 2.00
NT . = 0.C4c82 CCAC. OF METAL ICA SGL. = 0.10209
“ClkH 77 VA = 1.08300 CCNC. EXCESS ACID IN METAL = 0.0

vCLuv: = 1CC.CO
CQUATICAN=Y= 0.265003-C3¢({-0.6CCCCE-C4I¥S2 RT(X)

BANICN CCH A 42 NoCALc IRRCR PH KA LSED KA THEO
G.25129¢-C3 Ce224 C,222 1.12 3.56¢<8 0.26358€E-03 0.25863E~03

268852-CR 0.225 nﬂ»mm 1.37 3.5955 0.2639€E-03 0.,269612-03
CeS£2207-C3 Ce37F Ce381 -Q0.71 3.4718 0.26358(£-03 0.26100€-03
C.E27R57-(C1 €.5Q0¢ 0.512 -1.2¢4 3.4220 0.26326E-03 0.25921E-03
C.RIREIT-CH C.5C7 c.512 -C.S 3.4215 Ce25326E-03 0.26CCSE-03
Del12227-Cz 0.€22 0.624 -C.3¢0 3.39¢7 0.26299-03 0.26209E-03
€.11289¢7-C2 0.£15 C.h26 -1.21 3.358% Ce26268E~03 0.25538E-03
Cel&2€77-C00 723 C.726 -0e 40 3.386C 0«26273E-03 0.26163E~-03
J.142247-22 9.723 C.726 -0.31 3.385¢8 0.26273(:-03 0.26190Z5-03
24174475352 C.813 0.313 -3.€C 3.3922 0.26249¢-03 0.26CS9E-03
C.173747-C2 JeEll C.216 .17 3.38C6 0+26250£-03 0.2€62G4E-03
C.2C€87--C2 C.c2C £.393 C.26 3.38CC 0.26227€-03 0.26289E-03
C.20€3C7-C2 J.502 Se2-=7 J.51 3.3755 0.26227¢-03 0.263455-03
Gel243725-02 CeG7¢ CaCg .27 3.331F Ce262CEL:-03 0.26264E~03
C.233G4 -2 C.571 C.572 .90 3.38C5 C.262C6E-03 3.264C2F-03
$2TELIF =02 1.26¢ 1.543 C.23 3.3850 0.25185(-03 0.26221€-03
« 276457 -C2 l1eCa 1o~ -3.01 3.3855 0.26185E-03 0.261812Z-0
C.31021%-C2 1.122 1.134 1.63 3.38¢€1 0.2616€65-03 C.264156-03
Ce 2124C%-C2 1.11C 1.197 C.27 3.33¢8 0.26165:~03 0.2621€62-03
Ce3Fec4qf-C2 l.232 1.219 1.00 3.39¢€2 0.26127¢-03 Ce262G4E-03
C.3F527-C2 1.7721 « 220 Ge 39 2.36¢4 0.261275-03 0.26277:-03
Ca862827-C2 1.€5¢ 1.€73 -L.87 3.44¢€0 0.25933E-03 0.25847E~-03
C.5863371-C2 1.667 1.726 ~leb4 3.4%¢8 Ce259C5E~03 0.25152z-03
CeCR21&7-C2 1.7C7 1.725 -l.04 3.4526 0e255C5E-03 0.258C8%-03
Ce.l107177-C1 1.7%4 1.771 -Ce67 3.4572 0.25879¢-03 0.25794&-03
Je.lC732%-¢C1 1.741 1.772 -l.44 3.4578 0.25870¢-03 0.25753%-03
Collé2%c-Cl le765 L.R31% -1.07 3.4622 0.25853E-03 €e257655-03
Call£15°-C1 1.RGL 1.214 -0.74 3.451¢€ 0.2533E-03 0.257922-03
C.13868C7-C1 le502 1.6C3 -C.29 3.4720 0a25793E-03 0.25772E-03
€.1336C"-C1 1.40c 1.6C3 -C.29 3.4720 0.25753E-03 0.25772=-03
Zele251..-C1 1.5¢€2 1.cR8 -1.22 2.482C 0.251735:-03 0.25¢50E-03
Ce l6204F-C1 1.c¢€¢€ 1.c98 ~lel2 3.4818 C.25735£-03 0.25€6€3¢e-03
C.103523:-C1 2.067 2.054 C.66 3.4877 0.25€£3%-03 0.25722=-03
C.l1881c7-C1 7.C7C 2.054 Ca77 3.4976 0.25€83:-33 0.25728£-03
Coe20R2237=C1 2.127 2.113 C.67 3.4543 0.25£332-03 C.256€8X-03
C.2€887--C1 2.122 Zel13 Se43 2.4945 De25£325-93 0.25¢56S-03
“m LCe 9 TACD) K LGG K1) [NESFASREA S
t 03 2.5+1¢E¢€ C.8EST C3 Z.541786 Se743
£ Ce C.13€3¢€ Sel%44% C3 2418879 5.8C6
B €.55147 Ce2¢EQE 02 1.42436 S AW ELSY

3= SAYITUT = z SVMIN = J.1291F Q7

VOL KNC3

6&.863
€.BE3
€.898
6.920
6.919
6.931
€.,932
62937
64937
6492318
€.937
6,933
6,932
€.025
€.924
6.914
6.914
€. 896
€.900
6.8E5
648365
€.553
€.491
6,490
€.426
Eat27
€.3€1
64361
641593
6.193
€020
€.020
5.843
5.843
S. €63
5.6€63

ght



=edx¥vexxwFQUR PARAMETER PROCGRAM USED*t*ssdnsxx

STABILITY COASTANT £= MD3-CrHIBA  FUN 142 JULY 15 1872
CRIG ACID CCNCENTRATICAN = 0.0¢721 IGNIC STRENGTH JF SCLUTION = 0.1000
CRIG PAST CCNCINTRATICN = 0.C4S5B2 PCTASSTUM NITRATE CCNC. = 1.35€5
BUFFER ACIC CCAC. = 0.0474° VILUMZ IF METAL ICN SOL. = 2.00
BUFFER SALT CONC. = 0.04G82 CCAC. GF METAL ICN SOL. = 0410111
RATIO CF TrE VKCH TC vE = 1.CC000 CCNC. EXCESS ACIO IN METAL = 0.0
FINAL SCLLTICN VCLUMF = 1C0.00
STRAIGHFT LINE ECLATICA-Y= 0,2€6500F-C3+(-0.6CCCOE-C41#SQ RTLXY
tn \8 ANICN CCA N Cxf N CALC SRROR oH KA USED KA THEO
1 4,000 C.1CS72F~-C2 Ceb24 C.£25 -0.16 3.4350 C.26301£-03 0.26282F-03
2 £.000 J.13G6525-C2 C.72€ 0.728 -0.36 33,4255 0.26276L-03 0.26176E-03
3 &£.000 0.17CE3:-C2 V.22 C.R13 C.52 3.4203 0.262528~03 Ce26286E-03
4 1.CGC C.292643¢-C2 C.5C6 0.302 C.52 3.420¢ 0.26229E-03 0.26353£~03
5 8.00G0 0.2378£2-C2 0.581 C.579 0.24 3.423¢ 0.262C7€-03 0.26259E-03
& $.000 Ce272¢&7%-C2 1.C49 1.050 -Calé 3,42€C 0.26186E-03 Ce26153€-03
7 1¢.000 Ce325835-C2 1,114 l1a115 -C.05 3.4320 0.261668-03 0.26156E~C3
8 12.000 Ca386C4%=C2 1.22¢ 1.233 -C.56 3.4422 0.2¢127€-03 0.26033E~03
9 12.000 2F56¢%-C2 1.,22% 1.232 -2.35 3.4418 0e26127E-03 0.26C685-03
10 14.CcCO C.u€3C4i-C2 1.325 1.333 Cel2 3.45G2 0.26C52E-03 0.261C98-03
11 14.00C0 C,a€23R7=-C2 1.2132 1.334 -C.05 3.4505 C«26CS2E-03 0.26C84E-03
12 16.9CC «S44685-C2 L.42C lea24 -C.32 3.45¢<8 0.26057E-03 0.25C12E-03
13 18.00¢C 0.626455-C2 1.505 1.504 c.07 3.4673 0.26025E-03 0.26034E-03
14 1€.000 C.€277¢2-(2 1.452 i.5C5 -C. 48 34682 0.26025F-03 0.25965E~03
15 16.000 Q.6€736c5-02 1.540 1.542 -C.15 3.4715 G.26C09E-03 0e25%91E-03
16 16.000 Co€l8GeE-C2 1.54C 1.542 -C. 15 3.4715 C.260C9E-03 0.25991E~03
17 20.000 Se7106CT-02 1.C€EC 1.977 0.21 31.474€ 0.25954F-03 0.26C1BE-Q3
18 2C.00C Co71C5€3-C2 l.57¢ 1.577 Jel4 3.4747 0.25964£-03 0.26011£-03
19 2z.90C 0.768547-C2 l1.e43 1.¢43 Ce40 3.4812 0255¢56-03 0.26GCBE-03
20 22.0cc C.7651728-C2 1.£48 1.£43 Cc.33 3.4813 C.255656-03 0.260015-03
21 24.C00C QeAE2567-C2 1.7¢C> 1.704 Ce 34 3.4876 0.25936L-03 0.25571E~03
22 24.C00 Q.382767-C2 LL7CH 1-704 Ce27 3.4377 0.25636E-03 0.259€3F-03
23 2€.000 CeSTl14-°-C2 1.7¢? 1.7€0 2.10 3.4637 0.256CSE-03 0.25918£~03
24 2€.000 CeS7lECT-C2 1.75S 1.760 ~%.05 3,493% 0.259098-03 0.25904E-03
25 2€.000 €.1C05627-C1 1.817 1.811 Ce33 2,4987 0.25882:-03 0.25912E-03
26 3C.0CC C.1ll49¢F-C1 1.9€4 1.R60 0.23 3.5037 0.25857.-03 0.25876E~03
27 2¢.000 C.ll458--Cl l.8€C 1.8€0 -0.0t 3,5040 0.258578-03 0.25856&~03
28 3¢£.00C Je13745:-C1 1.677 l.S66 Ce55 3.514C 0.257576£-03 0.25837€-03
29 3£.,00C Cel37775-C1 1.6¢€1 1568 -Ca34 3.5150 0.25766-03 0.25770E-03
30 4C.C00 ColéCre™-C1 2.C4E 2.C€0 -0.6C 3.5241 0.25736£-03 0.25699E-03
31 4C.000 C.l600C¢-01 2.046 2.060 ~0.70 3.5242 0.25736K-03 0.25£92F-03
22 £.0CC C.1841€7.-C1 Ze125% 24141 ~0.73 3.5317 0.25¢R6E-03 0.25€641E-03
33 5C.,000 J.2C7188-C1 2.218 2.211 C.33 3.5372 0.25€36%-03 0.25¢54E-03
34 £C,000 C.2C7Ce 2.222 2.210 0.55 3.537C 0.25€376-03 0.256675-03
(1) BLTALLI) LEG B3FA(I) SICMA(TY K{1} Les k(I K1) /K(I+1)
1 C.52247 C3 Z.G€4€C? CuR44%T 01 Ge.5224Z 013 24G€492 6.C51
2 0.14C€F OF £alb47cR Cal1507 04 Cel224E C3 2.18306 4,546
3 0.4333k (7 E.E3677 0.223F 06 C.3082F C2 1.40879 5.739
4 0,222€6% (¢ Tel2bFEES C.7C4% 07 C.53€G68 C1 C.72992 AEL A AL d ]
THZ NUMBFR OF [T mgTicne = 10 SMIN = 0.1715E C2

N2 FCINTE (LiMingT: 0

vOL KNC3

6.601
6.607
£.606
€.602
64595
64585
€a572
€.540
6.540
6.500
€.500
€.45¢
€.407
6.408
€.382
€.382
6.356
€.356
&.301
6.301
64245
6.245
€.186
£.186
6.126
6,065
&.0€5
5.907
S5.508
S.745
5.745
5.578
5.409
54409

6T
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REPEARRRBAFOUR PARAMETER PROGRAM USED*wenssasss

STABILITY CCNSTANT CF iU3-CHIBA RUN 142 AUCUST 14 1672
ORIG ACID CCONCENTRATICKN = 0,05454 ICNIC STRENGTH OF SOLUTICN = 0.1000
ORIG BASFE CCNCENTRATION = 0.C49€2 POTASSIUM NITRATE CONC, = 1.35€5
BUFFER ACID (CANC. = 0.04572 VCLUME JF METAL ICN SOL. = 2.00
BUFFER SALT CCNC. = 0.€4582 CCNC. OF METAL ICMN SOL. = 0.10104
RATIOD CF THE VKCP TC VR = 1.,00000 CCNC. SXCESS ACID IN METAL = 0.0
FINAL SOLUTICN VOLUME = 1CC.CO
STHAIGHT LIME ECUATICA-Y= 0.265007~C3+(-0.60CCOE-041%SQ RTLX)
V8 SNICAN CCA N FxP N CALC FRROR PH K& USED KA THEO
2.000 C.71258¢-C3 C.57¢C 04,567 0.€3 3.4316 0.26340E-03 0.266C6E-03
3.000 0.71437F-03 0.5¢¢% 0.568 0.23 3.4324  0.26340E-03 0e26437€-03
4.000 C.968655-(3 0.76C 0.702 -0.27 3.4083  0.26313E-03 0.26209€E-03
4,000 0.565518~-C3 0.70C 0.702 -0.36 3.4085 0.26313€-03 0.26174E-03
5.000 0.12390F-C2 0.218 0.823 =2462 3.3678 0.26289€~03 0.26068E-03
£.000 0.12328€-C2 c.221 0.820 0.16 3.3960 0.26289E-03 0.26346E-03
€.000 0.152120-C2 C.G26 0.631 ~0.55 3.3937 0.26266E-03 0.26CBR5-03
€.000 0e1514€E-C2 Ce93C 0.929 Q.13 3.3921 0.26266E-03 0.2€310E-03
7.00C 0.18174E~C2 1.C26 1.031 ~0.48 343938  0.26244E~03 0.26101E~03
7.000 0.1R117E~C2 1.030 1,029 .03 343526  0.26245E-03 0.26253E-03
8.000 0.212178-C2 le121 1.122 -0.01 3.3954 0.26224E-03 0.26220F-03
£.00C 0.211402-C2 l.12¢ 1.119 0.57 3.3940 0.26224E-03 0.2£385%-03
Ge0CO. 0.24444%5-(2 l.2C¢ 1.207 -0.09 343967 0.26202€~03 0.26179E-03
$.000 0e244448-C2 l.2C¢ 1.207 -C.09 3.3957 0.26203E-03 0.26179€E-03
1C.000 0.27€26E-C2 1.294 1.284 3.40 3.4025 0.26185€-03 0.26381E-03
1€.00C Ce27730F-C2 1.28¢ 1.286 G 16 3.404C 0.261346-03 0,26223€-03
12.000 0.34582z-C2 14438 1.430 C.56 3.4138 0.26147E-03 0.26269E-03
12.000 0.346F5F-C2 14422 1.432 .02 344150 0.26147E-03 0426153C-03
14.000 Ce4lSeLE-C2 1.5€60 1.563 ~0.21 3.4262 0.26111E-03 C.26C70E-03
14,000 0.41910F-02 1.5¢3 1,562 Call 3.42%5 0.261126~03 0.26133£~03
16,000 C.4938CE-C2 1e673 1.680 0.18 3.4354 Ce26078E-03 0. 26110E-03
1€.0C0 0.45404E-C2 1.€81 1.680 0.08 3.4356 C.26078E-03 0.26G92C-03
18.000 0.57225%-C2 1.782 1.791 -0.42 3.4458 C.26046E~03 0.255T6E~03
18.00C Ce571167-C2 1l.78¢ 1.789 -€.02 3.4450 0.26047E-03 0.26043c-03
15,000 0.¢11277-C2 1.835 1.842 ~-0.39 3.4500 C.26C31F-03 0.25568E-03
16.00C 0.eC5027-C2 1.842 1.240 0.12 3.4450 Ce26031E~03 0.26C50€-03
2C.000 0.64%117-C2 1.893 1,230 0.16 3.4530 C.26017€~03 0.26042c-03
2€.000 0.€4911¢8-C2 1.853 1.890 0.16 3.4530 Ce26C17E-03 0.26C42E-03
224000 Ce730¢€52~C2 16975 1.687 -0.38 3.4616  0.25587€~-03 0,25932£~03
22.000 C.730307-C2 1.681 1,686 -C.27 34614 C.25987E~03 0.2554R8E-03
244,000 C.81102F-C2 2.072 2.075 -0.16 3.4681 0.25G60E~03 0.25638%-03
24,000 Ce BCSEBE-C2 2.075 2074 Q.24 3.4674  0.25560€-03 0.25992€-03
264000 0.864770-C2 2.148 2.161 -0.62 3.4752 0.25932E-03 0.25854E-03
28.00C 0.G7567E-02 24239 24239 -0.01 3.4800 0.25S(C7€-03 04 259C6E-03
28.00C 0.61567F-C2 24235 2.239 -0.01 3.480C 0.259C7E-03 0.25906£-03
3C8.00¢ C.1058L2-C1 2315 Ze3i% .25 3.4330 0.2%GE3E-03 0. 25311233
ITeUUL Uell130%-0 ) Lad iy Lo —Uedet Sea¥L UedoB2lt—-Us Uedd103E-03
£.000 C.12745%-C1 24471 2.488 -Ce45 3.,498C 0.25823E-03 0.25777%-03
4C.CO0G 0.149(75-C1 2.638 2.€38 0.02 3.5076 0.25767E-03 0+425769E-03
4C.000 Cal49C4C~C1 24€40 2.€38 J.10 3.5075 0.25766F~03 042577€:~03
45,000 C.17CEES-CL 24790 2.768 C.82 3.5156 0.25716E-03 04257852-03
4¢.,000 C.17CRST-C1 2.79R 2.7€R8 0.74 3.5157 0.25716€E~03 0e2577R2-~03
3C.0C0 C.193¢CE-C1 24RGE 2.984 0.36 . 5242 0.25€665E-03 0.25693E-03
tn BFTA(I) LCC BFTALD) SIGMACT) K{L) LCG K1) RIDV/KUI+1)
1 0.1122F G4 2.05027 C.ASTE 01 C.1123E C4 3.05037 4,424
2 0.2850¢ (o Ce4348E Q.254F 04 0.2538E Q3 2440451 5.472
3 0.1222¢ C8 7.12121 0,554k 06 0.4638E 02 1.€6633 0.755
4  0.8l1¢F 09 Fe€0633 0.249F OR 0.6139E C2 1.78812 AN ERRRNS

Th: MUMBER JF

NC POINTS LLIMINATED

TTERATICNS = ]

SMIN = 0.4595E 02

VOL KNC3

6.612
6.613
6.632
€,632
6.643
6.642
6649
6.648
6.650
6.649
€.646
6,645
6.639
6.639
€.628
6.625
6.602
64603
6.5¢9
¢.5%69
6.529
6.52%8
60485
6.435
6,462
6.461
6,437
€.437
6.387
6.386
€.332
6.332
6.277
6.219
6.219

600D
64005
54843
54843
5.675
54675
5.504



mad a3k kkFIUR PARAMETER PROGRAM LSt DRkk#¥f&kik

STABILITY CONST/ TE SC2-0RIPs RUN 2 NIJVEMPER 20 1672
ORIG ACID CCNCENTRATIZM = 0,0689¢ ICNIC STRENGTH OF SOLUTICHN = 0.1000
CRIG BASE CCNCENTRATICM = CeCS2€2 FOTASSIUM NITRATZ CCNCe. = 1.3880
EUFFER ACIC CZINC. = 0.04337 VCLULMZ OF METAL ICN SOL. = 4.00
BUFFER SALT (NI, = D0.052¢2 CZNhC. CF7 MIZITAL ICN SOL. = 0.0€7388
RATIO CF THE VKZF T3 VF = 1.30C00 CCNCe ZXCFSS ACID IN METAL = 0.0
FINAL SCLUTICN votuM: =  2C0.C0
STRAIGHFT LINF ZQUATION-Y= 3.255000-034(-0.6CCCOE-041%SC RT(X)
(1) \'4:] ANICAN CCN NTTXP N CALC ZRRIR PH KA USED KA THE)
1 4.00¢C 0.5¢4€6C0-C7 0.455 Ja456 -024 3.5550 0.263517E-03 0e26273E-03
2 6.000 CeFE0227-C3 C.€é18 Cabl? 0.17 3.5120 0.26325E-03 0.26378E-03
3 €.000 Q.11533:-C2 J.75¢% 2a757 Ga35 3.4920 0.262%6E-03 0.26396%-03
4 1C.000 C.14775:-C2 0.rRA32 Cw3R2 0.05 3.4€50 0.25269E-03 0.26281E-03
5 11.00C Coll4€42-C2 0.53¢ <G40 -G.C9 3.484C C.26257E-03 0.26234FE-03
€ 12.000 0.1819CE-C2 C.GG3 G985 -0.18 3.4840 0.2£244E-03 0.26201£-03
7 14.00¢C Cezl€CEF-C2 l1eC<7 0S5 Ce23 34485G 0.256221c-03 0.262T71&-03
2 1€.000 Ce2%405r-C2 1.18%2 188 C.Cé6 3.4950 0.26158E£-03 0.26210€-03
G 18.00C €.203215-C2 1.2¢€¢€ La 274 ~C.&2 3.4950 0.2¢17%E-~03 0.26056£-C3
10 ¢C.000C 0.,32172°-C2 l.348 i «349 -GaN9 3.4950 0e25154L-03 0.261395-03
11 22.00C Ce37173%-C2 L.4a21 L4290 C.Ca 3.504C 0.261345-03 0.26142%-03
12 25.00C C.4n3ce~-C? 1.5817 1e318 -C.03 (.swmo 0.261CEE~03 0.261C0OE-03
13 2€8.00C C.6G7C10-C2 1.€C5 1605 C.27 £16C 0.260177&-03 0.26115£-03
14 31.000 G.5€3213.:-C2 1.682 LW686 ~-0.25 w-qun 0.25C50E-03 0.26017E5-03
15 24.00C C.eBe37-C2 1.7¢0 L7158 Q.12 3.532C 0.26024E-903 0.26C395-03
16 3€¢.00C Ca&73137-C2 1.RC7 1«RC3 C.22 3.537¢C C.26008E-03 0.26033%-03
17 3e.coc C.718357-C2 1.849 1846 C.18 €41C C.259912-03 0.26012£-03
13 4C.300 S 7€43C=-C2 l.ERY 14887 J.01 3.5450Q 0.25975£-33 Q.25677E-03
1c 5C.3CC C.G6C*=-C2 24065 deCED C.10 3.561C 0.259C1&E-03 0.25910£-03
20 €C.000 Cel3345:-C1 2.212 Z.213 -J.14 3.5740 0.25833F-03 0.25823E-03
21 7C.CCC Cel1475:23-C1 24240 ce337 C. 12 3.594C 0425771c-03 0.25780E-03
22 8C.000 J.1i2177-C1 24436 PR -C.37 3.563C 0,257132-G3 0.25€6905-03
(1) eFTA(T) LCC 3:Ta(1) SICrA(T) K{I) LGS K(I) K(I)Y/K(I+1)
1 0.1C€7% 04 2.02¢22 Ce347% Cl Cel067F C4 3.02632 44550
2 0.28C4" C¢€ £.36Fe7 J0.16¢% 04 0.23465 C3 2.37035 4.859
3 Cel2(CCGr CF 1.C3243 C.4CT¥ 06 C.4R285 02 1.€68377 24875
4 0.,2021% CS f.307¢3 C.1G6CH Qa8 G.168GC% C2 225290 akkkk kRt
THE NUMBFP f ITERATICNS = 5 SVMIN = (Q.7121E Gl

NT FCINTS ELIMINATER

vVOL KNO3

5.652
9.677
9.690
9.693
C.£62
54689
9.677
9,660
5.639
9.613
9.535
€.537
S.484
©.427
9.367
9.325
9.283
$.239
9.010
8. 768
8.517
8,260

9
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STASILITY CCACTANT OF HGZ-JHIPA

ORI

~
VO~V PHWN—~ -

BN N e et b s ot et st et s 4
N OO PNV IWN~-O

G

ACID CONCENTRA™ICN
CRIG EASE CCANCENTRAYICN
BUFFER ACIC CCANC.
BUFFER SALT CCNCe.

RATIC CF T+T VKCH T ve
FINAL SCLUTICN vOLUME
STRAIGHT LINE

LI L 1 S L | I VO Y

CCUATICN-Y

0.C0S5G5
0.C262
0404237
Da.Cc2€2
1.C0200

2CC.CO

UM 2

AdAaFEKRREIUR PARAMETER PROGRAM USEDR# dadmdina

NOVEVEBER 22 1972

ICAIC STRENGTH CS SOLUTICN = 0.1000
POTASSTUM NITRATE CONC. = 1.8880
VCLUMZ GF METAL ICN SOL. = 4.00
CCNC. TF  METAL ICAN SCL. = 0.06840
CCNC. EXCESS ACID IN METAL = 0.0
Je2€5007-03+4(-0,6CCCO0E-04) &SQ RT(X)

N CALC ZRROR PH KA USED KA THZQ
0.263 0.00 3.641C 0.264CEE-03 0.26409c-03
8457 0.09 3.5040 0.26370E-03 0.26415%-03
C.£20 C.C7 3.4530 0.263408-03 0.26371E-03
Ce765 -0.15% 3.4320 0.26313E-03 0.26251%=-03
C.89% -0.09 344240 0.26288E-03 Q0e26253E€-03
Ce653 -C. 10 344230 0.2627€E-03 0.26239E-03
1.010 -0.00 3.4220 0.26264E-03 0.262€35-03
l.116 Q.04 3.426C 0.26241€-03 0426254€-03
1,213 -C«25 344320 0.26219E-03 0.261485-03
1.300 Ca22 3.437C 0.261G8E-03 De26283E-03
1.380 Ce73 3.4430 0e26178E-03 0426358E-03
1.4€0 ~-Ca43 3.4530 0.26156E-03 0.26058€-03
1.562 -0.15 3.4630 0.2612€EE-03 0.26CG6E-03
1.€55 -C.05 3.4730 0.26100E-03 0.26090E-03
1.738 0.24 3.4820 0.260732E-03 0.26115E-03
1.£63 0.03 3.4S7C Ca26031E-03 0.26035E-03
1.¢10 -0.32 3.5030 Ce26014E-03 0.25966E-03
1.951 0«23 3.507C 0.256S8E-03 0.26031E-03
2.139 ~Ce55 3.530C 0e25922E-03 0.25€57E-03
2.287 C.04 3.54¢€0 0.25855€-03 0.25858E5-03
2.413 -0.25 3.560C6 0.25791E-03 0.25769E-03

517 0.71 3.57C0 0.25733E-03 0.25789E-03
SIGMALT) K{I) LCG K(I) KCI)/K(I+1)
0.4586 01 C.125SE 04 3.11361 44655
« 2738 04 0.27G1E 03 2.44572 4.549
C.64lf- Ch C.&135C 02 l.75778 3.758
Ce349i° CS8 C.1615% 02 1.2C826 khkakkddn
SMIN = 041445E 02

Vs ENTIN CON N £XF
2.000 0.237C01%-C3 C.263
4.000 De0€€222-C7 0.457
6.00C Ce7(G13%-C3 C.621
g.000 C.57116%-C3 Ca7€4

10.0G0 0.125C47-C2 CeR%53
11.C00 0.13972°-C2 C.G52
12.000 Ce 15474%-C2 1.01C
14.000 Oe 1B6Z1E-C2 lells
1€.000 0.2197¢5-(2 1.21C
18.000 0.25350%-C2 1.204
2C.00C C.288635-C2 l.3¢<C
22.000 0.32797:-C2 l.454
2%.000 0.3285z1%-C2 leS6C
28.000 Co44483c—-C2 1.654
31.000 0.505695-02 1.742
2€.000 Gab12157-02 le8¢4
38.000 0.€5£E556E-C2 l1.G6C4
4C.00C 0.6S8712-C2 1.555
5C.000 0.G2¢445-C2 24127
€C. 000 0.115692-C1 2.28°F
7C.C00 0.13956%-C1 2407
8C.0CQ 0.1€6329Z-C1 ZeS3E

(I RETA(I) LCG 3=TALT)

1 0.12G6GSE C4 3.113&1

2 0.3€25% Cé £.55934

3 0422245 C9 724712

4 043592 06 £455%3%

THFE NUMBER OF [T<TATICNS = 4

AC PGINTS (LIMINAT:C

vOoL KNO3

9.447
Ge509
G.550
9.577
9.593
9.597
9.598
G9.597
G.589
S.574
9.555
9.535
9.495
9.448
94397
9,303
9.263
9.221
9.001
Be. 764
R.516
8.260

19
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STARILITY CCNSTANT (CF TM2

CRIG ACID CCANCENTRATICN
QRIG PASE CCNCENTRATICN
EUFFER ACIC COCNCe.
BUFFER SALT CCNC.

RATIO CF THE VKZH TC V8
SCLUTICN VOLUVME

FINAL

STRAICGHT LINFE

VR

-
—
~

2.00C
4.00C
6.000
8.00C
1C.000
11.00C
12.00C
14.000
1£.000
10 1€.00C
11 2C.000
12 22.0CC
13 2£.000
14 28.00C
15 31.00C
16 34.00C
17 2€.C0C
18 38.00C
19 4C.000
20 5C. 000
21 €C.000
22 7C.0CC
23 €C.0CC

VNIV WN =

FI I B I R R 4

ZQUATICN-Y
ANTCN CCN

€.2CaC35=-C3
0.365€6%-C3
C.6C7C6E-013
C.£34C82=~-C3
Co10B247-C2
0.12130:-C2
Co 12346€7N-C2
Do 162222-C2
0.1624R%-C2
0.223Q78-C2
0.255735-C2
0.29019E-C2
0.3421GE-C2
Ce36754E~-C2
0e45451E-C2
0.51024<-C2
0.55017%-C?
C.590¢3%2-02
0.430857-C2
0. f3BCET-C2
Cel04€38-C1
0.126€3%-Cl
C. l4B7SU-C1

(1} BETAL(!) LCG 8
1 0.1687F C4 e 2
2 0.€C22- Ct 5.7
3 0.4CE5i (8 Teb
4 0.1¢%8F 1G €e3

THE NUMBER =F I7rRATIC

ANC FTINTS

GLIeINATTC

Addd sk ck*FQUR PARAMETER PROGRAM L SED®*k 3%k x

-CRTEA GUN 1 NOVEMBER 10 1672

0.C8359 ICNIC STRENGTH OF SCLUTICN = 0.1000

0.05015 PCTASSIUM NITRATE CONC. = 1.8880

J.C4344 VJILUME OF METAL ICN SOL. = 4.00

0.08015 CCANC. OF METAL ICN SOL. = 0.0s5781

L.CCCOO CCNCe. EXCESS ACID IN METAL = 0.0

2C0.00

Je26500F-03+4+(-2.6CCCOE-04)1%SQ RT(X)
N =XP N CALC ERROR PH KA USED KA THEC
C.28C 0.281 -0.13 2.607C 0e26415E-03 0.26318E-03
C.428 C.486 G.41 3.45¢<C 0.26381E-03 O0e26&38E-03
5.66C Ce661 -C.05 3.4040 0.26352E-03 0.28325E-03
0.812 0e.812 C.02 3.380C 0.26327E-03 0.26335E-03
Q. 54¢ CeG48 -C.30 3.372C 0.26303E-03 0e26169€E-03
l.CC7 1.011 ~-J.35 3.3710 0.26291E~03 0.261422-03
l.C67 1.C70 —-Ce.24 3.371¢C 0.26280E-33 0.26183€E-03
1.182 1.178 C.22 3.3720 0.2625€E-03 0.26378E-03
1.28C l.281 -0.06 3.38C¢C 0.26237E-03 0e26217E-03
1.377 1.372 C. 35S 3.38¢€Q 0.26217€-03 0e26341E-03
1.4€3 1.458 C.33 3.394C 0.261G7E-03 0.2€2G54€-03
1.53¢ 1539 -C.04 3.4230C 0.26177E-03 0.26166E-03
1.2 le6489 C.26 344140 0.26149€-03 0.26213E-03
1,746 1.750 -0.07 3.426C 0.26122E-03 0.2610€5-03
1.£37 l.8643 -C.33 3.437C €.260658~-03 C+.26027E-03
1.633 1.926 0.35 3.4450 0.,26C7T1E-03 0.261395-03
1.68C 1.582 -0.11 3.4520 0.26055E-03 0.26035E-03
2.028 2.034 -G.28 3.45€C 0.26039E-03 0.25G89E-03
2.08C 2.083 -C.13 3.463C 0.26C24E-03 0.25001E-03
2,287 2.305 -0.89 3.487C 0.25950E-03 0.25838c-03
2.4G3 2.486 C.25 345030 0.25886€E-03 0.25616E5-03
2.644 24€44 0.01 2.518¢ 0.25824E-03 0.2582€5-03
2.800 2175 C.88 3.529C 0.25768E-03 0.25851E~03

cTALT) SIGMA(T)Y K(I) LOG K(I) K{T/K(I+1)

1537 Ce693E Q1 C.1657E C4 3.21637 4,560

7674 O0.471t 04 0.3€34E 03 2.56G37 5.396

0eol 0.122F 07 0.€734E 02 l.82827 1.367

0CE3 C.B8S¢€t 08 C.4926E C2 1.6G6252 *op Aok ¥

NE = 4 SMIN = C.2336% 02

vOoL KMC3

Qe 466
G.535
9.5R3
9.614
%.634
G.€40
G.643
G.644
9.640
Q.628
9.613
9.595
G.559
9.518
9.473
Fe421
9.387
S.350
9,312
S.109
8.886
8.€652
8.408

L&1



#3932+ 444 2EJUR PARAMETER PROGRAM USED®SA# s 4z axx

STABTILITY CCASTANT CF ¥33-DHIEA &UN 1 JCTCEER 25 1972

CRIG ACID CCACENTRATICN = 0.C97%1 ICNIC STRENGTH OF SOLUTION = 0.1000
CRIG PASE CCNCENTRATICN = 0.C4GF7 PCTASSTIUM NITRATEZ CONC. = 1.8880
EUFFER ACIC CCNC. = D.C42¢4 VCLUMS JF METAL ICA SOL. = 4.00
BUFFER SALT CCNC. = 0.04c€7 CCNC. OF METAL ICN SOL. = 0.06588
RATIO CF THE VKIW TO VP = 1.C3C00 CCNC. ®XCESS ACID IN METAL = 0.0
FINAL SCLLTICN VvCLUNME = 2C0.CO
STRAIGHFT CIAE ZSLATICA~Y= D.c650CE-0241-0,6CCCOF-C4)%50Q RT{X)
(1) ve ANICAN CCA N ExP N CALC ERRNR PH KA LUSED KA THEQ VGOL KNC3
1 44020 C.3€24CF~C3 C.a94 C.494 -0.01 3.44¢EC 0.26385-03 0.2637€¢E-03 S.520
2 4.030 0.3€7422~-03 TebGh C.454 -0.01 3.448C 0.26385E-03 J.26376E-03 9.520
3 €.000 Ce5¢5¢7Z~C3 0.L€S5 C.669 0.02 3.2910 0+26357€~03 0.26369€-03 G570
4 €,03C 0.TE2275~C2 G.822 C.R21 Q.14 3.367C 0.26332E-03 0.2€64CBE-03 G603
5 1C.030 C.1018¢8~C2 94657 C.G56 0.13 3.356C 0.263C8E~03 0.2€3712-03 G.624
& 11.000 0.1146cf~C2 1.0113 1.019 -0.39 3.355C 0+26297E-03 0.26254E-C3 G632
7 1z2.030 C.12?277E~C2 1.077 1.C78 -Cal2 3.360C 0.26286E-03 0.26232E-03 9.636
8 14,000 C.15540E~C2 1.18¢ 1.187 -0.15 3.3650 0.26263E-03 0.26205€6-03 9.638
9 14.,030C C.1554C3~C2 1.1P¢ 1.187 -0.15 3.365C 0.26263t7903 0.262058-03 9.638
10 1€¢€.,000 O.1843285%~-C2 1.2R¢ 1.286 2.01 3.3720 0.262428-03 0a2624TE-03 G+633
11 l€e.C00 O0.1F458c~C2 1.2R¢ 1.286 J.01 3.3720 0.26242E-03 04262475-03 F.633
12 18.,00C G.2I1517F-C2 1.378 1.374 G. 28 3.38¢Cu 0.26222E-03 0«26317E-03 S.622
13 2C.q0¢C C.248045-C2 1.455 1.458 G.0¢ 3.390C 0.26201E-33 0.26221E-032 9.607
14 22.00C C.2H2G68%~C2 le€cd 1e536 -Ca.48 3.4910 0.26181E~03 0.26C46E-03 9.588
15 22.000 G.292287~C2 1.5832 1.534 -0.12 3.400¢C 0.26181£-03 0426147E-03 9.587
16 25.00C 0.33381%~C2 l.647 1.624 0.58 3.4120 0.26152E-03 0.26302E-03 9.550
17 28,00C Ce3°9S79F~C2 1.732 lLe727 C.27 3.426C 0.261256~03 0.261978-03 9.508
18 28,00C Ce330747~C2 1.72¢ 1.728 -0.12 3.427C 0.26125E~03 0.26C972-03 9.508
19 21.00C 0.44788BF~C2 1.910 1.911 -0.06 3.4360 0e26C85G-03 9.460
20 34.00C C.836E58K~C2 1.328B¢& 1.886 C.00 3.45CC 0.26C73R-03 9.408
21 34.C00 0.50656¢~C2 1.88¢ l1.386 C.00 3.450C 0.26073E-03 0.260732Z-03 Q.408
22 2€.C0C 0e844137-C2 1.945 1.629 C.83 3.4550 0.26057i-03 0e.26211E-03 9.371
23 38.CC0 0.5F€£23~C2 1.575 1.575 Q.19 3.4630 0.26040t~03 0.26073E-03 9334
24 4C.CO0C 0.€30647~C2 2.00¢ 2.020 -0.6R 3.4710 0.26024E-03 0.25911E-03 9.295
25 4C.C0C Ce€3044c-C2 2.0C6 2.020 -d.68 3.4710 G.26024£-03 0.25911%-03 9.295
26 5C.(00 0.8407¢%~-(2 2.162 2.200 -3.35 3.456C 0.259502-03 0425902E-03 9.086
27 €C.C00 C.A38R2F-C2 2.202 2.168 0.18 3.4950 0.25950C-03 0 256758-03 9.086
28 €C.000 C.1C526E~CL 2,346 2346 0.03 3.5150 0.25883:-03 0.25886E-03 B.8&2
29 70.000 C.12829:-C1 2e4€3 2470 -0,29 31.%310 0.25820E-03 0.25791&-03 8.627
20 7C.00C Q.12P26F~C1 24463 24470 -C.29 3.5210 0.258202-03 0.25791¢-013 B.627
21 8Cc.000 Q.15C€4%~-C1 2.57F 2575 Q.12 3.5430 0.257€¢35-03 0.25774E-03 B.386
32 gc.ccc Q.1504%"-C1 2.5¢8 2.574 0.87 3.5420 0.257€4%-03 0.25840E-03 84385
(1 BFTALI} LTG 8-TALT) SICMALTL) K1) LCG K{T1} K{I}/KET+1)
1 0.1€487 C4 3.2¢eFL (.a13€ 01 0.1943E 04 3.28€81 4.814%
2 7¢<87 (o €. 55114 Ce413T 04 C.3340F C3 258433 5.854
3 Ned€S5€™ {8 P.£5°C1 C(«11C¢ C7 Ce65558¢ €2 1.31€87 3.151
4 J.5€S1° Cn FL.5R¢2R (623 29 0.2002F 02 131838 bdd AL RS
THE NUMBLR TF JTERRTICNS = 4 SNMIN = C.2RB33¢ C2
NZ FZINTS & (v

84T



STAEILITY CCANSTANT Z°F Ly

CRIG ACID CCMCENTRATICA =
CRIG BASE CCNCENTRATICN =
BUFFER ACIC CINC. =
BUFFFR SALT CCNC. =
FATIC CF THE VKZH TQ VR =
FINAL SCLUTICN vCLUME =
STRAIGHT LINE EQLATICN-Y=

3-C+1e4

J.06251
Qe (a7
0.042¢4
0.04987
1.00000
2C0.C0

RUN 1 QC

159

*aRxBeRRREF JUR

TCPER 26 1572

PARAMETER PRCGRAM USEDewensnssne

ICNIC STRFNGTH OF SCLUTION = 0.1000

0.2¢500E-C34(~0.6CCCOE-04)25Q

n vA ANIOKN CCM N EXP
1 Z.000 €. 176¢77-C3 Ga.282
2 2.00C 0.165¢7F-C3 0.283
3 4.000 C.34187F-C3 Q0.492
4 4.COC 0.34222E-C3 0.491
S €.000 0.52873F-C3 0.668
& £.000 «£3065%-L3 O.8¢8
7 €.000 0.737¢5{-C3 0.817
8 €.000 C.737¢58-C3 0.817
2 10.000 0.95576:-C3 0.657
10 11.000 0.1C7722-C2 1.01%
11 11.00¢ 0.107415-02 1.021
12 12.000 Cal20222-C2 1.076
13 14.0CC 0.146078-C2 1.161
14 14.000 0.146C77~C2 1.191
15 16,000 Ce17421%-C2 1.291
16 1€.,00C 0.20542F-02 1.37¢
17 18.00¢ 0.2C4RGE-(2 1.378
19 2C.000 0.235772-C2 l.4€4
19 22.000 C.27051F-C2 1.€31
é0 2z.0C¢C C.265812%-C2 1.£35
21 25,000 C.32087%-C2 l.€42
22 2#.00C 0.374857-C2 1.73¢
23 28,000 C.373936-C2 1.741
24 31.0C0 0.43C87€-C2 1.82¢0
25 24,000 0. 4BRESE-C2 l.6¢7
2¢ 34,000 D.48T74R5-C2 1.9¢02
27 36.C00 0.%274%F-C2 1.647
2R 3g.00C 0.5€65667-C2 1.66¢
2e 3P.00C 0.565¢c5-C2 1.5%9
20 4C.000 C.¢CR350-C2 2.0%2
11 5C.0C0 C.Fl1545%-C2 2.224
17 5¢.000 C.P15467-C2 24224
3 €¢C.C00 C.10?11e-C1 2,378
34 7C.000 0.125¢47-C1 2,489
15 7¢.CCO 0.12563%-01 2.473
16 B8C.0CC C.148¢87-C1 2.€03
37 8(.000 0,148CH=-C1 2.603
(1 BETALL) Lre soTaend

1 0.1%84F C4 2.29747

2 0.76£5F (¢ 5.501134

? 0.5¢€6E (8 7.35327

4 0.1219¢ 10 G,CA2AG
THE NUMBER NF ITFRATICNS = 5

NC PCINTS ELIMINATEC

N CALC

C.282
0.281
0.491
C.493
0.667
0.668
0.822
C.R22
.554
1.017
1.016
1.C78
1.185
l.185
1.285
1.381
1.379
1.462
1.543
1.542
1.645
1.739
1.737
1.823
1.900
1.899
1.947
14990
1.990
2.035
2.21%
24219
24368
24455
2.497
24601
2.€01

SIcmaty)

C.741E 01
C.570F 04
C.l¢CE 07
0.103E 09

PCTASSIUM NITRATE CGNC. = 1,8880
VCLUME (iF METAL ICN SOL. = 4,00
CCNC. OF  METAL ICN SOL. = 0.10434
CCNC. ZXCESS ACID IN METAL = 0.0
RT(x}
ERROR PH KA USED KA THED
-0.22 3,596C  0.26422E-03  0.26Z16E-03
0.54 3,585C  0.264222-03  0,26919E-03
0.20 344300 0.26385E-03  0.26547F-03
-0.32 3.4310  0.26389E-03  0.26137€-03
0.14 3.3710  0.26362E-03  0,26459E-C3
-0.29 3.3720  0426362E-03  0.25162£-03
~Ce55 3.3480 0.263375-03 0.26002E-03
-C.55 3.3480 0.263372-03  0.260C2E-03
0.39 3.337C  0.26314E-03  0.26528F-03
0.15 3.337C  0.263C3€-03  0.26380F-03
C.49 3.33€60 0.26303F-03  0.26560E-03
-0.22 3.3360 0.26292E-03  0.26184E-03
C.49 3.3420  0.26271E-03  0.26489E-03
0.45 343620  04262718-03  0.264895-03
C.44 343500 0.,26250E-03  0.26426E~03
-C.65 3.362C  0.26228E-03  0.260£1&~03
-0.13 3.361C 0.26228E-03  0.26182€-03
c.18 3.37C0 0.26209E-03  0.26270E~03
-0.79 3.3830  0.25188E-03  0.25941E-03
-0e45 3.3820C  042619BE-03  0.26046E-03
~C.17 3.3560 0.2616CE-03  0.26112E~03
-0.16 3.4100 G.26133E-03 (.26(92E~03
0.20 344090  0.26133F-03  0,2€ 184E~03
-0.15 3.4230 0.26106€-03  0.260725~03
~3.16 344350  0.26081E=-03  0.26047E~03
C.24 3.434C C.26C81E-03  0.26132F~03
0.02 3.4620 C.26064E-03  0.26067E-03
G4 3.448C C.26049E-03  0.26132E~03
Gad4 3.4480 C.26049E-03 0.26132E~03
-0.15 34456C  0.26022E-03  0.26004E~03
J.24 3.4830  0.259520-03  0.25994€~03
Geda 344830 04259588-03  $.2555%E~03
0s42 3.5040  0.258915-03  0.29943E-03
-0.21 3.5220  0.25827€-93  0.25794E-03
-C.%4 3.5230  0.25827E-03  0.25726€-03
3.06 3.5350  0.25770E-03  0.,25776£-03
G 06 3.5350  0.25770E-~03 0.25776E-03
KT LaG (1) KETM/K(T+1)
0.1584E Co4 3.25747 4.538
0.4017€ 03 2.£0390 5.650
0.7110E C2 1.85199 3.330
0.2135E 02 1032942  Sakkwdvnw

SMIN = 08140 02

VOL KNC3

G4 394
9.395%
94475
Ge.aTe
9.530
G.531
G566
9.569
9.591
9.600
9599
Q9.£607
9.611
9611
$.609
9,603
9.602
9.588
9.573
9.572
9.538
9.497
9.496
9.451
9.401
9.400
9.3E5
9.327
0.327
Ga290
G4 0RG
Betol
8,628
Re629
R,388
8,388



STABILITY CONSTANT ZF Y-

CRIG BACID CCACENTRATICA =
CRIGC EASE COANCENTRATICN =
EUFFER ACID CCNC. =
EUFFFR SALT CCAC. =
PATIC CF T#F VKLKW TO V8 =
FINAL SCLUTICN vCLUVF =
STRAIGHT LINE EQUATICA-Y=
(1) ve ANTZN CCK
1 2.06C C.45167%-C3
2 2.00cC Ce4G2847-C3
3 .000 Co7236732-0C3
4 4.00C C.C836¢F-C3
5 4,20¢C GC.367C23-13
6 £l.00C 0.125727-C2
7 £.000 0elE4428-C2
[} 7.000 0.1€4877-C2
9 8.00¢C C.21508%-0C2
10 5.00C 0.2477CE-C2
11 1z.00¢C Ce3£4C2~-C2
12 12.C00 0.353€42-C2
13 L4.000 C.426415-22
14 20C Coeb26€12-C2
15 LE.00C C.50149E-C2
1€ 18.00¢C £.580658~C2
17 18.000 C.SE1CIE-C2
18 2C.00C Ce6e262E-C2
19 2C.02C D.EE4575-C2
20 22.00C C.74083F-C2
21 22.02%0 C.7426FE-C2
22 24.00C CsR2491F-C2
23 24.020 0.R2549E-C2
24 25.020 C.REST2E-C2
25 28.03C D.P717€£%-C2
26 2€.00C C.S11%4¢-C2
217 28,000 0aGe735C-C2
28 2€.000 C.3S7RE8F-C2
29 3C.000 C.1C3¢€24-C1
30 20.000 Ce 1CB44Z-C1
21 35.00¢C 0.125¢78-C1
22 25.0C0 C.130217-C1
23 4C.200 C.1%526Ce-C1
24 45,000 €.17545.-C1
(1 RETA(T} L”C 8
1 041134 34 3.C
2 0421221 C¢ Sed
2 0,1€7¢€* C*¥ el
4 0.€12P7 0% fa7

THE NUMPER 7€ [T 3ATIC

AC O BENTS S LIMINET. T

SrIZA  RUN1+2 JU

AdAFakxxhwTOUR PARAMETER DROGRAM (SEC*se»axtexx

NE 14 16722

0.C=c¢2 FCNIC STRINGTH CF SCLUTICN = 0.1000

JeC4c82 PCTASSIUM NITRATE CCNC. = 1.2901

J.C4633 VILUYE JF METAL ICN SCL. = 2.00

JeC4c82 CCAC. IF METAL ICN SOL. = J.06668

L.cccoc CTrC, EXCESS ACID IN METAL = 0.0

1Cc.CO

2265007 -C34{-0.6CCCCE-C4)«SC RT(X)
N SXF N CALC ERQIR PH KA USEC KA THE?D
Cet26 C.439 C. 38 3.455C 0.263676-03 0.26540£-03
Je.439 0.438 C.C9 3.,4555 0.263¢7E-03 0.26408:-03
C.582 0.5686 -C.65 3.49061 0.26337€E~-03 0.25C69E-03
0.733 L.730 C.42 3.3782 0.26311E-03 0.26470E-03
3.72¢ C.734 -C.n8 3.3810 0.2£311e-03 0.25%802-03
Ge85F C.ES5¢ 0.49 3.3661 0.26287E-03 0.26456£-03
C.SES 0.567 0.24 3.3622 0.262¢64E-03 0.263408-03
1.0€8 1.C71 -0.25% 3.3€632 0.26242E-03 0.26167z-03
L.1€5 1.1€2 C.€0 3.363¢ 0.26222E-03 0.263865-03
1.25¢ 1.2%0 C.48 3.3678 0.26201E-03 0.26325E-03
le4ec 1.4R1 ~Ca79 3.3862 0.26142E-03 0.25576E-03
1.47C 1.420 -C.70 3.38¢€C 0.26142E-03 C.25995:-03
1.605 1.606 -5.07 3.3955 0.2610RE-03 £.26094<-03
1.€C4 1.606 -Cal7 3.3557 G.261CEE~03 Ce26076F-03
1.727 1.719 C.50 3.4047 C.26C75E-03 0.26161E~-03
1.82¢ 1.R23 G.17 3.41%50 Ce26043E-03 Ce26069E-03
1.826 1.824 0.12 3.41¢1 0.26043E-03 0.26C61E~03
1.615 1.919 -C.21 3.4245 C.26012E-03 0.25981£-03
1,904 10922 ~CeS1 3.4258 C.26011E-03 0.25879E~03
2.022 2.0C3 C.96 3.4304 0e25584E~03 0.26115€-03
2.01z 2.93Cs 0.40 3.4214 0.25983E-03 0.26C38E-03
2.10C 2.C85 J.71 3.4382 0.25955E-03 0.26046E£-03
Z2.C%¢ 2.C85 C.54 3.4385 0.25G55E-03 0.26023€-03
Z2.123 2.12¢ -J.11 2.4430 0.25940E-03 0.25927E-03
Z.112 z.127 -Ce71 3.4440 0.25940E-03 0.25853€~-03
2.1¢€3 2.1€2 G.CS 3.44¢€0 0.256527€-03 0.25933€E-03
2.222 2.233 -C.07 344523 0.25901E~03 0.258932~-03
2,229 2.234 -0.20 3.4525 0.259C1E-03 J.25878:2-03
2.29¢C 2.301 -0.45 3.45F5 0.25875t-03 0.25R827£~03
Ze254 2300 -3.25 3.4562 0.25875€E-03 0.25848€--03
2.4€4 2.447 0.68 3.4662 N.25816r-03 0.25R80E~03
24451 2.449 J.10 3.470C 0.25815E~03 DeZ5R25E~03
2.517 2.5f0 -0.09 3.480¢ 0.25759£-03 0.237515-03
2.6R0 2.66G5 -0.55 3.490C 0.25705c-03 0.,25€€3E-03

TTACI) TGraLIY K1) LCG ¥} KII}/KET+1)

247¢ G.¢178 01 0.1134% 04 2.0F476 4,103

n5eg C.hrle D4 C.27¢l= C3 2.44112 54154

2493 Cas 06 3.2347% C2 1.72814 1l.462

a713¢c Co034, 08 0.3€3237 C2 1.5€227 AR S L L

NDo=

)

SMIN = J.851&5% C2

VOL KNO3

€.9€61
€.961
6.990
7.007
7.008
7.017
7.022
7.023
7.017
7.009
6.968
6.968
€.929
€.92S
6.883
6.834
€.834
€.781
6.781
6.723
E.724
E.664
€.665
64635
€.£35
£.£04
6e541
6.541
€a477
€.4TE
6.309
6.309
€.136€
5.959

091
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XI. APPENDIX C:
FORMATION CONSTANTS OF RARE-EARTH

a ,B -DIHYDROXY -B-METHYLISOBUTYRATE COMPLEXES



STABILITY CCASTANT CF LA2-CHMIEA

ORIG ACIC CCNCUNTRATICHM = 0.0S6780 IJONIC STRENGTH OF SOLUTION = 0.1000
CRIG BASE CONCENTRATICM = 0.0%22¢2 PCTASSIUM NITRATE CONC. = 1.8880
BUFFER ACIC CGNC. = 0.04£18 VOLUME OF METAL ICN STL. = 4,00
BUFFZR SALT CCNC. = D.052¢2 CCNC. C= MZTAL ICN SOL. = 0.100€)
RATIO CF THE VKCH TO VB = 1.CC000 CCNCe EXCESS ACID IN METAL = 0.0
FINAL SCLUTICN vGLUME = 20C.00
STRAIGHFT LINE FQUATICN-Y= C.2C593R-03+(-C.52157E~-C31*X
(BN v8 ANICN CIN N =XP N CALC ERRQAR PH KA USED KA THEN
1 2.000 C.425€57-C3 J.144 0.143 Ce1l9 3.7240 0.30571E-03 0430€032-03
2 €.00Q0 Geb17€€Z-C2 C.339 Qe241 -C.7C 3.5540 0.30532&-03 0.304075-03
3 €.000 0.15547%-C2 0.421 0.422 -0.28 3.528C 0.30512E-03 0.30465Z-03
4 11.000 Gecl292F-C2 0.235 0et78 le 24 3.507C 0.30482E-03 0.3C670C5-03
5 12.00C Ce232157-C2 J.56€ Co.f62 C.78 3.504C 0.30471E-03 0.30587=-03
6 14.000 Ce2747€1:~-C2 Ce&22 Caé25 -C.58 3.5010 0.30450E-03 0.20368%Z-03.
7 1€.00C e 315767-C2 0.£81 C.682 -0e24 3.458C 0.30428E-03 0.32367=-03
8 18.000 0«357REF-C2 0.733 Ce V36 -0.34 3.4G67C 0.304C6E£-03 0.3036€64E-03
9 20.000 C.40072E-C2 0.782 C.786 -J.48 3.457C 0.30384E-03 04 30326%-03
1G 22.00C 0e4435.F-C2 C.221 Ce. 8132 -C.10 3.497C 0.303€2E-03 0.30350€E-03
11 2¢.00¢C C.5C88¢( c2 0.8¢8 Ce 895 0.29 3.488C 0.30328E-03 0.302592-03
12 28.000 0.577CCZ-C2 0.550 0.%56 -Ce55 3.5010 0.30292£-03 0.30236:-03
13 31.000 C.d4296F-C2 1.C15 1.008 C.€4 3.5020 0.30258E-03 0.30319E-03
14 3€.00C Ce?59CCE-C2 1.C9C 1,091 -0.11 3.507C 0.301S7E-03 0.30187€-03
15 38.000 CeE804123-C2 1,127 1220 C.58 3.5GC8C 0.30174E-03 0.30222E-03
16 40.00C 0.E£14085-C2 1.152 1..49 C.29 3.5100 0.3014SF-03 0.301728-03
17 5C.000 0.109C37-01 1.269 l.277 -0.58 3.5190 0.300245-03 0.23984£-03
18 &C.00C Cel23C7i-C1 1.38C le381 -C.07 3.52¢€C 0.29899E-03 G.2S58B95E-03
139 7C.000 C.15728:-Cl 1.432 169 C.87 3.5320 0.26773E-03 0.,26822€-03
(1) BETACI) LCe 3TTA(D) SIGMA () (1) LCG K(T) K{IV)/K{TI+1}
1 0.3725F C3 2.57113 0.194% 01 0.3725F 03 2.57113 €.226
2 0e2229¢ C5 4434802 0.£152 03 0.5583F Q2 l. 77689 . 6143
3 0.2170- 0O¢ £.33£54 0.642F 5 C.€739F 01 0.58853 * Bk g Aok %
THE NUMBEPR CF ITSRATICNS = s SMIN = 0.1120€ 02

NC PCINTS £LIMINATED

¥wsda¥r %k THREE PARAMETER PROGRAM USED#» xkkkekk &

FUN 1

FEBRUARY 15 1973

VoL KNO3

Fe343
Se359
2.356
Ge339
9332
S.31¢
S.294
9.270
J.243
9.214
GelE6
9.116
9.061
8965
8.924
8.R883
8.667
8.438
8.1G68

291
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se0°01
6£6°01
€32°11
21e"11
1ev°11
go¥° 11
666°11
2T13°11
L29° 11
3L9°11
T0L°11
022°11
YEL®TX
geLe Tl
oyL°T1
8EL"TT
6569°11
%59°11

€ONXY J0A

J3>1VNTAIN2 SINIDGE ON
10 36011°0 = NIAS S = SNOILV¥:4l 30 d¥33WNN 341
dokkkEmkEE EBET" 1 20 36L€1°0 S0 320 ¥35%9°% 93 2ed58°0
AT A w20065°1 20 38%¥55°0 €0 =2Lc*0 02iis*¥% S I%LH9°0
ZHs*9 9yelg*e €0 280243°0 00 H8%.°D Ivele*2 €0 38093%°0
(T+IN/ 0TI (I3 SO (I (I1I1VW3IS (1)vize 233 (1)vi3ds (I}
€0-326962°0 €0-3%L362°0 J9¢s°¢ 92°2- o0LL°1 I3L°1 10-=%23L1°0 000°28 el
€0-3.£00€°0 €0-35500€°0 JL5%°€ 61°0- e0s1 00s°1 12-21T€0T1°0 000°05S L1
£0-3251Cc°0 €0-31020€°0D 0ig%° ¢ €7°0- eve°l gee°* 1l 23-34806L°0 000°8¢ 91
€0-3552C€"*0 €0-39220¢°0 JLiv* e $2°0 et 21e°*1 23-316€03L°0 000°3¢ ST
€0-350€0€°0 €0-35820€°0 059%°¢ ST1°0 vel® wee*1 23-392168°0 000°1c 71
€0-2TeE€CE"O £€0-35T€0€°0 0%9%°¢ 60°0 saTel 391°1 23-222%25°0 000°8¢2 €1
€0-32GECE"D €0-3¢SE0€E*0 J66%°¢ 00°*0- oct°1 J01°1 23-25609%°D J00°52 1
£0-388€0€°0 €0~-398€0€ 0 AvGHh e 10°C 0T 620°1 23-521L6c°0 000°*2¢e 11
€0-290%0€°0 €0-3L0%0€°0 01s%H*¢e 10°*0- LH°0 IL5°3 20-%1886€°0 000°2¢ 01
€0-3eL%Ce "0 £0-362%0€°0 289%°¢ yZ°C 616°0 1¢5°0 20-.11061e "0 000°81 6
£0-250%0¢€°0 €0-364%%0€°0 dJLvH°e 2Zé*2- 84u*0 ?68°0 c0-2919L¢"°0 000°31 8
€0-2€8%0€°0 €0-369%0£°0 0944 e 90°0 144 °0 Tol*®D Z2i-2L€lec*0 000°%1 L
€0-309%0€°0 €0-358%0€°0 o084v ¢ 21°0- 814°0 LTL*C ¢0-30€00¢2°D 000°21 9
€0-308%CE°0 €0-335%0¢€°0 0Ccs¥y e 80°C- 819°0 LL3° 0 ¢J)-301261°0 000°T1 1
€0-53250€°0 €0-3.060€°0 [l Al 82°0 9¢ 0 2LE9°0 23-Z¢1%31°0 000°21 N4
€0-32250€°0 £0-35¢SCE"D 96%6%°¢ 1c*0o- 94G* 0 50 23-213621°0 000°8 €
€0-29L50E°0 €0-36650¢€°0 J20%s°¢ so°C 6c€"®0 62€°D €3-31%L%9°0 000°*% 4
€0-3T1LS0€°0 €0-36150t°0 0019t 1c*C~ 167.°0 161°0 €0-3LELEC D 000°2 1
C3aHL ¥ a3sn vi Hd uloY=x I ON dXa N N22 NOINV 4A (1
X#lEC-3LST26 0~-)+E0-JEO6S0EC =A-NITivAD3I 2ANIT L4DI7HLS
02*002 = SWNATI0A NJILNTIS TVYNIS
0°0 = Vi3W NI GIOV SSZIXZ °IN2D 000001 = 8A 3L d0MA 341 J3 CIivy
6€G601°0 = *10S N31 Tvi3k  3C °INCD 29¢s0°0 = *IN3J LvS ¥iddne
00*% = *70S NJI 1vl3k 3C =ANT0A LevHv0°0 = *3NZD 310V d¥3ddns
00is°*1 = *ONCD FLvYLIN wWNISSYLld 29250°0 = NJILLVLLINIINDD 3Sv3 910
000T*0 = NOILNI3S 23 HLIUNINWLS DJINOI 5624500 = NIILIVYINIONDD JIDVY 91d0
€261 81 15190V €& NNz  ¥dlwHG-£33 23 aNVISNID ALINIBVLES

wxxakxkkkxdISN WVEOSUd UILLVUVd 33vHixddskknkik



STABILITY CCNSTANT C*

FE3-DHMIEA

n¥kr¥ KRkuxXTHRES PARAMETER PROGRAM USED®* kwikkxikk

RUN 2

JULY 17 1673

CRIG ACIC CCNCENTRATICN = 0.10164 ICNIC STRENGTH 9F SJLUTICN = 0.1000
CRIG BASE CONCFNTRATIIN = 0.0£262 PCTASSIUM NITRATE CCNC. = 1.5100
BUFFER ACIC CCANC. = 0.04902 VCLUMS OF METAL ION SGL. = 4.00
BUFFER SALT CCNC. = 0.052¢2 CCNC. OF METAL ICN SOL. = 0.10012
RATIO CF THF VKCH TC vB = 1,8CC00 CCNC. EXCESS ACID IN METAL = 0.0
FINAL SCLULTICN VvCLUMZ = 20C.CO
STRAIGHT LINE EQUATICA-Y= 20593%-03+(~-0,52157E-C3) %X
(1 ve ANICN CCN N BEXP N CALC ERROK PH KA LSED KA THEO
1 2.00C 0.3C48475-C3 Ce.233 0e.232 0.28 3.610C 0.30577€-C3 0.307C7€E-03
2 4.000 0.56302E~C3 0.36¢ 0.3937 -0.18 3.477C 0.305€2E-03 0.304B7E-03
3 €.000 0.8G253F~C3 0.£30 0.532 -0.3% 3.42€0 0.30546%-03 0.30420E-03
4 E.00C Ce120827~C2 0.647 Ce€4T 0.02 3.402¢C 0.30530E-03 0.30540&-03
5 1C.000 0.15346G6R~C2 0.75C 0.748 0.29 3.3910 0.30513E-03 0.33598E-03
6 11.000 0.17061F~C2 0.7G€ 0. 7935 Q.02 34386C 0e30504E-03 (ie30511E-03
7 12.000C 0.1786€5~-C2 0,839 C.E40 -0.13 3.3880 0630495£-03 0.20460F-03
8 14.000 0.22504%~C2 0.92¢C 0.922 -0.19 3.388C 0.30476E-03 0.30428£-03
9 1€.00C 0.2€272F~-C2 Ce 9G4 Ce936 -0.20 3.390C 0.3045€£-03 0.304C9E-03
10 18.0C¢C 0.3C07CE~C2 1.C66€ l.0¢2 Ce4l 3.3920 0.30436E-03 0.30524€E-03
11 2C.000 0.3%4151%~-C2 1.123 lel25 -0.19 3.357C 0.,30415E-03 0.30377E-03
12 22.00C Co3B81287~C2 l1.185 1.180 C.46 3.40CC 0.30354E-03 0.30481E-03
13 2S.000 0.44454%~C2 l.260 1.258 C.21 3.407C 0.303€1E~-03 0.30397£-03
14 28.000 0.506€0:-G2 l1.327 l1.328 -0.08 344140 0.30327E-03 0.30314E-03
15 21.00C 0.57511E~C2 1.391 1.390 C.07 3.420C 0+302G3E-03 0.30304E-03
16 34,00C 0.64219%5~C2 l.447 le44a? 0.05 3.426C 0.30258E-03 0.302€4E-03
17 3€.000 0. 6878CE-C2 l.481 le482 -C.10 344300 0.30234E-03 0.30222E-03
18 38.000 0.73411E-C2 1.511 «£16 -C.35 3.4340 0.30210E-03 0.30166E-03
19 5C.000 0.1015%E-C1 l.674 l.£83 -0.50 3.45320 0.30063E-03 0.30013E-03
(1) BETA(I) LGCC RETALIL? SIGMA(I) K(I) LGS K{I) K{I)/K(I+1)
1 0.S030E C3 2.G55€7 0.234E 01 0.9030E 03 2.95567 6.376
2 0.1279¢ Cé6 5.1067% 0.G18F 03 0.1416F 03 2.15112 6.64S
3 0.2724F €1 €.43517 0O.116F 06 0.2130% 02 1.32838 TRk R RN *
THE NUMBER C& JTHRLTIONS = 5 SVIN = 0.7105€ 0Ol

NO POINTS ELIMINATEC

VOL KNC3

11.760
11.818
11.851
11.8€7
11.872
11.871
11.868
11.855
11.835
11.809
11.780
11.745
11.688
11.626
11.557
11.485
11.435
11.383
11.051



(ri;

DONOPWVHWNH

xkA$ RS FZATHREE PARAMETER PRCGRAM USED®A*&*&kw %

STABILITY CCNSTaNT {F ND3-DHMIBA  RUN 2 AUGUST 18 1973
CRIG ACID CCNCENTRATICAN = 0.06756G ICNIC STRENGTH OF SOLUTION = 0.1000
ORIG EBASE CCNCENTRATICM = J.08262 POTASSIUM NITRATE CCNC. = 1le5100
BUFFER ACIC CCNC. = 0.C4437 VOLUMZ OF METAL ICN SOte. = 4.00
BUFFER SALT CCNC. = 0.05262 CCNC. 3F METAL ION SOL. = 0.10800
RATIO CF THE VKCH 70 VB = 1.C€0C00 CONC. £XC&SS ACID IN METAL = 0.0
FINAL SCLUTICN VCOLUME = 200.C0
STRAIGHFT LINF EQUATICAN-Y= 0.305935-03+4(-0.,52157E~-03) %X
va ANICN CCA N EXP N CALLC ERROR PH KA USED KA THEQ
2.00C C.259€0€E-C3 0.23¢ 0.236 -J.07 3. 6140 0.3057%E-03 0.30536E-03
4.000 C.c1123E-C3 0.40¢€ Ge.+35 0.20 3.4730 0.30566&-03 0.30672E-03
€.000 C.77862F-C3 D.54¢€ Cst46 0.05 3.420C 0.30552E-03 0.30575E-03
e.000 0e1C€49E-C2 0.667 06T ~-0.06 3.357C 0.30537€E-03 0e30E514E-03
1C.000 0.1371¢<-02 Ga773 Ce74 —-0.24 3.3880 C.30521E-03 0.30430E-03
11.000 0.15304E-C2 C.822 C.323 -0.15 3.3860 0.30513€E-03 0.304€2E-03
12.000 C.16922E-C2 00866 Ce358 0.08 3.3850 0.30505€-03 0.30531£-03
14,000 0.20347¢-C2 0.G53 C.354 -C.08 3.387C 0.30487€E-03 0.30461E-03
1£€.000 0.238€C€-C2 1.033 1.230 0.28 3.390C 0.304€9E-03 0+305472-03
18.000 C.27€27E-C2 L.1cCC 1.101 -0.17 3.39¢0 0.30449E-03 0.30405E-03
2C.000 0.31403&-C2 l.16€ 1.1565 0.10 3.4010 0.30429E-03 0.30454E-03
22,00C 0.358357E-C2 1.224 1.224 0.04 3.407C 0.304C9E-03 0430417£-03
28,000 C.414€3E-C2 1.302 1.304 -0.05 3.416C 0.30377€-03 0.30367€E-03
28,000 0.4767GE-C2 1.378 1.374 0.23 3.4240 0.30344E-03 0.30388E-03
21.00C Ce 5408 7F-(2 l.443 l.%38 0. 30 3.4320 0.30311E-03 0.303€2c-03
34.000 0.60721%-C2 1.458 1.497 0.09 3.4400 0.3027€C-C3 0.30290E-03
38.00C C.e€7727-C2 1.5¢€2 1.567 -0e30 3.45C0 0.30229E-03 0.30185¢-03
4C.00C Ce74255E-C2 1.567 1.569 -0.10 3.4540 0.3020€E-03 0.30192E-03
5C.00C 0.5750CE-C2 1.732 1.735 -0.18 3.4730 0.300€4E~-03 0.300€4E-03
70.000Q 0.145E84%-C1 1.521 1.932 —Ce58 3,5010 0.29832E-03 0.25783E-03
(1) BETA(I) LCC BETA(ID SICMALTY K{I} LOG K(I} K{IV/K(I+1)
1 0.1082k C4 2,C3434 C.180F 01 Q0.10€2F C4 3.03434 6.505
2 0.1801E Q¢ £425542 C.730F 03 C.lé€4E 03 2.22109 7.079
3 0.42328 C7 €.62€52 Ga94€E 05 0.2350F C2 1.37109 bk kb ok
THE NUMBER OF IVSRATIONS = 4 SVMIN = 0.4252E Cl

NC PCINTS FLINMINZTED

VoL KNO3

11655
11.727
11.773
11.801
11.815
11.818
11.817
11.811
11.797
11.777
11.751
11.721
11.669
11.609
11.544
11.474
11375
11.323
11.048
10.448

691
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STABILITY CCASTANT

2F EU3-DHMIR)

xxhd$3ikxkTHREF PARAMETER PRCGRAM USE D% skdkkkakk

RUN 2

AUGLST 5 1673

CRIG ACID CCNCENTRATICA = 0.10213 ICNIC STRENGTH OF SOLUTION = 06,1000
ORIG BASE CONCENTRATICN = 0.052¢2 PCTASSIUM NITRATE CONC. = 1.5100
BUFFER ACID CONC. = 0.,04951 VOLUMZ OF METAL ICN SOL. = 4.00
SUFFER SALT CCNC. = 0.05262 CCANCe. CF METAL ICN SOL. = 010104
RATIO CF TFE VKOR TO VR = 1.CCCOO CCNC. TXCESS ACID IN METAL = 0.0
FINAL SOLUTICN VCLUME = 200.00
STRAIGFT LINE ECUATICA-Y= 0430593E-03+(-0,.52157E-C3)*X
(1) VB ANION CCN N EXxP N CALC ERRIR PH KA USED KA THEO
1 2.000 Ce242€4E-C3 06277 Ca277 0.01 3.556S0 0.30580E-03 0.30585E-03
2 4.000 0.47551&-C3 0.477 Qe 17 -0.04 3.4120 0.30568E-03 0.30543E-03
3 €.0C0 C.71SECE-Q2 0.€44 Co642 0624 3.3540 0.30555E—-03 0.306E5E-03
4 g.00¢C CeGE4T4%-C3 Ce786 C.7838 -0.16 3.3290 0.30542E-03 0.304€3E-03
5 10.000 Cel26€¢3E-C2 0.5132 Cel4 -0.09 3.3180 0.30527€E-03 0.30485E-03
6 11.000 0.14182E-C2 GeS71 0.972 -0e15 3.3160 0.30519E-03 030456E-03
7 12.000 Cel56EGE-C2 1.027 1.027 -0.01 3.3150 0.30511E-03 0.3050GE-03
8 1€.000 Ce22231£-C2 1.219 1.218 Cel2 3.3216 0.30477E-03 0.30517€E-03
9 18.000 0.257T71E-C2 1.301 1.7300 Cel2 36327C 0.304595-03 0.30497E-03
10 2C.000 062G474E-C2 1375 l.374 C.05 343340 0.30439E-03 0.30453E-03
11 22.00C Ce33285BE-C2 1.443 l.rkl Q.12 3.3410 0.30419E-03 0+.30453E-03
12 €.0CC Oe 3925EE~-C2 1.832 le31 0.07 3.352C 0.3038€E~-03 0.30406E-03
13 28.000 0.4550CE-02 1.6C8 l1.011 -0.13 3.3630 0.30356E~03 0.30327E-03
14 21.000 0.518G5E-C2 l1.678 1.¢:80 -0.15 343730 0.30322E-03 0,30293E-03
15 34,000 0.53€4C6E-C2 1e742 1.7642 ~0.01 3.3820 0.30288€-03 0.30287E-03
16 36,000 0.6287¢E~-C2 1.778 1.780 -0.09 3.3880 0.302€5E-03 0.30249E-03
17 38.000 0.672G2E-C2 1.818 1.314 0.19 3.3920 0.30242E-03 0.30272E-03
18 4C.00C Ce71S€4E-C2 1.844 1.7348 -0.22 3.39S0 0.30218E-03 0.30183€-03
19 50.000 0.951S83E-02 1.687 1.535 GC.C8 3.4210 Q.30CS6E~-03 0.3010€£-03
(1 BETA(I) LCG RETAC(CT) SICMA: ) K{I) LOG K(I) K(I)/K(I+1)
1 C.1342E C4 3,127€2 0.219F 01 0.1342F 04 3.12782 4.480
2 0.4021E% 96 £.60438 C.1CTE 04 C.29S6E 03 247656 T7.521
3 0.1602E C38 7.204€7 0.155F 06 0.3984E 02 1.560030 A wRoRok Rk kK
THE NUMBER TF ITERATICNS = 4 SMIN = (0.3124E 01

NO POINTS SLIMINATED

VOL KNO23

11.782
11.865
11.918
11.953
11.971
11.976
11.577
11.961
11.941
11.915
11.884
11.830
11.768
11.699
11.625
11.574
11.520
11.467
11.179

291



FEAKRERXXKFIUR PARAMETER PROGRAM USED®kkkxkkdkk

STABILITY CCASTANT 2JF GD3-CHMIBA RUN 1 APRIL 11 1973
ORIG ACID CCNCENTRATICN = 0.CS5€47 ICNIC STRENGTH OF SOLUTICN = 0.,1000
ORIG BASE CCACENTRATICAN = 0.052¢2 PCTASSIUM NITRATE CCNC. = 1.8880
BUFFER ACID CONC. = 0.043285 VCLUMZ CF METAL ICN S0L. = 4,00
BUFFER SALT CGAC. = 0.,05252 CCNC. OF METAL ICN SOt. = (0.08388
RATIO CF TEE VKLF TD vB = 1.0CC00 CCNCe. EXCESS ACID IN METAL = 0.0
FINAL SOLUTICN VvCLUME = 2C0400
STRAIGHFT LIANE ECUATICN-Y= 0.3§%93E~03+(-0.52157e—ca)tx
(1 ve ANICN CZCN N EXP N CALZ ERROR PH KA USED KA THEO
1 2.000 C.28087E-C3 06282 0.281 0.5€ 3.641C 0.30578E-03 0.30874E-03
2 4,000 0.557752-C32 Cs48G G432 -0.34% 3.5080 0.30564E-03 0.30413E-03
3 €.000 0.E5J)€E4E-C3 0.641 0e€45 -0.70 3.45S0 0.30549€E-03 0.30276E-03
4 1C.000 0.14373E-02 0.904 C.904 0.04 3.4280 0.30515E-03 0.30529E-03
5 11.000 Colb661€F~-C2 CeS5E Ce©5D -0.19 34427C 0e305C6E-03 0.30450E-03
6 12.000 Co18338E-02 1.0C¢& 1.012 -0.35 3.427C 0.30497E€-03 0.30399€-03
1 14.000 0.21983E~-C2 1.110 1.105 0.46€ 3.427C 0.30478E-03 0.30596E-03
8 16.00C CalS5712E-C2 1.198 1.189 C.75 3.4300 0.30459E-03 0.30€352-03
9 18.000 Co2S662FE-02 1e274 1.267 Ge55 3.435C 0.30438E-03 0.30559E-03
10 2C.000 0.337T78E-C2 1.339 1.338 C.09 3.4410 0430417E-03 0.30435E-03
11 22.000 0.37<02F-C2 la404 1.401 G.23 3.44¢€0 0.303G5E-03 0.30439E-03
12 25.00C C.44301F-02 1.490 1.487 0.1¢€ 344540 0.303¢2E-03 0.30390E-03
13 2€.00C Ga50G51CE-C2 le562 le564 -0.09 3.462C 0.30327€~-03 0.30314£-03
14 31.000 0.5T7732E-C2 1e€22 1.633 -0.62 3.47C0 0.30292E-03 0.30202E-03
15 34.000 0.€4518E-C2 1.679 le694 -0.88 3.477C 0e30256E-03 0.30139E-03
16 2¢.00C C.€69041E-02 1.728 1.730 -0.12 3.4800 0.30233€-03 0.30217E-03
17 38,000 0.7368GE~-C2 1.7€¢3 1.765 -C.14 3.484C 0+30209E-03 0.30191&-03
18 4Ce000 Co7841CE-C2 1763 1.799 -0.30 3.488C 0«.30184E-03 0.30149E-03
1° 5C.000 0.10217&E-C1 1.638 1.639 -0.01 3.504C 0.30060E-03 0.30C59E-03
20 60.000 0.12¢650E-C1 2.051 2049 0,10 3.5170C 0.293933E-03 Qe 29S41E-03
21 7C.000 Ca15065T-C1 24157 2.137 0.93 3.527C 0.298C6E-03 0.29871&-03
(1 BETA(I) LCC BETA(I) SIGMALT) K(1) LOG K(1) K{IV/K(I+1)
1 0.1204F Q04 2,CRCT1 0.7C7€ C1 Cel1204E C4 3.08071 5.313
2 0.2729E Q6 £.436C7 Ce.3G9f C4& 0.2267E 03 2435536 6.147
3 0.10C¢E Cc&8 7.00280 0.015E 06 0.3687E 02 1.56673 244240
[ 0.1521E C8 7.19458 C.42¢E (8 0.1521E 01 0.18219 o o ok o ok ok Kk
THE NUMBER OF ITFRATICNS = 10 SMIN = 0.2830F 02

NG POINTS CLIMINATED

VOL KNO3

9.615
9.661
F.687
9.698
9.696
9.691
9,676
F.656
9.632
9.604
9.573
9.521
Fe4ES
9.406
96343
Ge299
9.254
9.209
84972
8.724
B8.468

891



STABILITY CCASTANT 0OF TB832-CHMIRA

ORIG ACID CCNCENTRMTICN = 0.CGE27
ORIG BASE CCNCENTRATICN = 0.05262
BUFFER ACID CCNC. = 0.04565
BUFFER SALT CCNC. = 0.052€2
RATIO CF THE VKOR 77 VP = 1.00C00
FINAL SCLUTICN vGLUMS = 2GC0.C0

STRAIGHT LINE EQUATICN-Y

() vs ANICN CCMN N EXP
1 4.000 0.5C291%-C3 0.423
2 €.000 0.7€013&-C3 0572
3 €.00C 0.1038E8F-02 0.7CC
4 1€.000 0.13242€E-C2 0.819
5 11.000 Cel4827E-C2 0.86¢
6 12.000 0.1€4Q03E-C2 C.520
7 14.000 0.139582%-C2 l.019
8 16.000 G.22921F~-C2 lelC8
9 1e.00¢C 0.2€49CE-02 l.18€
10 2C«00C «201228-C2 Le260C
11 22.000 C.3402CE-C2 le322
12 25.0CC 0e39G61¢€E-C2 Le413
13 28,000 0.459172-C2 le4SE
14 31.000 0.523&7€E-C2 le5€2
15 34.000 0.58633F-C2 t.€21
16 3€.000 0.63136E-C2 1.670
17 38.00¢C 0.67733E-C2 L+6GS
18 4C.000 Co722¢€3F-~C2 le731
19 5C.0C0 0.5%3652-02 1.875
20 6C.000 0.11G52¢E-C1 L.GRZ

(n BETA(I) LCCG 8ITL(I)

1 0.1CSSF C4 2.C4107

2 0.2458E C6 £239C50

3 0.8545E 07 €.5515G

THE NUMBER TF ITERATICMS = <

NQ PCINTS SLIMINATLET

RUN 1

¥ARAEARAERTHREE PARAMETER PRCGRAM USEDH» Kamsxnk

MAY 22 1973

ICNIC STRENGTH OF SOLUTION = 0.1000
POTASSIUM NITRATE CCNC. = 1.£100
VOLUME OF METAL IGN SOL. = 4.00
CCNC. NOF METAL ICN SOL. = 0.10582
CCNC. EXCESS ACID IN METAL = 0.0
0e30563E-C3+(-0.52157E-C3)*X
N CALC ERROR PH KA USED KA THEOQ
Ca421 Q.39 3.4620 0.30567E-03 0.30777€~-03
Ce571 0.23 3.4060 0.30553E-03 0.30€65E~-03
C.704 ~0.60 3.3820 0.30539E-03 0.30276E£~-03
Cc.219 0.11 3.3650 0.30524E-03 0.30568&~03
Ce €75 ~0.58 3.368C 0«3051€E-03 0.30293E-03
C.926 -0.66 3.367C 0.335C7E-03 0.302662~-03
1.018 Q.02 2.3660 0.304G615-03 0+304G6E~-03
1.103 G.50 3.3680 0.30473E-03 0.30628&~03
l1.182 0.34 3.3730 0.30455€E-03 0.30553E~-03
1.253 Ce55 3.378¢0 0.30436E-03 0.30584E~03
1.321 C.08 3.385C 0.3041€E-03 0.30435E-03
1,411 O.14 3.3940 0.303E5E-03 0.30417E~-03
1.489 0«64 3.4020 0.30354E-03 0.30487E~03
1l.562 0.02 3.4120 0.30320E-03 0.30323E-03
1.627 ~0.38 3.4210 0. 30286E-03 0030219E~03
1.€€5 0.25 3.4250 0.30264E-03 0.30306E~-03
1.704 -C.130 3.431C 0.30240E-03 0.30192E~-03
le739 ~0.44 3.436C 0.30216E-03 0.30149E~03
l1.586 ~0.62 34457C 0.300S6E-03 0.30017€~-03
2.001 -0.32 344740 0.29971E-03 0.25873E~03
SIGMAL(T) K{I) LGG K{I) K{IY/K{1+1)
0.81€c 01 0.1CS9E 04 2.04107 4.916
0.249E 04 C.2236€E 03 2434943 €.142
C.344F C6 0.3€40E C2 1.5€109 kR R ORAE K
SMIN = 0.3153€ C2

VOL KNC3

11.7¢¢
11.817
11.851
11867
11.874
11.876
11.872
11.860
11.844
11.820
11.793
lle744
11.685
11.622
11.554
11.504
11.455
11.403
11.127
10.830

691
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2e1°01
$6%°01
63L°01
%.0°11
29¢e°11
91%°11
gIHr° 11
126°11
G65°11
»93°11
82L°11
28L°11
18°11
6Eu* 11l
HL8°11
088°11
L18°11
$16°T1
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*EA KR AFKRREJUR PARAMETER OROGRAM USED®¥k¥#sikkk «

STABILITY CCASTANT QF ER3-CHMIBA 2UN 1 APRIL 30 1673
CRIG ACID CCNCENTQATICN = 0.CSe05 ICNIC STRENGTH GOF SCLUTION = 0.1000
GRIG BASE CCNCENTRATICM = 0.05262 PSTASSIUM NITRATE CCNCe. = 1.5100
BUFFER ACID CCNC. = 0.04243 VCLUME OF METAL ION SOL. = 4,00
BUFFER SALT CONC. = QeCfz€&2 CCANC. DF METAL ICMN SOL. = 0.1054¢
RATIO CF T+F VKZF TO VPR = 1.C0000 CCNC. EXCESSS ACID IN METAL = 0.0
FINAL SOLUTICON vCLiME = 20C.00
STRAIGHT LINE TQUATICA-Y= 043C563¢-034(-0.521578-C3)*X
(1) VB ANICNK CCN N FXF N CrLC FRROR PH KA USED KA THED
1 4,000 0.46538%-C3 Ce442 C.a42 -0.15 3.463C 0.30569E-03 0.30477€-03
2 €.000 0.7C837Z-C3 0.59¢ 0.597 G.32 3.40¢C 0.30556E-03 0.20733g-03
3 1C.000 0.12559=-C2 0.8253 C.t52 Q.12 3.3720 0.30527E-03 0.390579E£-03
4 11.000 0.1401772-C2 0.5C7 C.sC8 -0.19 3.3710 0.30520€-03 0.30439E-03
5 12,000 C.l5673CE-C2 C.C5¢R c.93¢é1 -0e33 3.3710 0.30511E-03 0.30379C-03
6 14,000 Ce1R8347-C2 1.C54 1,057 -0.25 3.3730 0.30495E-03 C.30404C-03
7 1€.000 0.22121E8-C2 le147 1,142 0.40 3.376C 0.30478E-03 0.30€11£-03
8 18.000C 0.257118-C2 1.222 1.223 -0.01 3.3830 0«.30459E-03 0.30456F-C3
9 2C.000 C.293338-C2 1.298 1,254 0.27 3.33S0 0.30440E-03 0.30515=-03
10 22.000 C.331285-C2 l.3¢4 1,361 C.25 2.36¢C 0.30420E-03 0.30487£-C3
11 25.000 0.29171E-C2 l.447 1,453 -C.41 3.40€C 0.3038GE-03 «20291E-03
12 28.000 0e45175E-C2 1.832 1.331 0.08 3.417C 0.30357%-03 0.303756-03
13 21.000 0.51522%-C2 1.€01 1.503 -0.12 3.4270 0.320324E-03 0.30301€-03
l4 34,000 CeS57862E-C2 le672 1,566 0.35 3.4350 0.302S1E-03 0.30355¢~-03
15 3€.000 Ue.£€2442E-C2 1.702 1.7C7 -Ce35 3.4420 0.20267E-03 0.302065-03
16 38.000 0. 668292-02 1.741 1.744 -0.18 3.447C 0«30244E-03 0.30214%-03
17 4C.00¢C C.71302%-C2 Le777 1.779 -0.14 3.4520 0.30221E-03 0.30158E-03
18 5C.000 C.94113E-C2 1.934 1.926 C.41 3.4730Q 0.30102E-03 0.30156E-03
19 €C.000 0. 117<RA=-Cl 24044 2.044 0.00 344910 0.28S78E-03 0.29G78E-03
20 7C.000 0.142177-C1 2e140 2.138 0.G7 3.5050 0.29851E-03 0.268585-03
21 8C.000 0.1€c€35-C1 2214 2.217 -0.16 3.517C 0.29723E-03 0.267C9:-03
(n RETA(T) LCE B87TA(I) SIGMAL(T) K1) LCG K1V K{I)/K(T+1)
1 0.1288E C& 2.10%6¢67 Q0.£5¢€ Q1 0.128RS 04 3.10657 5343
2 0+321C6E G¢ e 4G214 Ce251Z C4 0.2411% Q3 2.38216 €.262
3 0.11G¢E CE 7.CT7AC C.5117 06 Ce3RS50F C2 1.58547 17.115
4 0.2€SCC C#8 7.42970 0.23%c 08 0.2250€ Gl 0.35209 ¥ po ki
THE NUMBER JF ITERATICNS = 10 SMIN = 0.1317& C2
NC PCINTS TLIMINATIC

VOL KNC3

11.789
11.842
11.896
11.902
11.905
11.902
11.890
11.873
11.84¢
11.821
11.771
11.712
ll.€67
11.577
11.529
11.478
11.426
11.147
1C.850
10.540
10.222

cLT



*xpx k42 ATHREE PARAMETER PRCGRAM USED¥#®#xax sxx

STABILITY CCANSTANT SF TM3~DHMIBA RUN 2 AUGLST 19 1973
ORIG ACID CCACENTRATICN = J2.06759 ICNIC STRENGTH OF SOLUTIGN = 0.1000
ORIG BASE CONCENTPRATICA = 0.0%5262 POTASSIUM NITRATE CCNC. = 1.5100
BUFFER ACIGC CCNC. = 0.04477 VIOLUME OF METAL ICN SOL. = 4.00
BUFFER SALT CCNC. = 0.052€2 CCANC. OF METAL ICN SOL. = 0.10109
RATIO CF THE VKCA TO vB = 1.CCC00 CCNC. EXCESS ACID IN METAL = 0.0
FINAL SOLUTICN vCLUME = 200.00
STRAIGHFT LINE EGQUATICN-Y= 0.30592E-03+(-0.52157E-03)*X
1) VB ANICN CCAN N EXP N CALC ERRQOR PH KA USED KA THEQ
1 2.000 0.230%45E-C> 0.2732 0.273 0.07 3.5910 0.20581E~-03 0.30€35E-03
2 4.000 C.4568CE-C3 G.473 0.%73 0. 04 3.4430 0.2056S%E-03 0.30592E-03
3 €.000 0.€S7C8E-C3 0.€35 «£39 -C.01 3.386C 0.20557E-03 0.30553E-03
4 €.000 0.c56CGE-C3 O.784 0. 784 -0.10 3.3610 0e 30543E-03 0.30491E-03
5 1C.000 0.12350E-C2 C.511 C.513 -0.21 3.3510 0.3052GE-03 0.30434E-03
6 11.000 0.138C9E~-C2 C.G7C C.571 -0.16 3434S0 0.20521£-03 0.30453E-03
7 12.000 CelE295%-C2 1.027 l1.026 0.07 3.348C 0.30513E-03 0.30543E-03
8 14.000 C.184428-C2 l1.121 1.129 Celd 3.350C 0.304G7E-03 0.30548E-03
9 1€¢.000 0.21784%-C2 l.222 1.223 C.03 3.355¢C 06304 79E-03 0.30489E-03
10 1£€.000 Ce252€2E-C2 1.3C8 1.307 G.09 3.3610 0.20461E-03 0.30491E-03
11 2C.000 C.28900c-C2 1.385 1.384 C.06 3.36€C 0.30442E-03 0.30460E-03
12 22.00C 0.22€45F~-02 le457 1.454 0.16 3.3750 0.30423E-03 0.30467E-03
13 2£.000 0.32513F-C2 «£52 1.£49 Cel5 3.3860 0.303G2E-03 0.30428E-03
14 28.000 O.44€4€E-C2 1+634 1.634 -0.01 3.357C 0.30360E-03 0.30357E-03
15 31.00¢C C.5C62G6E-G2 lLe7CS 1.709 Q.02 3.407C 0.30327E-03 0.30331E-03
16 34.000 0.£73275~-C2 1776 1.775 0.23 3.4160 0.302642-03 0.30337€-03
17 2¢.00C O0.€1REEE-C2 1.R11 1.817 -0.30 3.42320 0.30270E-03 0.30216E-03
18 3€.00C Co66217=-C2 l1.E54 1.854 C.01 3.428C 0+30248E-03 0.30250E-03
19 4C.00C 0.7C5198-C2 1.BE5 1.891 -C.22 3.4340 0.30224E-03 0.30171€-03
20 5C.C00 0.63523%-C2 2.034 2.040 -0.29 3.457C 0.30103E-03 0.300652-03
(1) RETAILTI) LCC 9TTACI) SIGMA(T) K(I} LCG K(1) KITH/K(TI+1)
1 0.1401lE C4 Zal4€45 06235 01 C.140C1lE 04 3.14€45 4.8C6
2 O.4CEB4E Cé f.£11C82 0.115E 04 C.2S15F 03 246464 5525
3 0.2155F CE& 7.3334C 0.1BCE D6 0.527€E C2 1.72232 wEER R AR
THE NUMBER OF ITERATICNS = & SMIN = GC.3877E Cl

NC PCINTS ELIMINATCED

vOL KNO3

11.780
11.8¢&4
11.919
11.955
11.975
11.980
11.982
11.979
11.968
11.2950
11.925
11.896
11.843
11.783
11.717
11.644
11.595
11.542
11.489
11.204

€LT



STABILITY CCASTANT CF Y23-CHMIRA

ORIG ACID CCMCENTRATIIN = 0.1C213
CRIG PASE CCANCENTRATICN = 0.02262

BUFFER ACIC CCNC. = 0l.C4S51
RUFFER SALT CCAC. = 0.02262
RATIO QF THE VKCH T2 VvR = 1.C03000
FINAL SOLUTICN VvTLUME = 200.00

Hak#i 3kBYXTHREE PARAMETLR ORCGRAM USEDH*kdkokikxk#

YN 2

AUGLST 5 1973

STRAIGFT LINE ECLATICA-Y= U.30553E-03+4(-0.52157£-03)%X

(1) VB ANICN CCA M EXFP
1 2.000 C.21917=-C3 0.2¢7
2 4.000 Ce435€4E-C Na511
3 €.000 Cot€48CE-C3 J.£89
4 2.000 £.6154¢2-03 0.E840
5 1C.C00 0,11854%-C2 0.S74
6 11.000 Col33045-C2 1.032
7 12.000 0.147C¢E-C2 1.C¢c¢
8 14.000 C.l7847£-C2 1.199
9 1£.000 CoZ2llE3E-C2 12652
10 18.000 Ca246062-C2 1.38C

11 2C.000 0.283045-C2 la4E2

12 22.00C €.32056c-C2 1.523
13 25.0C0 0.37628¢-C2 l.€18

14 28.00C 0.44C76E-C2 le6SS

15 31.000 0.50411F-C2 1.771
16 34.00¢C Ce56F842-C2 1.837
17 2¢€.000 Ce&1z92e-C2 1.871

18 38.00C 0.€5866C~02 1.507
19 4C.000 0,7C«432-C2 1.56136

(n BETA(I) LCC 3FTA(D)

1 0.1€1€% C4 Z.20%3¢

2 0.5737c (¢ E.15F€7

3 0.2¢73E C8 7.47213

THE NUMBER OF JITERATICNS = 4

NC POINTYS FLIMINATEC

ICNIZ STRENGTH OF SOLUTICN = 0.1000
PCTASSIUM NITRATE CONC. = 1.5100
VOLUME GF METAL TCN SCL. = 4.00
CONC. OF METAL ICN SOL. = 0.1C025
CCNC. SXCESS ACID IN METAL = 0.0
N CALC ERRDR PH KA USED KA THED
C.297 0.05 3.540C 0.30582E-~03 0.30€27E-03
Ca512 -C.10 3.386GC 0.30570E-03 0.30495E-03
0.688 0.15 3.33CC 0.30558c-03 0.30656E-03
0.R41 -J.11 33050 0.30545E-03 0.30481E-03
C.c75 -0.10 3.2550 0.30521E-03 0.33479£-03
1.037 -Ce32 3.294C 0.30524€E-03 0.30369€-03
1.051 C.42 3.2920 0.3051€£-03 0e307C9:z-03
1.198 0.09 3.2960C 0.30500E-03 0.305375-03
1.2G63 0.02 3.3020 0.30483E-03 0.30491€£-03
1.378 0.14 3.3090 0.30465E-03 0.305115-03
1.456 -0e23 3.318C 0.30445E-03 0.30374E-03
«€25 -C.11 3.32¢€0 0.30426E-03 030394E-03
1.617 0.05 3.3380 0.303¢5£-03 0.30408c-03
1.699 0.20 3.3500 0e303€3E-03 0.302€3E-03
1.770 Q.06 3.3610 0.33330E-03 0.30343E-03
1.833 0.21 3.3710 0.3023¢6€E-03 0.30337E-03
J.872 -0.0¢ 3.3780 0.30273E-03 0.30261£-03
1.908 -0.03 3.3840 0.3024GE-03 0.3J245E-03
14542 -CeléE 3.3300 0.32226E-03 0.30199E-03
STCGMALT) K(I) LaG k(I K(I)/K(I+11
Ce4C%¢ Ol 0.161568 04 3.20839 44551
Ce.2106% 04 C.3550E C3 2.55028 €.852
0.366LF 06 C.5182E C2 l.71447 wk kxR %
SMIN = C.8C79€ 01

VOL KNO3

11.808
11.899
11.957
11.995
12.016
12.022
12.022
12.020
12.008
11.688
11.963
11.3931
11.876
11.812
11.743
11.668
11.€16
11.563
11.508

HLT



(1

VRNV DWN-

HhkAk A kAR THREE PARAMITED PRIGRAM USED* ®sdkahsss

STABILITY CCNSTANT CF LU3-DHMIBA RUN 2 JULY 17 1673
ORIG ACID CCNCENTRATICM = 0.101¢€4 ICNIC STRENGTH OF SILUTICN = 0.1000
CRIG EBASE CCNCENTRATICN = 0.CE2€2 POTASSIUM NITRATE CCNC. = 1.5100
BUFFER ACID CCNC. = 0.C%902 VOLUME JF METAL ICN SGL. = 4,00
BUFFER SALT CCNC. = 0.05262 CCANC. NF METAL ICN SOL. = 0.10210
RATIO OF TFE VKCH ¥C VR = 1.C0C00 CCNC. EXCESS ACID IN METAL = 0.0
FINAL SCLUTICN VCLUME = 2C0.00
STRAIGHT LINE EQUATICN-Y= 0.30592E-034¢1-0.52157E-C3}) %X
vB ANTICN CON N EXP N CALC ERRIJR PH KA LSED KA THEOQ
2.000 0.20050C-C3 0.201 Ce302 -0.05 3.832C 0.305€2E-03 0«30E534E-03
4.CCQO 0.40832E-C3 0.521 €520 0.16 3.377C 0.30572E-03 0.30£659€-03
€.000 0.829C5%-C3 0.7CC CeT02 -C.21 3.218C 0.30560E-03 0.20414£-03
8.000 0. E€513T-03 O.RS5E (856 0.22 3.2910 0.30548E-03 0.30681c-03
16.000 C.l11240E-C2 0.554 G962 Q.23 3.2810 0.30534E-C3 0.30662E~-03
11.000 0.126€€E-C2 1.082 1.057 -0.30 3.2810 0.30527€-03 0.303¢9E-03
1z.000 Ce 14052E-C2 le.112 1.115 -C.24 3.2810 0.30519E-03 0.30401c-03
14.000 0.17076E-C2 1.222 1e222 -0.01 3.2840 0.30504E-03 0.304672-03
16.000 G.2C2€3%-C2 1.320 14319 Gel3 3.2900 0.30487&-03 0.33540E-03
18.00C 0.23&E1&-C2 l.4C8 l.4Co Cell 3.258C 0.30470E-03 0.30509E-03
2C.000 0.272228-02 L.4ES 148" -0.01 3.307C 0.30451E-03 0.30449E-03
22.0C0 0.3C92€%-C2 la 557 14557 -0.02 3.316¢C 0.30432E-03 0.30425E-03
25.000 0.366C5E-C2 laéC4 1.€52 Gell 3.325C 0.30402E~03 0.30431E-03
28,000 0.42771E-C2 l.73¢ 1.736 0.01 343420 0.30370E-03 0.30373&£-03
21.000 Ce49047c-C2 1.8CS 1.809 -0.01 3.3540 0.30337E-03 0.30334E-03
34,000 0.554915-C2 1.875 1.874 0.01 3.3650 0.30304€-03 0.30305E-03
2¢.000 0.5¢€¢52-02 l.912 l1.514 -0.05 343720 0.30281E-03 0.30271€-03
38.0CC Q0.642665-C2 1.554 1.950 0.19 3.3780 0.30258E-03 0.30294E-03
4C.000 C.68303c-C2 1.681 1.686 -0.22 3.385¢C 0.30234E-03 0.30195E-03
5C.000 0o9Q2C€3E-C2 2.124 Ze127 -0.16 3.411C 0.30113E£-03 C.30C90€~-03
(1} BETA(T) LCC BETA(I) SIGMA(TI) (1) LCG K(I) K(I)/K(I+1)
1 0.176GF 04 24241765 C.4CSk 01 0.1769E 04 2.24769 4.£31
2 0.675€E Ce . E2G€5% 0.221F 04 C.3819€ 03 2.58200 6.327
3 0.4078E C*# 1.61047 0.3E7F 06 C.€036E 02 1.78078 bbbt 2 bbb
THE NUMBER OF ITERATICNS = &4 SMIN = 0.7871FE C1

AD POINTS ELIMINATEL

VOL KNO3

11.787
11.883
11.947
11.687
12.010
12.019
12.022
12.021
12.010
11.592
11.9¢é8
11.938
11.884
11.822
11.753
11.679
11.628
11.574
11.520
11.230

QLT



STABILITY CCNSTANT GF Y3-DtMIEA
ORIG ACID CONCENTRATICA = 0.10164
ORIG BASE CCNCENTRATICN = J.CE2€2
BUFFER ACIC CCNC. = 0.04602
BUFFER SALT CCNC. = 0.052¢2
RATIO CF T+E VKOR TO vB& = 1.C0000
FINAL SOLUTICN VOLUME = 2CC.00

STRAIGHFT LINE EQUATICN-Y

(n vB ANICHh CCN N FXP
1 2.000 C.32050F-C3 0.229
2 4.00C 0e€1&0052z-G3 0.353
3 €.000 C.S147€=-C3 .£32
4 2.000 0.12238%-C2 Ceb6E52
5 1C.000 O0e1E85c62E-C2 0e.7¢1
6 11.00C Cel1723CE-C2 0.813
7 12.000 Ce18957Z-C2 0.86C
8 14.000 0.22504F-C2 C+S5GC
9 1€.000 C.26205F-C2 1.030
10 18.000 0.269542-C2 1.108
11 2C.000 0.33631F-C2 1,169
12 224000 De3794CE-C2 1.234
13 £.000 0.44129F-C2 1.219
14 28.000 0.5C551€-02 1.390
15 21.00¢C Ce5TCSEE-C2 1.456
16 34.000 0.€361CE-C2 1.£28
17 3€.000 0.€0251€-02 1.555
18 3€.000 Ce72716E-C2 1.567
19 5C.00¢C C.1C08B4E-C1 1.7¢€
20 6C.000C Ce1248RF-C1 l.87¢
(1) BETA(I) LCC BETALD)
1 0.8173E C3 2491238
2 0.1427F 0¢ £el544¢
3 0.38€5€ 07 £.5871¢
THE NUMBER OF ITERATIONS = E

NC PCINTS €LIMINATEC

*4 Ax# k%KX THREE PARAMETER PRUOGRAM USED*kk#kyhihk

RUN 2 JULY 17 1973
ICNIC STRENGTH OF SOLUTION = 0.1000
POTASSIUM NITRATE CONC. = 1.£5100
VCLUME OF METAL ICN SOL. = 4.00
CCAC. OF METAL ION SOL. = 0.06698
CCNC. EXCESS ACID IN METAL = 0.0
De208S3E-03+4(--0.52157E-03)%X
N CALC ERROR PH KA USEC KA THEO
0.228 0.45 3.6210 0.3057€¢E-03 0e20764E-03
C.394 -0.43 3.4880 0.30561E-03 0.30396E-03
0.%932 ~C.04 344340 0.30545E-03 0.30531E-03
G.55 -0.36 3.4090 0.30529E-03 0.304145-03
G,T762 -Q0.15 2.3G€0 0.30512E-03 0.30469E~-03
0.312 0.13 3.3920 0.30502E-03 0«3054CE-03
C.1360 0.04 3.36CGC 0304S4E-03 0.30505E-03
€.948 C.24 3.388C 0.30476E-03 0.30535E-03
1.028 Oe13 3.38S0 0«30456E-03 0.30487E-03
1,102 C.27 3.3910 0.30437E-03 0.304G6E-03
1,171 -0.17 3.395C 0.30416E-03 0.303815-03
1,232 0. 20 3.398C 0.30365E-03 0.30433£-03
1,317 C.21 344040 0.303€3E-03 0.30400E-03
1,393 -0.25 3.4110 0.30329€E-03 0.30289E-03
1,461 -0.18 3.417C 0.302S5E-03 0.30268E-03
1.522 0.39 3.4220 0.302€1E-03 0.30316E~03
1.561 -0.37 3.427C 0.30237€E-03 0.30187E-03
1,596 0.07 3.4300 0.30214E-03 0.30222£-03
1,773 -C.42 3.450C 0.30067€E-03 C.30024E-03
1,386 —-0e41 3.4630 0.29942E-03 0.299C6E-03
SICMALT) KDY LCG K(1) K{IY/K(1+1)
Ce242% 01 Ce.8173E C3 291238 44681
0.553: 03 C.1746€ C3 2.24208 6.447
0.1217 Cé €.27C8t 02 143270 bt DL L L
SMIN = 0.8319€ 01

vot KNO3

11.801
11.856
11.R88
11.907
11.913
11.912
11.909
11.898
11.881
11.857
11.830
11.797
11.741
11.680
11.612
11.539
11.490
11.438
11.105
10.806

9LT
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a3 o3 9x2T3] PARAMETIR PROGRAM USED## s kmdkax

STABILITY CCASYSANT OF CT2-THIFL &ipp 2 JCTRRER £ 1671

GRIG ACID CCANCE = 0.0G5C45 ICNIC STRENGTH OF SOALUTION = 0.1000
ORIG EASF CCNC: = 0.C4C5F PCTASSTUM NITRATE CCNC. = 1.29C1
BUFFER ACIC CCN~. = 0.,045°7 VCLUME 3F METAL ICN SCL. = 2.00
BUFFZR SALT CCAC. = D.04cs58 CCANC. OF METAL ICN SOL. = 0410035
RATID CF THE VKCH TQ vP = 1.60C00 CCNC. &EXCESS ACIO IN METAL = 0.0
FINAL SQLUTICN VOLUME = 1CC.CO
STRAIGHFT LINL "“RULLTICM-Y= J.265380:-034{-0.6CCCO0E-Ca)*SQ RTIX)
(1 ve AMICAN CTM NP xR NOTALC £RRCR PH KA USZD KA THED
1 1.000 Ca 86435167 -C3 Sel24 2e024 -C.J6 3.8172 0.26353E-03 0.2€6€352&-03
2 3.00C 0.157818-C2 C.Ce? 3.062 S.7C 3.67CC 0.262€2£-03 0.26276£-03
3 £.000 C.2521F2-02 C.Cc¢ 2.CC7 -1.55 3.626GE Ce251G9E-03 0.26167£-03
4 &.00C Ce262461—C2 0.11% Z.114 1.27 3.€17¢ 0.261728-03 Ce256168E-03
5 7.200 Ce345E77-C2 L1253 Z.130 -l.48 3.€102 0.26147€-03 C.2€6118€-03
6 R.000 Ce3202¢47-C2 Cela? Jal46 -la.34 3.604C 0. 26124£-C3 Ce26CG82-03
7 G.00C 0e.43QC1~-C2 C.1€1 Z.1€1 0.12 3.5588 Cs26102E-03 0.261055-03
9 1C.000 C.t85817-C2 D174 Z.175 0.C7 3.55650 C.26082F-03 0,26C83F-03
9 1€.000 Ce 76744 -C2 Ca26€¢ 22060 -Ce.48 3.5820 0e25574E~-03 0.256€€%-03
10 18.00C Cef€ 1G5 -C2 C.293 Je286 -l.04 3.5812 0.25%43€-023 0.,25925z-03
11 2C.00¢C CaSHa7C2-C2 0.315 Z.310 l.e1l 3.5751 0e425614E-33 0.25G417-03
12 22.0CC Calfacaet-(1 0.32% 2.334 1.13 3.57€2 0.25885£-03 0.259C4%-03
13 24,000 c.,114357-C1l Je3€s 2.357 1.77 3.5773 0.258582-03 0.25887F-03
14 2¢.000 C.17322=-(1 Ce2F5 3.379 l.7C 3.5768 Ce.258322-03 0.25859E-03
15 2£,3CC Coeli2327-C1 Ce40¢ 22400 1.48 3.57¢5 Ce258C7£-03 0.25830£-03
15 3C.00C C.142£3,.-C1 C.427 J.421 1.58 2.57€3 C.25782%2-03 0.25804%-03
17 32.0CC Celf235°-Cl Ce&ac Seh4l 1.30 3.57¢€2 0.25759:-03 0.25779E-03
18 35.00C C.leE€c.-Cl D.47% 469 1.17 3.57¢€2 0.25725&£-03 0.257425-03
19 27.00¢C Cel7e22°-C1 Cs4SG2 Ce498 C.a8 3.57¢€2 0.257C4E-03 0625717£-03
(1) QETL(IY LEG Aciatl) STCUA(CTD) K{1} LGG K(I) K(I)/K(I+1)
1 Q.at4cs: 07 1.€617%4 C.7417-01 Ce.4145F 02 l.£1754 7.110C
2 2416~ O Ze3AZ L™ Ce334" 02 C.S230F Ol C.TE564 bbb bk ot
THE MNUMPER IF ITERATICNT = 3 SVIN = C.2CC2=-Cl

NC FOIMTS CLEPINZTLD

VoL KNC3

Te244
T 177
Telll
7.079
7.046
7.013
6.980
€.947
€.745
6.677
€e 609
£.540
€471
6.402
6.332
6.261
¢c.191
6.085
6.014

QLT
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mxests ki keTh) PARANETZR PRIGRAM USEDR%xs kakkks

STABILITY CCNSTANT C= 712-Cr18p  ZyM 32 AUGLET 16 1671

ORIG ACID CCNCEATFATICN = 0.10017 ICNIC STRENSTH JF STLUTION = 061000

CRIG PASE CCMCENTRATICIN = O.04°597 PCTASSIUM NITRATE CCNC. = 1.2%01

BUFFER ACID CCANZ. = 0,05C20 VoOLUME OF METAL TCN SCL. = 2.00

AUFFER SALT COCNC, = JaC04CG67 CCANCe OF MZETAL ITN SJOL. = 0.06839

RATIC CF THE VKOKF TJ VFE = 1,CCCGC CCNC. =2XCESS ACID IN METAL = 0.0

FINAL SCLLTICN vLLUV*® = 1C0.73573

STRAIGET LINF SCUATION-Y= J.2eS037-03+4(~0.6C2C07-C4145Q RT{X)

(1) VE LRI COF rnobxe N CaLC TCcEIR pH KA LUSED KA THED VOL KNC3
1 2,000 CelZ515%-C2 Calxa CeC R4 -C.20 3.6615 Ce262€4E-03 0.26258K-C3 7.192
2 44000 0.201737-C2 CalC® 0.107 0. 4S 3.€3€3 0.26230C-03 0.26244E-03 7.161
3 £.0CC 0.247650-C2 Calz2 c.130 1.4 3.€200 C.26201€-03 0.26243E-03 7.130
4 &.000 Ce2G55RI-L2 Celsb C. 151 -3.5¢ 3.61C8 0.26174E-03 0.26GBOE~-03 7.068
5 S.000 C.432737-C2 g.217 CeZlO 3.21 3.550C 0.261C5E-D3 0.2618SE~-C3 7.003
<] 1C.000 CowPLC3=LT 0.22¢ C.:29 -l.36 3.5880C Ce26084E-03 0.26050E-G3 6.370
7 12.000 Cab73cC:i-C2 C.2% C.Z2ES -C.37 3.5825 C.26045E-03 0.25GC37e-03 €.304
3 14.300 Qe EO6F3T53-02 C.z2=¢ 0.298 -2.75 3.579S 0.260CSE-03 V.25G4€E-03 €.837
% 1€.C00 Co7€02CcC-02 Ca221 Co323 Ce57 3.5765 Ce25G677E-03 0.25989E-03 €771

13 18.00CC Q o4 Ce3&7 ot 2.27 3.5744 C.25646E-03 0.25954%-03 6.703

11 2C.000 C 2 TG4 o 1.8¢ 3.5735 0e25916E-03 0,259545-03 64635

12 22.0C0 Cel Cc1 Cat?25 [ .8 3.5722 0.25888E-03 0.25G6¢€E-03 €.5¢€E€

13 24.00C c c1 Ca4z2 C. 3.22 3.5720 0.2586CE-03 0.25923€E-03 €.497

14 2€.000 C cl Les17 c. 3.20 3.5718 0.25834F-03 0.25895€E-03 64427

15 2C.00¢C Ceoi4252F-01 0.211 C C.7C 3.572¢ C.25784E-03 0.25796E-03 64285

15 32.0CC T.res72i=01 Ca®R1 C. ~-1.42 3.5735 0.251725E-03 0.25701£~03 €. 106

17 €c.0cCe Ca2d32717-C1 Daf71 C. -C.28 3.57¢7 C.25872E-03 0.255682-03 5.5€2

(1) BETA(T} LCG 227 SICMa (I K1 LOG KCOI) K(IV/K(TI+1)
1 0.5829% (2 L. 76557 Ce5€0' 020 C.5F26G% C2 1.7€6557 10.395
2 0.232¢Rr CZ ZeBla2l Qeal27 03 Co5n6C7% 01 0.74874 BETRREFY €
THE NUMBER TF 17 _RATICNS = 4 SMIN = 0.7C31E-C) ’

NC PGINTS #LIMTAIT=ED

181



mkkad € iuexTl] PARAMETSER PROGRAM USFD» ki kkxkkx

STARILITY CCANSTAMT <F CC2-CHIBZ FUN 2 MAY £ 1672

ORIG ACID CCACFATRATICM = 0.1C082 ICNIC STRENGTF OF SCLUTICN = 0.1000
CRIG EBASE CONCEATEATICM = 0.04692 PSCTASSIUM NITRATE CCNC. = 1.2601
BUFFER ACID CCNC. = 3.C5100 voLumM:z 2F MSTAL ICN SCL. = 2.00
BIJFFER SALT CCNC. = 0.C45€2 CCNCe. 0OF METAL ICN SOGLe. = 0.09%79
RATIQ CF THE VKLH T2 vE = 1.CCCOC CCNC. EXCESS ACID IM METAL = 0.0
FINAL SCLUTICN vOLOVYS = 100.CC .
STRAIGHFT LINE 3CQUETICAN-Y= 0.2£6500:i~C3+(~-C.6CCCO%-04)*ST RT(X)
(n va EMTUN CCN N TXF N CrRLC TR0OR P+ KA USED KA THED VCL KNC3
1 <.000 C.1C95¢c7-C2 C.CaT7 CoC47 , =0.12 3.7059 04263015-03 0.262G68E-03 T.213
2 2.0CC C.15778:~C2 C.068 0.C67 " 3.83 3.6605 0.26262E~03 0.26280E-03 7.180
3 4+000 0e2081CY-C2 Qe CQ¢ CeCRT -1.23 3.56360 0.26228E-03 0026201E-03 T.148
4 5.000 0e2517¢7-C2 C.1C7 C.1C7 -C.10 3.€162 0.26199E-03 0.26167€-03 7.116
5 6.00C C.2683€67-C2 C.17€ c.127 -3.22 2.6077 0.2€6172c-03 0.26167E-03 7.084
6 7000 Ce2447C7~-C2 Celéac Cal46 C.05 3.59G51 0.2614BE~-03 0.26150E-03 7.052
7 8.00C C.3C€CEE:=C2 .17 C.165 J.72 3.5924 0.26125E-03 0.26141E-03 7.020
2 €. 000 0.427247-C2 0.1%8% G.185 Je 3l 3.5874 0e261C32E-03 0.26110&-03 6.989
< 1C.0CC Cean2c1i-C2 Uel2T4 C.704 G. 25 3.5833 0.26CR3E~03 0.,26C88E-03 €.957
10 12.000 Ce57562%2-32 0.242 Coz242 C.38 3.5771 0.26045E-03 0.26053E-03 6.892
11 14,00C Cott?42u-02 Ce2RT 0.279 «31 3.5728 Ce 2600GE-03 0.26C16E-03 6.828
12 1€.000 CoT6GCR4Y-C2 C.317 C.Z15 C.53 3.566G¢€ 06256577E-03 0.25988E£-03 6.763
13 18.000 C.FE3267-C2 C.354 0.%51 C.79 3.5672 0.25846E-03 0.259628-03 €. 627
14 2C.0CC C.S454327~-C2 Ca36G< C. 386 1.61 3.5652 C.25617€~-03 0.25951¢£-03 6.632
15 22.00C C.1C38C7-C1 Cea2F 0.420 1.86 3.5638 0.25889E-03 0.,25G628E-03 €a565
16 24,000 0.113172-C1 C.45¢ C.¢53 0.%8 2.5631 0.258€2E-03 0.25882E-03 €e499
17 26.00C C.lz258¥-C1 C.4%¢€ C.486 ~0.GC9 3.5627 0.25836E-03 0.25834E-03 6e432
18 28.00C C.121867-(C1 c.52C C.518 C.412 3.562C 0.25811€-03 0.25820E-03 6.3E4
19 3C.000 0o1411C7-C1 0.556 0548 l.46 3.5613 0.25787c-03 0.25816€-03 64297
20 35.000 Calt4s572-Cl Get2€ C.22 1.J3 3.561C 0.25730E~-03 0.25750E-03 €.126
21 4C.000 Oo1E83€F-C1 0.68% 0,652 ~1.08 3.5617 0.25&677E-03 0.25€5¢65-03 54651
22 5C.000 Ca22562:-C1 C.€12 C.916 ~0.48 3.5€25 Cs25579%-03 0.25571E-03 54599
23 6C.000 0.2F3274-C1 C.@21 C.%23 2.2 3.5640 0.25490£-03 0.,25486E-03 5.240
(1) BETA(I) LrG 3378(1) SICVMALT) K{I) LCG K{(I} K{TV/K(TI+1)
1 0.4245F G2 1.€282¢€ Ce.l14C* 20 0.4249E C2 1.€2828 1.879
2 CeCe(C™ 07 ZeCROET O.4CS5t 02 0.22617 02 1.35437 ke kkHik
THT NUMRER TF [T72aT1IING = 4 SVMIN =  J.23123-Cl

NC POINTS tLIVINAT O

g1
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XIII. APPENDIX E:
FORMATION CONSTANTS OF BIVALENT TRANSITION METAL

a , B -DIHYDROXY -S-METHYLISOBUTYRATE COMPLEXES



STABILITY CONSTsANT TF

CN2-CHMIRA

ORTG ACID CCNCENTFATICN = Q.CSEL7
ORIG PASE CONZINTRATICM = 23,0450
BUF=ER ACID CCNC. = 0.048€7
BUFFER SALT CCNC. = Q.C465C
RATIO CF TFHE yxCr T2 VvE = 1,0CC00
FINAL SCLUTICN vCLUN~E = 10C.CO
STRAICGHFT LINE ZQULTICA-Y= J.2C835°7
(B8] v8 AMICN CCH N =XF
1 4.00C 0.20686:-C2 CaCEC
2 5.000 0.254C65-C2 C.Cc7
3 €.0C0 0.20102%-C2 C.1172
4 7.0C0 Ce347372-C2 Cal13&
5 €.000 G.29277:~-C2 C.153C
6 G.000 Cot33E76~-C2 C.l€0
7 1C.0C90 CeaB62c7-C2 CelBE
] 12.000 C.57R3¢8-C2 C.222
9 14.000 0.€671420-C7 C.2EC
10 16.00C Co7€4217-C2 0.28¢
11 18.00¢0 0.857147-C2 D.216
12 2C.0CC Ce€5C0CE-C2 Oe34R
13 22.00C C.10440--C1 Ca3732
14 24.00C 0.1137¢Z-C1 0.2CGE
15 2€.00C Cs.l220R%-Cl Ce429
16 22.000 0.13z232¢-C1 O.4€2
17 3C.000 0.1l41€65-C1 Ja4R8S
18 32.00C C.151015-C1 €C.51¢
19 £.000 0.1¢%C5E-C1 0.556
20 37.000 0.1 743R%-C1 Qe 587
(1) BETA(T) LTC 3%T2(D)
1 2g<c1l ce 1.59CC1L
2 Qe €C?. 03 ‘82588
TH= NUMBFTR GF [T=R4TIMNG = 4

NG POINTS ELIMINATRD

AFESEFRFART 3

RUN ¢

JANLARY 14 1672

PARAMETER PROGRAM USE Caskkkmksnnk

ICNIC STRENGTR CF SCLUTICN = 0.1000
FOTASSIUM MITRATZ CONC. = 1.2901
vCLuv= OF MZTAL ICN SCL. = 2.00
CCACe TF  MZTAL ICAN SCL. = 0.10035
CCNC. ZXLESS ACID IN METAL = 0.0
~C3+({-35.6C€€0"-04) %S9 RT(X)

N CALZ ERAROR PH KA USED K4 THEQD
C.CARO C.60 3.6028 0.30423E-03 0.30437£-03
c.oa7 -J.65 3.5852 0.30378E-03 0.303€3E-03
G. -le.62 3.572% 0.30338E-03 0.303002-~03
C. -C.3¢€ 3.5633 0.30301E-03 0+30292E-~03
C. D.C4 3.55€1 0.3026€65-03 0.302675-03
o 1.29 3.5502 0.30234E-03 0.302¢1c-03
c «26 3.5457 0.30203&-03 0.302312-03
C 2.68 3.53¢86 O0.30146F-03 0.302068~03
3. let4 3.5342 C.30CS2E-03 0.30129Z-03
o] 1.30 3.53CS Ce30042E-03 C.30C71E-~C3
c 1.26 3.5284 0.295S6E-03 0.30023%~03
C 1.32 3.526€5 0«29951E-03 0.29680E-03
G,373 ~Cel7 3.8285 0.29909F~-03 0.29905£-03
C.403 -1.15 3.5247 0.23868E-33 0.29843E-03
C.431 -Ce 46 3.3237 G.29829€-03 0.29R19&~03
0,459 0.63 3.5228 0.26752€-03 0.29805E-03
G487 Qe54 3.£224 0.26756E-03 0.29767E-03
c,%13 0.94 3.5220 0.29721€-03 025740803
0,552 l1.2C 3.5217 0.2G€70E-03 J.29€94E-03
0,377 le77 3.5215 C.2S€3€EE-03 0.29673E-03

SIGMA(T) K{T) LCG K] K(I)/K(E¢1)
C.266* 00 0.3RCLE C2 1.59001 20260
02 0e.1721r C2 1.23587 TRk kW koiex

Ce5€34E-C2

VOL KN3J3

7142
7.110
7.077
T«045
7.013
€.980
6.548
6.883
6817
&a751
€. €ER5
6.619
6.5%2
Ce484
&l
60349
6.281
€.213
€.110
60041

H8T



ok Atk Wb ARKTHRES

PARAMETER PRCGRAM USED*# &kikdkks

STABILITY CCANSFLNT TF Ni2-LENMIRA  RUN 3 APRIL 21 1972
CRIG ACIC CCNCaNTPATIZM = 0.10C41 IJONIC STRENGTH OF SOLUTION = 0.1000
CRIG BASE CCONCENTRATICIAN = 0.04%81 POTASSIUM NITRATE CONC. = 1.2901
BYFFER ACIC CTANC. = 005060 VOLUME JF METAL ICN SOL. = 2400
BUFFER SALT CCMT. = 0.04981 CCNC. JF MZTAL ICN SOL. = 0.06664
RATIC CF THE VYCH V2 vP = 1.00000 CONCe ZXCESS ACID IN METAL = 0.0
FINAL SCLUTICN vOLUM= = 10C.CC
STRAIGHFT LIANF “CULATVICN-Y= 0.305G25-03+4(-2.,52157E-C3)%X
(1) ve ANTCN CCA N EXP N CatC SRROR PH KA USED KA THEOD
1 2.000 Cel15H%RCGT-C2 0.0¢¢ C.C96 C.01 3.6045 0.30512€-03 0.30512€-03
2 4.0C0 Ge2C207%-C2 Na123 Cel23 ~0.C5 3.5762 0.30488E-03 0.30486E-03
3 €.000 D.247%67-C2 Qalac C.l49 -3.Cé€ 3.5578 0.30464E-03 0.30461E-03
4 €.000 Ge2935&7-C2 0.17% 0.175 0.22 3.5443 0.30440E-03 030447TE-03
5 7.000 Ge330200~-C2 €.20C G«200 -0.03 3.535¢4 030416E-03 0.30415€-03
<] 8.CCO Ce.28466c-C2 Le22% C.225 O.11 e 5281 0.30362E-03 0.30396E-03
7 c.000 Ce42022°-C2 JalaC 0.2409 -0.06 3.5225 0.303€9&-33 0.30365E-03
8 1C.00¢C Coa 75757 -C2 Ce273 C.273 -0.20 3.5180 0.30345E-03 0.30338E-03
S l1Z.CCC CoSELETT-C2 Ce220 C.320 -0.04 «5112 0.30297€-03 «20256E-03
10 14.00C TefSVELT-C2 Ca367 C.366 J.06 3.5C65 0.30250&-03 0.30252Z-03
11 1€.000 LeT40G3r-C2 Cetll Ca4l2 -C.24 3.5033 0+30202€-03 0.,30195€-03
12 18.000 D.63957:-C2 CesSPR Ca.%456 Ge49 3.500¢ 0.30155£-03 0.30170E-03
13 2C.0CC C.¢3C747-C2 G503 C,500 C.58 3.4988 0.301C8F=-03 0.3012€6E-03
14 22.C0C C.10218%-C1 C.548 0.543 C.86 3.4G74 0.30060€-03 0.30C875-03
15 24+C0GC 0e11143%-C1 Ce R4 C»586 -0.23 344569 0.30012e-03 0«30005£-02
16 2€.00C Ca120€CF-C1 De€26 Cc.528 -Ca37 3.45¢€3 0.299€4E~-03 0.29953E-03
17 28.00C 0.12€81%-C1 Ga645 0.569 -0.70 3.4G¢€0 0.2991¢E-03 0.298G5F~-03
18 37.00C Cel71295-Cl CeF32E G, 349 ~l.34 3.4961 06297CCE-03 0.2G661E-C3
(D) BETALI D) LTC 2%TA(T) SICGMALT) K{I) LGG K(I) KUT)/K(TI+1)
1 Qe €404F (2 1.20¢€42 0.1C43 00 Ce€4CaFE C2 1.80€42 3.703
2 0.11C7F G4 2.0%426 0.2750: 02 0.1729€ Q2 1.23783 0.667
3 0.2871% C5 Ge@37S7 Oe22€t. 04 0.2592% 02 1.41371 BPREKE KR
THE NUMBER CF JTERLTTOANS = 10 SVMIN = 0.1731%-01
NC FCINTS (L IMINRTLT

VOL XN23

7.202
T«172
T.1l42
Telll
7.081
7.050
7.020
6.989
€.327
€.8¢64
6.801
64738
€Ce674
€£.6065
€e 544
6.479
&o4l3
€.112

6T
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76€£°9
S9%°9
SEG*9
s09°9
»L9°9
ZHL*9
508°9
q18°3
BE6I
00G°L
660 °L
LA RS
1412
991°L
681°L
01z°¢
oee*L
LyeL
192°L
1zt

CINY TOA
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wnARES ku5ET ) PARAMETER PRIGRAM USEDARNk#x hkkk3

STABILITY CCASTANT & 2N2-CHEMIPA  RUN 2 JANULAPY 14 1972
CRIG ACID CCNCENTPATIZN = 0.CG&E4G ICNIC STRENGTR CF SOLUTICN = 0.1000
CRIG EASE CINCLWNTRATICN = D.C4CR2 POTASSIUM NITRATE CONC. = 1.2901
BUFFER 2CID CCNC. = JD.064F€7 VCLU*Y: JF MZTAL ICA SCtLe. =  2.00
EUFFEFR SALT CCN~Z. = J.C4582 CCNCe. N7 MITAL ICN SOL. = 0.05839°
RATIC CF THE VKTH 70 vE = 1.03000 COGMCe ©XCESS ACID IN METAL = 0.0
FINAL SCLUTICN v32iuM? = 1CC.00
STRAIGHFT LIAE ELLoTITN-Y= D.30R357-03+4(-0.5C€€C7-04)%SQ RT(X)
(1} vB SRNICN CCTh N #XF N €aLl SRAIP ] KA USED KA THEQ
1 3.000 04156147-C2 Ce.CF7 c.cer « 26 3.£€226 0.30477E-03 0.304855-03
2 4.000 0.2023C.-C2 c.111 c.112 ~J.33 3.5352 0+30427E-03 0.303963-03
3 £.000 C.242€51:-C2 C.137 0.137 2. 20 3.57¢8 0.30383E-03 0.30386%-03
4 7.000 0.33G66(7-C2 g.188 G,134 2.31 3.5542 0.303C7E-03 0.20381£-03
5 2,000 0.386C13-C2 0.2C* 0,220R J.02 3.548C 0,30272E-03 0.30272E-03
) S.000 0.42243%-C2 C.227 C.231 -1.8¢& 3.5432 0.30239€E-03 0.30180€-03
7 1C.000 Coa77C17-C2 Ge253 0,253 3.R7 3.€378 0.302C9¢-03 0.3023€%-03
8 12.000C Ce5£€29:-C7 Ca234 c,297 ~Ce89 3.532¢C 0.30151€-03 0.30123€-03
a 14.000 Cet€l1€17-C2 0.333 0,349 -2.02 .£28¢C C.300GEE-03 0.30036%-03
10 2C.000 CaS232£€7-C2 0452 C.458 .90 3.£20C 0.29958E-03 06295R4%2-03
11 22.00C C.133CCF-C1 De4 S C.,4%¢ -1l.34 3.5167 0.29915£-03 0.26€77%-03
12 24.3C0 Gell12047F-C1 Ce537 C.331 1.18 3.5180 0.29875E-C3 0.23608:5-03
13 2€.3C0 0.121357-C1 CeS7C 2,565 2.97 3.5176 0.29836FE-03 0.25860=-03
14 28,000 C.130¢23-C1 C.&0°% C.,599 1.13 3.5172 0.29799E-03 Ce29829:-03
15 3C.00¢C Q.135627-C1 0.62¢ 0,531 1.29 2.517C 0.297€¢3€-03 0.29767z-03
16 32.000 Ce 1422 _-C1 Ce&7C C.562 l.26 3.517¢C 0429727%-03 0.29760E-03
17 35.000 Oelei27--C1 Ce71lR 0.706 1.75 3.517C 0.29677£-03 0.2972iL-03
18 27.000 0.1727°€¢-C1 0.741 0.1735 Q.89 3.517% Ce29€43E-03 0.2G6£%5>-03
19 4C.30C C.l86727-C1 Ce752 0.775 2.17 3.5175 0.29566£-03 0.29€4%E-03
(1) BETA(I) LCC RETA(T) SIGVMAL(T) KCT) LG K(1) K(IV/K(I+1)
1 0.5€¢3% (2 le 75521 Ce34C= 00 CaH55€3% C2 1.75531 «£82
2 0.1255: C4 2.03E41 C.7652 02 C.2204%4& C2 l.34329 ook ok o ok
THE NUMEER CZF ITLFATIONS = 4 SMIN = 0.3C49E&-C1

NC PCINTS

SLYNMINSGTOC

VoL KNC3

Te192
7e.151
7.131
7.070
7.036
7.008
€e977
€.914
6.850
6657
€.591
€.525
60458
6.390
€.322
€e254
64151
6.C81
5.977

18T



x#2driaxkxTn) PARAMETSR PRIGRAM USIL=s#d kwkss

STASILITY CCASTANT 3F (O02-DHMIPA  RUN 3 8PRIL 30 1972

JRIG ACID CCNCFMTRATTIM = 0.1CC4l ICNIC STRENGTH CSF S2LUTICN = 0.1000

CRIG EASE CCNCENTRATICN = J.04681 PITASSTIUM NITRATE CONC. = 1.2901

AYFFER ACID CCNC. = J.C50€0 VOLUM: OF METAL ICN S5CL. = 2.00

BUFFER SALT CCN-. = Je.C4S81 CCANC. 27 MZITAL ICN SOL. = 0.0%679

RATIC CE THE VKLH TZ VvE = 1.C3C09 CCNC. SXC3SS ACID IN METAL = 0.0

FYNAL SOLUTICN vCOLUMZ = 1CC.00

STRAIGFT LIANE SGUATICA-Y= J.3CA357 -CG3+1-0.,9C6€08-24) K59 RT(X)

[ ] vB ANICN CIN N EKF N CALC ZRATR PH KA USED Ka THEQ VOL KNGC3
1 2.000 Coelll=1¥-C2 C.C47 M -0.02 0.30532£-03 0.30531E-03 T«.211
2 2.000 C.1ée015%-C? 0.0<8 0 3.1¢ 3.¢15C 0.30472E~023 0+30476C-03 7178
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XIV, APPENDIX F:
FORMATION CONSTANTS OF THE COPPER(II) a -HYDROXYISOBUTYRATE
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