
www.manaraa.com

Retrospective Theses and Dissertations Iowa State University Capstones, Theses and
Dissertations

1965

Stability constants of the trivalent lanthanons with
some alpha-hydroxycarboxylic acids
George Stephen Paul
Iowa State University

Follow this and additional works at: https://lib.dr.iastate.edu/rtd

Part of the Physical Chemistry Commons

This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University
Digital Repository. It has been accepted for inclusion in Retrospective Theses and Dissertations by an authorized administrator of Iowa State University
Digital Repository. For more information, please contact digirep@iastate.edu.

Recommended Citation
Paul, George Stephen, "Stability constants of the trivalent lanthanons with some alpha-hydroxycarboxylic acids " (1965). Retrospective
Theses and Dissertations. 4018.
https://lib.dr.iastate.edu/rtd/4018

http://lib.dr.iastate.edu/?utm_source=lib.dr.iastate.edu%2Frtd%2F4018&utm_medium=PDF&utm_campaign=PDFCoverPages
http://lib.dr.iastate.edu/?utm_source=lib.dr.iastate.edu%2Frtd%2F4018&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/rtd?utm_source=lib.dr.iastate.edu%2Frtd%2F4018&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/theses?utm_source=lib.dr.iastate.edu%2Frtd%2F4018&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/theses?utm_source=lib.dr.iastate.edu%2Frtd%2F4018&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/rtd?utm_source=lib.dr.iastate.edu%2Frtd%2F4018&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/139?utm_source=lib.dr.iastate.edu%2Frtd%2F4018&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/rtd/4018?utm_source=lib.dr.iastate.edu%2Frtd%2F4018&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:digirep@iastate.edu


www.manaraa.com

This dissertation has been 65-7624 
microfilmed exactly as received 

PAUL, George Stephen, 1936-
STABILITY CONSTANTS OF THE TRIVALENT 
LANTHANONS WITH SOME ALPHA-HYDROXY-
CARBOXYLIC ACIDS. 

Iowa State University of Science and Technology 
Ph.D., 1965 
Chemistry, physical 

University Microfilms, Inc., Ann Arbor, Michigan 



www.manaraa.com

STABILITY CONSTANTS OF THE TRIVALENT LANTHANONS 

WITH SOME ALPHA-HYDROXYCARBOXYLIC ACIDS 

by 

George Stephen Paul 

A Dissertation Submitted to the 

Graduate Faculty in Partial Fulfillment of 

The Requirements for the Degree of 

DOCTOR OF PHILOSOPHY 

Major Subject; Physical Chemistry 

Approved; 

e of Major Work 

Head of tment 

Dean oi Graduâfè College 

Iowa State University 
Of Science and Technology 

Ames, Iowa 

1965 

Signature was redacted for privacy.

Signature was redacted for privacy.

Signature was redacted for privacy.



www.manaraa.com

ii 

TABLE OF CONTENTS 

Page 

I. INTRODUCTION 1 

II. CALCULATION OP STABILITY CONSTANTS 10 

III. EXPERIMENTAL PROCEDURE AND RESULTS 21 

IV. DISCUSSION 30 

V, SUMMARY 56 

VI. BIBLIOGRAPHY 57 

VII. ACKNOWLEDGMENTS 63 

VIII. APPENDIX A: EXPERIMENTAL DATA FOR DETERMINATION 
OF IONIZATION CONSTANTS OF THE LIGAND ACIDS 

IX. APPENDIX B; EXPERIIiENTAL DATA FOR THE RARE-
EARTH ISOPROPYLGLYCOLATES 66 

X. APPENDIX C: EXPERIMENTAL DATA FOR THE 
RARE-EARTH METHYLISOPROPYLGLYCOLATES 70 

XI. APPENDIX D: EXPERIMENTAL DATA FOR THE 
RARE-EARTH TERTIARYBUTYLGLYCOLATES 

XII. APPENDIX Ei EXPERIMENTAL DATA FOR THE 
RARE-EARTH METHYLTERTIARYBUTYLGLYCOLATES 78 

/* 



www.manaraa.com

1 

I. INTRODUCTION 

The lanthanons or rare-earth elements, according to the 

most widely accepted use of the term, comprise the elements 

lanthanum through lutetlum (atomic numbers 57-71) in which 

l4 4f electrons are being successively added to the lantha­

num configuration. Since the chemistry of lanthanum is a 

prototype of this closely allied group of elements, it is 

generally included as one of the rare earths even though 

it possesses no 4f electrons. Some chemists also prefer to 

include yttrium because of its similarity to the rare-earth 

elements, while others go even further and include scandium 

because of its close relationship to yttrium. This author 

included yttrium in his investigations because of its close 

resemblance to the rare earths proper and its ready availa­

bility. Scandium was not included due to its scarcity and 

the fact that its much smaller radius imparts to it some 

properties which are distinctly different from the other 

members of the group. Promethium occurs in nature only in 

vanishingly small quantities since all of its isotopes are 

radioactive, and hence it was not considered in this work. 

The claim of the Finnish chemist, Gadolin, in 179^, of 

the separation of the oxide of a new element from a Swedish 

mineral was the actual beginning of rare-earth history, even 

though it was later accepted that the supposedly pure 
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compound was actually a mixture of all the rare-earth oxides. 

The use of the word "rare" in naming the rare earths 

was probably justified in the days of the early investiga­

tions of the group because of the scarcity of the knovm 

sources of the elements. Now there are about 150 different 

rare-earth minerals listed. As a group, the rare earths are 

more abundant than many of the more familiar elements such 

as lead, tin, zinc, mercury, and gold. They are widely 

distributed in nature and usually occur with some of the 

less familiar elements such as niobium, tantalum, thorium, and 

zirconium. Elements of odd atomic number are less abundant 

than adjacent elements of even atomic number. Many minerals 

contain rare earths, but their chief importance lies in 

their other constituents. Important sources for the rare 

earths used in the Ames Laboratory are the phosphate mineral 

monazite which is roughly composed of 90^ cerium group rare 

earths and 10^ yttrium group rare earths and thorium, 

xenotime, another rare-earth phosphate which is a good 

source of the heavier rare earths, and euxenite and gadolin-

ite both of which contain variable amounts of the light and 

heavy rare earths, 

A constant demand for macro quantities of exceptionally 

pure samples of the rare earths has existed since the 

beginning of the Manhattan project. Europium, gadolinium, 

and samarium are of interest in nuclear applications because 
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they have a high cross section for absorption of thermal 

neutrons, and thus have possibilities for use as control 

rods in reactors. On the other hand, yttrium has a low 

thermal neutron absorption cross section (1) and can thus 

be used as a container for nuclear reactions. Among non-

nuclear uses of the rare earths are the use of neodymium and 

praeseodymium in glass which has the property of absorbing 

light in the region of the sodium D line, thulium in a 

portable X-ray unit, mixed rare-earth oxides in carbon 

electrodes to produce high intensity light, alloyed with 

iron for lighter flints, certain europium chelates in lasers, 

and lanthanum oxide to give glass a higher refractive index 

permitting the use of thinner light lenses for reduction of 

chromatic aberration. 

Prior to the advent of ion-exchange techniques, the 

laborious processes of selective precipitation and frac­

tional crystallization afforded the best means of separating 

these elements. As would be expected from similarities in 

inner and outer shell atomic configurations, from aqueous 

electrode and gaseous ionization potentials, and from ionic 

and atomic sizes, all of the rare-earth elements form the 

same general types of compounds, and these compounds have 

very similar properties. The stabilities and solubilities 

of the various classes of compounds are nearly the same. 

The gradation in properties, however, of certain compounds 
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in which the oxidation state of each rare earth is the 

characteristic +3 is of sufficient magnitude to permit 

separation, though the experimental procedures may be ex­

tremely tedious. One of the most successful separations by 

fractional crystallization employed the slightly soluble 

tris-mandelate complexes of rare-earth mixtures (2), 

All previous methods of separation except for special 

cases (such as removal of europium by reduction to the 

divalent state and precipitation as EuSOi+ (3) and removal of 

cerium in the tetravalent state (4)) have been replaced by 

ion-exchange resin separations developed during 19^1-19^6 

and perfected for use on a large scale during the following 

decade. Although the chemistries of all the rare-earth 

elements in the +3 oxidation state are almost identical, 

there are small quantitative differences which vary syste­

matically from lanthanum to lutetium with yttrium usually 

falling somewhere between samarium and holmium. The ion-

exchange method of separation is based on the fact that the 

steady decrease in size of the rare-earth ion and consequent 

decrease in basicity means that there should be a steady 

increase in the stability of the chelates formed by the rare-

earth ions as the atomic number of the rare earth increases. 

The first consequence of this is that the hydrated radii of 

the trivalent rare-earth ions increase with increasing 

atomic number; since the binding of cations to anionic sites 
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of the exchange resin seems to involve electrostatic attrac­

tion of the hydrated cation by the negative site, it is 

found that the larger the hydrated radius of the cation, the 

less strongly is it bound. Thus this effect alone tends to 

give a separation of the trivalent rare earths when a solu­

tion containing several of them passes slowly through a 

column of cation-exchange resin, with the heavier members 

coming through first. 

The separation obtainable because of differing prefer­

ences of the hydrated cations for the exchange resin can be 

significantly enhanced by employing coraplexing agents. Just 

as the smaller radius of the heavier of two rare-earth ions 

will cause it to have the larger hydrated radius, and hence 

smaller tendency to be held by the resin, its smaller radius 

will cause it to form stronger complexes, thus positively 

enhancing its preference for the aqueous phase. 

The characteristics of a good eluant for ion-exchange 

work include: (a) Favorable separation factors, that is, 

relatively large differences in stability between chelates 

of adjacent rare earths, (b) Appreciable solubility of both 

the eluant itself and the rare-earth chelate, (c) Formation 

of a rare-earth chelate which is of the right magnitude of 

stability. 

Very high stability of the chelate gives rise to a slow 

rate of exchange of the rare-earth ion between the resin and 
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the aqueous phase and necessitates an excessively slow elu-

tion rate, whereas very low stability would not appreciably 

enhance the degree of separation achieved by preferential 

adsorption of the lighter rare earths by the resin. 

The first eluant to be used on a large-scale basis for 

ion-exchange separation of the rare earths was a citric acid-

ammonium citrate buffer (5 - 10), Due to limited solubility 

and poor selectivity for some of the rare earths, it was soon 

displaced by other, more efficient eluants. An efficient 

method of ion-exchange separation now being used in the Ames 

Laboratory consists of separation of the lighter rare earths 

up to erbium using EDTA as the eluant and the heavier rare 

earths employing HEDTA (11-13). The selectivity of EDTA is 

very good for the rare earths up to erbium, whereas, that of 

HEDTA is poor, especially near the middle of the series. 

Still HEDTA has a better selectivity than EDTA for the heavy 

end of the series. Elaborate large-scale column techniques 

such as those used at the Ames Laboratory now permit the 

separation of kilogram quantities of the rare earths in a 

very pure state, which are commercially available. 

Selective solvent extraction of the trivalent rare 

earths is another of the new methods of separation which, 

however, has not yet attained .the commercial importance of 

the ion-exchange method. Among the extraction techniques is 

the increased extractability with increasing atomic number 
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of the trivalent rare earths from nitric acid solutions with 

tributyl phosphate in an inert solvent (l4, 15). Various 

other organic phosphates, phosphoric acids, and acidic 

phosphonates have been investigated recently as potential 

extractants (16). 

Numerous studies of the rare-earth alpha-hydroxycar-

boxylate systems have been made, Sonesson studied the 

glycolate systems at an ionic strength of 2,0, and showed 

that the glycolate ligand is bidentate and apparently forms 

1:1, 2:1, 3:1, and k-:l complexes with the rare earths (17 -

19). Karraker studied the glycolate and also the lactate 

(raethylglycolate, MG) systems at an ionic strength of 0.1 

(20), He was only able to determine the first three suc­

cessive formation constants since the low ionic strength 

limited the quantity of ligand that he could add to his 

solutions. The alpha-hydroxyisobutyrate (dimethylglycolate, 

MMG) systems were studied by Kolat at an ionic strength of 

0.1 (21), Deelstra et al. at an ionic strength of 0.2 (22), 

Stagg and Powell at an ionic strength of 0.5 (23), and 

Choppin and Chopoorian at an ionic strength of 2.0 (24). 

Choppin and Chopoorian also studied the glycolate and lac­

tate systems at an ionic strength of 2.0 (24-). These studies 

have made stability constant data for these ligands available 

at several different ionic strengths. The stabilities of 

these complexes decrease in the order alpha-hydroxyisobutyrate 
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> lactate > glycolate. 

Complete sets of stability constant data have also been 

obtained for the ethylglycolate (EG), methylethylglycolate 

(EMG), diethylglycolate (EEC) (25), and ethylisopropylglyco-

late (BIG) (26) species at an ionic strength of 0,1. Data 

for the methylethylglycolate and propylglycolate species of 

lanthanum, cerium, dysprosium, and ytterbium, and for the 

methylpropylglycolate species of lanthanum, cerium, neodyraium, 

samarium, dysprosium, and ytterbium have been obtained at an 

ionic strength of 1,0 (27). Also a complete set of data has 

been obtained for the 1-hydroxycyclopentane and 1-hydroxy-

cyclohexane carboxylic ac11 species at an ionic strength 

of 0.1 (28). 

The alpha-hydroxycarboxylate ligands have been examined 

for possible use as eluants in ion-exchange separations of 

the rare-earth elements (29 - 37). For example, lanthanum, 

cerium, praeseodymium, neodymium, promethium, and yttrium 

activities have been eluted with 0.25 molar lactate (33). 

The glycolate and lactate ligands were found to be relatively 

poor eluants because of a limited total range in selectivity 

and small changes in selectivity from one element to the next 

in the samarium - europium - gadolinium region. However, 

the alpha-hydroxyisobutyrate ligand approached EOTA in its 

ability to separate the rare-earth elements and their 

chemical analogs, the actinide elements (38). The 
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alpha-hydroxycarboxylate chelates have not been used for the 

separation of rare earths in macro quantities. They have, 

however, been used effectively for the separation of tracer 

quantities of the rare earths and the actinides. 

This dissertation is concerned with the measurement of 

the formation constants of the trivalent rare-earth complexes 

of the isopropylglycolate (IG), methylisopropylglycolate 

(IMG), tertiarybutylglycolate (t-BG), and methyltertiary-

butylglycolate (t-BMG) ligands and comparison of the results 

with previously determined constants of several other 

complexes of similar ligands. A complete investigation of 

the coordination behavior of the rare-earth ions would yield 

much basic information which would contribute a great deal 

to the understanding of these interesting elements. Such 

information would also have significant applications such as 

the possible development of even simpler and more economical 

methods for the separation of the individual rare-earth 

elements in a high state of purity. It is hoped that this 

work will be one more step toward elucidating the coordi­

nation behavior of the rare-earth ions and throwing more 

light on rare-earth chemistry. 
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II. CALCULATION OF STABILITY CONSTANTS 

One can represent the equilibria involved in a complex 

forming reaction between a metal M and a ligand A by the 

following series of stepwise reactions: 

M + A : >MA 

MA + A MAg 

^^N-1 ^ ^ 

Since the number of water molecules in the coordination 

sphere of the metal is not generally determined experimental­

ly, this quantity was not included in the above equilibria. 

The charges of the various species were likewise not included 

since the complexation reactions involve no oxidation or 

reduction. 

There also exists the possibility for the formation of 

polynuclear complexes as represented by the equation 

mM + nA ̂  However, polynuclear complexes have been 

shown not to exist to any significant extent in stability 

constant determinations involving the acetate (39, ̂ 0), 

glycolate (19), isobutyrate, alpha-hydroxyisobutyrate, 

trihydroxyisobutyrate (4l), methylethylglycolate, methyl-

pro pylglycolate , and propylglycolate (27), ligands and 
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hence will not be considered in this work. The possibility 

of hydroxy complexes has also been excluded in studies of 

the acetate and glycolate systems (19, 39, ̂ 0) and will not 

be considered in this work. Furthermore, since the pH of 

the solutions was found never to exceed ^.2, it can be seen 

from the hydrolysis constants of the rare-earth metals that 

any hydrolysis at such low pH values should be negligible 

(4-2, 43 ). It has also been shown that complex formation 

between the rare-earth ion and the landissociated carboxylic 

acid is negligible (24, 39, 40). Hence any pH changes which 

occur when the buffer concentration is varied may be attri­

buted to complexation of the carboxylate ligand with the 

rare-earth ion. 

Assuming that the activities of the individual species 

taking part in the above reactions can be expressed by their 

concentrations, we have the following expressions for the 

mass-action constants of the complex forming equilibria. 

[MA] ^ [MA?] ^ [MAN] 
b-i — J bp — { •••••• b*j = 
1 [M][A3 2 [MA][A] ^ [MAji.IJCA: 

for the stepwise formation constants 

[MA] [MAg] • [MA^] 

" [M][A]' ' [M][A]2' 

for the overall formation constants. 
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T,T 

It is readily seen that P,, = IT b-. 
i=l 

The average ligand number n (44) is defined by Ejer iur .-i 

as -Che average number of ligands bound to a metal ion. The 

total concentration of ligand bound to the metal M is given 

by MA + 2MA2 3^2 + ... + . The total concentration 

of metal present in the system is given by V. + MA + MAp + 

MAg + ... + MAj.j. The ligand number n is then given by 

[MA] + 2[MA2] + +N[MAÎ^] 

[M] + [MA] 4. + [MAJJ 

n = 

b^E Aj + 2b]_b2[A] + +Nb]_b2 b|,-i. Aj 

1 + b^E A] + b^b2[A]^ + + bjb2 b:,j[Aj'' 

§%[ A] + 2^2^ A] ̂ + + Np|\j[ A]' 

1 + +Pi\TLA]^' 

N 

= where 6 is understood to be unity. 
i '! N - ' O 

Vfnen the overall composition of a solution is known and 

the concentration of any one of the species M, MA, MAp, . ., 

MAj.p or A can be determined independently, it is possible to  

calculate the various stability constants. In practice the 
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hydrogen-ion concentration is accurately measured and [A] 

is then calculated from the ionization constant expression 

for the acid, that is 

This assumes that the only hydrogen ion present comes from 

the ligand acid. 

There have been many methods devised for the calculation 

of stability constants, the method used for a specific 

ligand often being determined by the strength of the complex 

being studied. An extensive discussion of methods for the 

determination of stability constants is given by Rossotti 

(^+5). Only three of the several methods which would be 

suitable for the calculation of the stability constants of 

alpha-hydroxycarboxylate-rare-earth metal complexes will be 

discussed in this dissertation. 

1. Fronaeus' method (^6) 

If only the mononuclear complexes MA, MA2,...,MA^ are 

The corresponding overall formation constant is defined by 

formed, we have equilibria of the form MA^_2 + A^ " >MAj,|. 
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A]^. With Pjj we can express Cjj^, the stoichio­

metric concentration of metal, and C^, the stoichiometric 

concentration of ligand as functions of [A] and [M], that is 

C = [Ml . X 
(1) 

= [A] + [M] • x' • [A] 

where X = X([A]) is defined by the equation 

N n 
X = 1 + 2 pjA]" 

n=l 

and 

X' = A] ) . 
if A' d[ A] 

The ligand number is given by 

n = (2) 
CM 

where = C^j^A [^"^3 - %• % is the concentration of 

any hydrogen ion not coming from the ligand acid. Combina­

tion of Equations 1 and 2 and elimination of [M] yields 

n/[A] = X«/X, and after integration In X ([A]J) = 

f [A]. _ ^ ^ 
n/[AJ dA. This integration gives corresponding 

0 

values of X and [A]. The overall formation constants »^2» 

can now be calculated by successive extrapolation to 

[A] = 0 of the functions X]_, X2,... where 
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~ - Pi + ••• 

XT - ^n 
^2 " ""Y  ̂ = PG + P] [A] + ... 

and so on for the following constants. More detailed dis­

cussions of this method may be found in works by Bjerrum, 

Leden, and Fronaeus (46, 47, 48). This method of computa­

tion has been used by Sonesson in his study of the gly-

colates (19), Karraker in his study of the glycolates and 

lactates (20), and Kolat in his study of the alpha-hydroxy-

isobutyrates (21), However, since this method involves 

tedious graphical integrations, it was not used in this 

research. 

2. B.ierrum's (n- 1/2) method (44) 

This method will give only a rough approximation to the 

values of the stability constants and was used only to get 

an initial set of values for the computer to begin its 

iterations on. The basic assumption made in this method, 

which is generally not a very good assumption, is that only 

the two complex species MA^_2 and MA^ exist in solution to 

any significant extent. The concentrations of the species 

MAjj_2 in the solution must be negligible. Making 
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use of this assumption, the system may be represented by the 

following equations. 

^^N-1 ^ 

[ A] 

A^otal ~ (N-1)[MAJJ_J_] + N[MAJ^] + A where A is the 

concentration of uncomplexed ligand. 

%otal ~ ^^^N-1^ 

- - n-1 ̂  nAbjj 

1 + Abjj 

If n = n - 1/2, the last equation gives bj^ = (1/A)n = 

n - 1/2. 

3. The weighted least squares method of W. R. Stagg (Vl, 

This was the method used for computation of stability 

constants in this research. Define the mean ligand number 

n by n = (A-a)/M where A is the total ligand concentration, 

M is the total metal concentration, and a is the concentra­

tion of uncomplexed ligand. From the expression for the 

overall formation constant = [MAJF]/([M] [ A]^) , the total 
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concentration of the complex is [MA^j] = The 

total ligand concentration is then given by 

N n 
A = a + m 2 np^a 

n=0 

where the first term represents the concentration of uncora-

plexed ligand and the second term that of complexed ligand 

and m is the concentration of uncomplexed metal ion. The 

total metal concentration is given by 

N n 
M = m 2 B a . 

n=0 " 

The equation for n then becomes 

N n 
Z npy 

In practice the free ligand concentration is calculated from 

the accurately measured hydrogen-ion concentration and the 

previously determined ionization constant of the ligand acid, 

and n is calculated from the free ligand concentration and 

known composition of the solution. The n equation is then 

solved for the parameters It is necessary to use a 

weighting procedure to be described later in order to 

accomplish this. 

Now rewrite the n equation in the following manner. 
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N ^ N 
2 (Aj-a.-nM• ) - 0 
n=0 

(3) 

The values of the total ligand concentration, metal concen­

tration, and free ligand concentration and estimates of the 

P^'s are 'inserted into Equation 3. Instead of getting zero, 

one gets a residual, 

for a given set of data. This residual gives the deviation 

of the experimental n versus a curve from the theoretical 

n versus a curve which is calculated using the values of the 

s which are obtained. Minimizing this residual with 

respect to each of the N parameters should give N equations 

which can be solved for each of the N overall formation 

constants. Since the precision over a range of values of 

the free ligand concentration is not the same, it is 

necessary to use a weighting process where the data in more 

dilute solutions are weighed more heavily in order to 

(^)  
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obtain acceptable results. 

I 2 
8 = Z W.U. (5) 

1=1 

is the weighted sura of squares of the residuals where the 

summation is taken over I sets of data. Then set 

to minimize with respect to each of the parameters This 

gives N equations involving the parameters which may-

then be solved using Cramer's rule or matrix algebra. In 

the matrix technique, the standard deviation of each of the 

parameters may be calculated from the diagonal elements of 

the inverse of the matrix of the coefficients of the s 

(•+9). This deviation is given by 

— (7) 
I -N 

where r^ is the diagonal element of the inverse coefficient 

matrix. It must be emphasized that these deviations are the 

errors of internal consistency of the data points used to 

compute each parameter and are considerably smaller than 

the more realistic maximum possible error. These deviations 

relate to the relative errors of the data in a given experi­

ment and do not reflect systematic errors which may have 

occurred in determining acid dissociation constants, 
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concentrations of metal perchlorate and ligand buffer solu­

tions, and so forth. V/hen computations were made in which 

the input data were varied within their estimated maximum 

limits of error, it was found that the relative errors in 

pg, and could be as great as + 10^, + 25/^, and + ^0% ' 

respectively for a three parameter system. For a two parame­

ter system, the relative errors could be as great as + 2^% 

and + 50^ for and Pg respectively (^1). 

The choice of weighting factor is arbitrary. The 

weighting factor used in this research is 

Wi = ̂  (B) 

where 

- (55%) ' (9) 

p being the estimated relative probable error in the free 

ligand concentration (4l). Use of the weighting factor 

hence insures that each point is weighted with respect to 

the relative precision of the measured free ligand concen­

tration and with respect to the variance of the residual 

with free ligand concentration. In practice, the values 

of the total ligand concentration, the free ligand concen­

tration, and the total metal concentration and estimates of 

the p^'s are inserted into Equation 3. Instead of getting a 

zero value expected if the p^'s were perfectly accurate 
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estimates, one gets a residual given by Equation '+, Making 

use of the weighting factor as given by Equation 8, the 

residual is minimized with respect to each parameter. If 

the value of obtained is not an acceptably small 

number, the above process is repeated until is 

within the permissable limits. 

In this research, the author made use of the services 

of the Iowa State University computer group and the IBM 7074 

computer for calculation of the stability constants. The 

computer programs were written in such a manner that they 

would reiterate until successive values of the s differed 

from each other by less than one part per thousand and until 

the standard deviation in each parameter was of smaller 

magnitude than the given parameter. Although the number of 

iterations was limited to 500, it was found that if these 

conditions were not satisfied within five or six iterations, 

they would not be satisfied at all. 
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III. EXPERIMENTAL PROCEDURE AND RESULTS 

The preparation and standardization of the rare-earth 

solutions used in this work were the same aa for the solu­

tions used by Stagg and Powell in the determination of the 

rare-earth isobutyrate, alpha-hydroxyisobutyrate, and 

trihydroxyisobutyrate stability constants. 

An equimolar buffer solution of each acid and its 

sodium salt was prepared by adding a measured amount of 

carbonate-free standard sodium hydroxide solution to a 

roughly known amount of the acid solution. The carbonate 

was removed from the sodium hydroxide by the precipitation 

of sodium carbonate from a saturated sodium hydroxide 

solution (51) followed by filtration of the solution into a 

large polyethylene bottle containing boiled distilled water. 

The bottle was flushed with argon gas before and during the 

filtration. An aliquot of the resulting buffer was then 

titrated with standard potassium hydroxide solution prepared 

by the method of Powell and Hiller (52) to determine the 

free ligand acid concentration. Both the sodium hydroxide 

and potassium hydroxide were standardized against accurately 

weighed amounts of pure potassium acid phthalate (51). 

A series of solutions in which the total ligand anion 

concentration ranged from 0.001 to 0.04- molar was prepared, 

keeping the total rare-earth ion concentration constant at 
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0,00^ molar in each sample. With the methyltertiarybutyl-

glycolate system, these concentrations were halved due to 

limited solubility of the chelates. The ionic strength was 

adjusted to 0.1 in each sample, using sodium perchlorate as 

the supporting electrolyte„ Sodium perchlorate was used as 

the supporting electrolyte because, though perchlorate 

complexes have been reported, for most practical purposes, 

the complexing ability of the perchlorate ion is negligible 

(53 -55)• The samples were then placed in a 25^C constant 

temperature bath and, after equilibration in the bath, the 

pH of each solution was measured. Knowing the pH of the 

solution and the ionization constant of the ligand acid makes 

possible the calculation of the concentration of free ligand 

anions, and ultimately the successive complexation constants, 

using the weighted least squares method and programming of 

W. R. Stagg and the IBM 707^ computer. 

The ionization constants of the ligand acids were 

determined at 25°C by preparing a series of solutions con­

taining varying quantities of buffer, adjusting the ionic 

strength to 0.1, and measuring the pH. Knowing the hydrogen 

ion concentration, the ionization constants could be calcu­

lated from the ionization constant expression, 

Kj 

( - [H*]) 
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See Appendix A for the values of the ionization constants. 

All pH measurements were made with the recently intro­

duced Beckman Research pH Meter, Model 1019, which has the 

capability of reproducing pH readings to 0.001 pH units. 

The potassium chloride-saturated calomel electrode was 

replaced by a sodium chloride-saturated calomel electrode 

to eliminate erratic behavior due to precipitation of slight­

ly soluble potassium perchlorate in the fiber, and the 

instrument was standardized frequently during use against a 

buffer consisting of 1.000 X 10"^ molar perchloric acid in 

0.099 molar sodium perchlorate (56). The pH range of the 

solutions studied was 3.3 to 4.2. 

Tables 1 through 4 show the values of the overall and 

stepwise formation constants of each of the four ligand 

acids investigated in this research along with the standard 

deviations for the overall formation constants where these 

deviations are the errors of internal consistency as ex­

plained previously. Figure 1 shows the logarithms of the 

overall formation constants plotted against atomic number of 

the rare-earth metals. The lanthanum, cerium, praeseodymium, 

and neodymium constants for each acid were computed using a 

two parameter program. The remainder of the constants were 

computed using a three parameter program. In the two 

parameter system, data points in which n was appreciably 

greater than 1.5 and those in the three parameter system 
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for which n appreciably exceeded 2.5 were excluded in 

calculating the constants. 
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Table 1. Formation constants of the rare-earth isopropyl-
glycolate chelate species, [25.0®C; JJL = 0.10 
(NaClO^); Kj = 2.03 X 10"^] 

Metal Pl=bi X 10-2 Pg X 10"^ ^3 X 10-7 b2 ^3, 

La 1.^9+0.03 0.09+0.01 59 

Ce 1.97+0.04 0.14+0.01 —  — —  74 — -

Pr 2.37+0.07 0.21+0.01 —  -  —  89 —  —  

Nd 2.70+0.05 0.25+0.01 —  —  —  91 - -

Sm 3.83+0.03 0.40+0.01 0.09+0.01 105 22 

Eu 4.27+0.06 0.49+0.02 0.19+0.01 115 29 

Gd 4.33+0.04 o.53±o.oi 0.16+0.01 124 37 

Tb 5.20+0.04 0.79+0.01 0.31+0.01 152 4o 

Dy 6.2 +0.1 1.02+0.04 0.57+0.03 166 55 

Ho 6.5 +0.1 1.19+0.03 0.64+0 «03 182 53 

Er 7.4 +0.1 1.48+0.05 1.0 ±0.1 200 66 

Tm 8.3 ±0.1 1.80+0.06 1.4 +0.1 219 78 

Yb 9.5 ±0.2 2.33±0.12 2.3 ±0.2 246 89 

Lu 10.3 +0.3 2.60+0.14 2.6 ±0.2 258 98 

Y 5.41+0.04 0.83±0.02 0.33+0.01 155 40 
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Table 2, Formation constants of the rare-earth methyliso-
propylglycolate chelate species [25.0°C; n = 0,10 
(NaClO^); Ki = 1.71 X 10"^] 

Metal Pl=bi X 10-2 Pg X io"5 P3 X 10-7 bg "3 

La 1.36+0.02 0.06+0.01 47 

Ce 1.^2+0.05 0.11±0.01 —  — —  74 

Pr 2.03+0.05 0.18±0.01 85 —  —  

Nd 2.57+0.03 0.25±0.01 —  102 

Sm 4-.^ +0.1 0.59±0.03 0.21±0.02 135 36 

Eu 5.9 ±0.1 0.89±0.01 0.37±0.01 155 42 

Gd 6.4- +0.2 1.12±0.04 0.45+0.03 182 47 

Tb 8.7 ±0.2 1.81+0.07 1.00±0.07 214 51 

Dy 10.3 ±0.2 2.6 +0.1 1.7 ±0.1 246 59 

Ho 11.3 ±0.7 2.9 ±0.1 1.9 ±0.1 276 65 

Tm 13.7 ±0.3 4.5 ±0.2 3.6 ±0.3 324 85 

Yb 15.9 ±0.5 5.8 ±0.3 5.3 ±0.4 347 96 

Lu 16.5 ±0.5 6.5 ±0.4 6.3 ±0.5 381 107 

Y 9.2 ±0.1 2.1 ±0.1 1.18+0.06 230 56 
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Table 3. Formation constants of the rare-earth tertiary-
butylglycolate chelate species [25.0°C; ̂  = 0.10 
(KaClO^); Kj = 1.3^ X 10"*^] 

Metal Pl=bi X 10-2 ^2 X 10"^ ^3 X 10"* b2 ^3 

La 1.20+0.02 0.^7±p.05 39 

Ce 1.52+0.03 0.78+0.0^ —  48 — —  

Pr 1.83+0.06 0.98+0.06 — 56 - -

Nd 2.01+0.09 1.27±0.13 — — — 68 

Sm 3.0 +0.1 2.6 +0.2 0.3 ±0.1 81 15 

Eu 3.3 ±0.1 3.2 ±0.2 0.5 ±0.2 93 24 

Gd 3.6 +0.1 3.9 ±0.2 0.7 ±0.1 100 24 

Tb ^.3 ±0.1 5.7 ±0.1+ 1.0 +0.2 126 21 

Dy 5.0 +0.1 7.0 +0.3 2.0 ±0.3 139 24 

Ho 5.^ ±0.2 8.4- ±0.3 2.3 ±0.3 163 26 

Er 5.9 ±0.1 9.9 ±0.4 3.2 ±0.3 174 28 

Tm 6.^ +0.2 12.7 ±0.4 4.5 ±0.3 209 30 

Yb 7.3 ±0.1 15.4 ±0.4 5.9 ±0.3 209 39 

Lu 7.5 ±0.2 17.0 +0.5 6.8 ±0.3 235 . 4o 

Y ^,1+1+0.05 5.8 +0.1 1.3 ±0.1 129 24 
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Table l+. Formation constants of the rare-earth methyl-
tertiarybutylglycolate chelate species [25.0°C; 
V. = 0.10 (NaClO^); Kj = l.l4 X 10"^] 

Metal Pl=bi X 10-2 Pg X 10-5 p. X 10-7 
^2 ^3 

La 1.3110.02 0.05+0.01 —  —  —  3^ — —  

Ce 1.36+0.02 0.08+0.01 - - - 56 —  —  

Pr , 3.01+0.06 0.14+0.01 —  — —  71 —  —  

Nd 2.40+0.07 0.19+0.02 —  —  —  78 

Sm 1+. 6 +0.1 0.61+0.03 0.10+0.02 135 16 

Eu 5.5 ±0.1 0.88+0.02 0.15±0.02 159 17 

Gd 6.1+ ±0.1 1.13+0.03 0.26+0.03 17^ 23 

Tb 9.2 +0.1 1.72+0.04 0.92+0.05 191 52 

Dy 10.0 +0.1 2.28+0.03 • 0.7^±0.04 230 32 

Ho 11.2 +0.2 2.8 +0.1 1.1 ±0.1 252 4o 

Er 12.1 +0.1 3.\ +0.1 1.2 ±0.1 258 37 

Tm 13.2 +0.2 3.7 ±0.1 1.8 ±0.1 282 49 

Yb 15.5 +0.2 4.9 +0.1 2.2 ±0.2 317 44 

Lu 15.8 +0.2 5.2 ±0.1 2.9 ±0.2 332 55 

Y 9.2 +0.2 1.81+0.06 0.63±0.06 200 35 
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Figure 1. Overall formation constants of the rare-earth IG, IMG, t-BG and 
t-BMG complexes 
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IV. DISCUSSION 

Except for the common aquated ions complex 

species of the rare-earth metals are limited in number and 

are appreciably stable only when derived from the strongest 

chelating agents, chiefly the nitrogen and oxygen containing 

ligands. The rare earths form ions which are much more simi­

lar to the alkaline earth metal ions than to the d-type 

transition metal ions which tend to be strong complex formers. 

This can be expected when it is realized that the transition 

metal species owe their properties to interaction between the 

d electrons of their valence shells and the available 

orbitals on the ligands. The f electrons of the rare earths 

are too well shielded to be available for extensive covalent 

bond formation and thus behave quite differently from the d 

electrons of the regular transition elements. The result is 

that each rare-earth ion is effectively an inert gas type 

ion similar to the ions of the alkaline earth metals that 

attracts ligands mainly by overall electrostatic forces. 

Furthermore, since the trivalent rare-earth ions are quite 
o 

large with crystal radii ranging from 0.85 to 1.06A, this 

electrostatic force of attraction tends to be diminished. 

If electrostatic bonding in these complexes is signifi­

cant, then, in terms of an extension of the Born Equation 
g 

(57), AE = Z /2r[l - (1/D)] where AE is the energy change on 

\ 
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complexatlon of a gaseous ion of charge Z and radius r in a 

medium of dielectric constant D, a general increase in the 

stabilities of such chelates with decreasing crystal radii 

and stabilities of the yttrium complexes comparable with 

those of the analogous dysprosium andholmium species may be 

expected. A plot of Z^/r against log § should yield a curve 

which increases linearly as the crystal radius of the rare 

earth decreases. From the curves for several monodentate, 

bidentate, and polydentate complexes shown in Figures 2 and 

3, it is evident that while the electrostatic theory is a 

reasonably good interpretation of the bonding in the light 

rare-earth complexes, other factors are significant among 

the heavy rare-earth complexes. Only for EDTA and HEDTA does 

the plot appear linear throughout the entire rare-earth 

series. Deviations from the electrostatic theory of bonding 

are also apparent from the fact that yttrium does not fall 

into the position dictated by its ionic radius. 

Of course, the entire electrostatic bonding approach is 

based on the assumption that trends in crystal radii are 

kept in the solvated and coordinated species. Although there 

exists evidence for the lanthanon contraction in many of the 

chelates investigated, it is probable that a smoothing out 

of .size occurs and that differences in radii are correspond­

ingly less pronounced than in binary ionic compounds. 

Participation of available 5d orbitals is a possibility, 
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Figure 2. Stability as a function of ionic potential for some monodentate, 
bidentate, and tridentate rare-earth complexes 
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Figure 3. Stability as a function of ionic potential for some polydentate 
rare-earth complexes 
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but this is highly unlikely in the light of evidence that 

most binary and ternary rare-earth compounds have ionic 

properties. Furthermore, absorption spectra and magnetic 

susceptibility data indicate only perturbations of an environ­

mental type, and show none of the profound changes expected 

if the responsible electrons were involved in bonding (65-

72). Therefore, it must be concluded that the ligands are 

held mainly by electrostatic or ionic interactions. 

The most stable chelated species of the rare earths are 

those derived from the aminopolycarboxylic acids. The anions 

of these acids are each capable of forming more than one 

chelate ring by utilizing the several oxygen and nitrogen 

donors that are available. In every instance a sufficient 

number of donors is present that 1:1 chelate species result. 

Increase in the number of like chelate rings in which a 

given cation can simultaneously participate increases the 

stability of the complex. For a given ligand there is a 

general increase in stability with decrease in ionic radius 

of the rare-earth metal. This increase is invariable in the 

region lanthanum to europium with a discontinuity often 

occurring at gadolinium. The rare earths heavier than gado­

linium exhibit two distinctly different trends. 

(a) A continuing and rather regular increase in stabili­

ty with increasing atomic number with the yttrium chelate 

occupying the position expected from the ionic radius of the 
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cation. NTA, EDTA, and DCTA are examples of ligands 

showing this behavior as illustrated in Figure k, 

(b) An increase in stability, followed by a decrease or 

leveling off to essential constancy as the atomic number of 

the rare earth increases, with the yttrium chelate occupying 

a position in the light rare-earth region and completely out 

of line with the stability expected on the basis of the size 

of the ion. Examples of ligands which behave in this 

manner are HEDTA, DTPA, and monodentate ligands such as 

acetate, propionate, and isobutyrate anions. See illustra­

tions of the stability trends of HEDTA and DTPA in Figure 5. 

The monodentate organic acid complexes which have been 

investigated show a steady increase in stability from 

lanthanum to samarium with the europium constant being 

approximately the same as the samarium constant. There is a 

sharp drop in stability at gadolinium with a subsequent con­

tinuing downward trend followed by a slight rising trend 

again toward the heavy end of the series. There is also a 

tendency toward diminution in stability as the size of the 

alkyl group increases. 

Included in this group of monodentate ligands are the 

aliphatic acids such as acetic, propionic, and isobutyric. 

Also included are thioglycolic and methoxyacetic acids whose 

anions evidently function only as monodentate ligands with 

the rare-earth ions. See Figure 6. 
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Figure h. Stabilities of the rare-earth NTA, EDTA, and DCTA chelates 
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Figure 5. Stabilities of the rare-earth HEDTA and DTPA chelates 
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A number of possible explanations can be given for the 

stability trends which have been observed. 

(a) The sudden drop in stability at gadolinium is due 

to a lack of ligand field stabilization of the half-filled 

subshel] of gadolinium similar to that observed for zinc ' 

complexes (zinc has a filled 3d subshell) (7^-, 75). But this 

theory does not explain the continued decrease in stability 

subsequent to gadolinium. In fact, in the case of the iso-

butyrate ligand, a decrease in stability was noted at 
n 

europium even before the ^f configuration of gadolinium was 

reached. Furthermore, some ligands such as the higher 

molecular weight substituted glycolic acids exhibit no 

appreciable discontinuity in stability at gadolinium. Also 

an expected lowering of stability at lutetium which has a 

filled ^-f subshell is not observed. Hence the ligand field 

interpretation of stability trends is no longer considered 

to be valid. 

(b) The sudden discontinuity in stability at gadolinium 

is caused by an abnormally large change in ionic radius at 

gadolinium due to ligand field effects. However, this 

explanation suffers from the same general deficiencies as 

the preceding one. 

(c) At about gadolinium, the carboxyl group changes 

from a bidentate coordinating group to a monodentate one due 

to the fact that it cannot wrap itself bidentately about the 
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Figure 6. Stabilities of some rare-earth monodentate complexes 
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smaller rare-earth ions. The slight rising trends observed 

toward the end of the series would again be due to the effect 

of the decrease in radius of the rare-earth ions for the 

monodentate carboxyf group. An analogous depression of the 

stability constants of the heavy rare earths was observed in 

the case of the a,p'-trihydroxyisobutyrate ligand (23) 

"which was due to a change in dentate character of the ligand 

presumably occurring when only two of the three hydroxyl 

groups of the ligand find it possible to coordinate to the 

smaller yttrium group cations. Furthermore, the carboxyl 

group has been actually observed to act as a bidentate coor­

dinating group in several transition metal acetate complexes 

(77J 78). This change in dentate character of the carboxyl 

group would appear to be a logical explanation for the 

stability trends observed for the monodentate ligands such as 

acetate and also for glycolate and some of its lower molecu­

lar weight homologues. With the heavier substituted glycolic 

acids, no appreciable discontinuity in stability is noted 

at gadolinium. This is perhaps due to the fact that the 

carboxyl group acts as a monodentate coordinating group 

throughout the entire rare-earth series for these ligands. 

Figure 7 shows the decreasing prominence of the gadolinium 

break as one goes to the heavier glycolic acids. A possible 

explanation for this linearity in the stability trends of 

these ligands is that when groups bulkier than ethyl are 
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Figure 7. Stabilities of some rare-earth monosubstituted glycolate complexes 
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attached to glycolic acid, their rotation interferes with 

groups on other coordination sites of the rare-earth ion 

setting up vibrations in the complex which tend to prevent 

one of the carboxylate oxygens from coordinating to the 

metal. 

It is evident that stabilities for the monodentate 

aliphatic acid complexes (acetate > propionate > isobutyrate) 

and for the monosubstituted glycolic acids (methylglycolic > 

ethylglycolic > isopropylglycolic > tertiarybutylglycolic) 

run contrary to what would be expected from the inductive 

effect, that is, affinity for hydrogen ion of these ligands 

decreases in the order isobutyrate > propionate > acetate and 

tertiarybutylglycolate > isopropylglycolate > ethylglycolate> 

methylglycolate. A possible explanation for these trends is 

given by the following facts, A hydrogen ion orients water 

molicules around it for only a relatively small distance 

whereas a trivalent rare-earth ion orients water molecules 

around it for a much larger distance beyond its immediate 

coordination sphere. As the alkyl group of the carboxylic 

acid gets bulkier, it tends to disrupt the ordered structure 

of the water molecules to a larger degree as it approaches 

the metal ion, and hence experiences greater difficulty in 

coordinating to the metal. In other words, the ligands with 

the larger aliphatic groups do not experience much greater 

difficulty in approaching the hydrogen ion due to its 
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limited orientation of water molecules around it, and the 

inductive effect predominates giving lower ionization con­

stants for the ligand acids. However, due to extensive 

orientation of water molecules around the trivalent rare-

earth ions, the ligands with the bulkier alkyl groups experi­

ence greater difficulty in approaching the metal ions, thus 

giving rise to less stable complexes. 

The bidentate chelating agents investigated in this 

research have a different extent of alkyl substitution in 

the alpha carbon position. Two different effects, depending 

on the nature of the ligand, can exist in these complexes. 

(a) Due to the inductive effects of substituants in 

position alpha to the carboxylate group, an increase in the 

degree of alkylation can be expected to increase the basicity 

of the hydroxy oxygen and, to a lesser extent, the carboxyl­

ate oxygen, thus increasing the strength of the complex. 

This is illustrated by the increasing trend in stabilities 

glycolate < methylglycolate < dimethylglycolate. See Figure 

8. Further support of this argument may be found in the 

case of the hydrogen ion which is small and little influenced 

by steric effects, that is, the ionization constants for the 

above three acids increase in the order dimethylglycolic < 

methylglycolic < glycolic. See Table 5 for a complete list 

of the ionization constants of the various substituted 

glycolic acids. 
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Figure 8, Stabilities of some rare-earth alpha-hydroxycarboxylai;e complexes 



www.manaraa.com

4.0 

3.8 
^ MMG (21) 

3.6 

3.4 
^ MG (20) 

O- ^ GLYCOLATE (20) 
;r 3.2 

o 3.0 
_j 

2.8 

2.4 

39 

Z 



www.manaraa.com

45 

Table 5. Ionization constants of some substituted glycolic 
acids 

Acid Temperature ii K T  X 10 
(°C) ^ 

Glycolic (20) 20 0.1 2.72 

Methylglycolic (20) 20 0.1 2.33 

Dimethylglycolic (21) ' ZO 0.1 1.61 

Dimethylglycolic (23) 25 0.5 1.76 

Ethylglycolic (25) 25 0.1 2.13 

Methylethylglycolic (25) 25 0.1 1.77 

Diethylglycolic (25) 25 0.1 2.38 

Isopropylglycolic 25 0.1 2.03 

Methylisopropylglycolic 25 0.1 1.71 

Tertiarybutylglycolic 25 0.1 1.3V 

Methyltertiarybutylglycolic 25 0.1 1.1>+ 

Ethylisopropylglycolic (26) 25 0.1 2.27 



www.manaraa.com

46 

(b) The complexing ability of the least alkylated 

ligand is favored due to lack of steric hindrance, especi­

ally as the number of ligands attached to a central atom 

increases. Furthermore, a bulky group has greater difficulty 

in approaching a metal ion since it causes greater disruption 

of the oriented layers of water molecules around the ion. 

However, a methyl group in place of a hydrogen atom can 

increase the stability of the chelate, especially in the case 

of the smaller yttrium group cations, because it gives a 

smaller, more favorable bond angle between the hydroxyl and 

carboxyl groups and closes the chelate around the metal ion 

more  e f f i c i e n t l y .  . S e e  i l l u s t r a t i o n s  i n  Fi g u r e s  8 - 1 1 ,  

Repulsion between the more bulky alkyl groups and the fact 

that they need more space in which to rotate than does a 

methyl group could decrease the hydroxyl-carboxyl bond angle 

to such a great extent that the fit of the chelate around the 

metal ion would be poorer. If this is true, one would expect 

the lanthanum stability constants to be depressed to a 

greater extent than the lutetium constants as these groups 

become more bulky. An illustration of this principle is the 

fact that the enhancements of the stabilities of the methyl-

ethylglycolate over the ethylglycolate, methylisopropyl-

glycolate over the isopropylglycolate, and methyltertiary-

butylglycolate over the tertiarybutylglycolate complexes are 

much more pronounced for the heavy rare earths, showing the 
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FigiirG 9» Stabilities of the rare—earth IG and IMG complexes 
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Figure 10. Stabilities of the rare-earth t-BG and t-BMG complexes 
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Figure 11. Stabilities of the rare-earth EG, EKG, and EEG complexes 
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more efficient closing of the bond angle due to the methyl 

group about the smaller yttrium group ions. See Figures 

8 - 11. 

When a second alkyl radical on a ligand gets larger as 

in going from dimethylglycolate to raethylethylglycolate or 

raethylethylglycolate to diethylglycolate, the affinity of the 

alpha-hydroxycarboxylate anion decreases for both hydrogen 

ion and rare-earth ions. Note diminuition of stability of 

the diethylglycolate chelates in Figure 11. This decreased 

stability is most pronounced for the larger cerium group 

cations. This is due to a steric effect, that is an ethyl 

group requires more space in which to rotate freely than does 

a methyl group. For rotation in an unsynchronized manner 

without the two alkyl groups colliding, two ethyl groups 

require as much space as two tertiarybutyl groups or any 

combination of ethyl, isopropyl, and tertiarybutyl radicals. 

This fact explains the increase in ionization constant in 

going from raethylethylglycolate to diethylglycolate. It 

appears that a slight reduction of the angle between the 

hydroxyl and carboxyl groups due to replacing an alpha 

hydrogen by a methyl group in a singly substituted glycolate 

ligand does not negate a tendency for improved bonding of 

hydrogen ion to the anion due to the greater inductive effect 

of the methyl group as compared to hydrogen, and gives a 

better fit of the electron donating hydroxyl and carboxyl 
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groups around the hydrogen ion and the heavier rare-earth 

ions (whose chelates have their stabilities enhanced to a 

greater extent than do their lighter counterparts). Adding 

a second ethyl group, however, reduces the angle between the 

electron donating groups to too great an extent and causes 

decreased stability for both light and heavy rare-earth 

complexes as well as reduced affinity for hydrogen ion. This 

reduced stability of the complexes is most pronounced for the 

larger light rare earths for which the reduced bond angle 

would be expected to give the poorest fit. See Figure 11. 

For groups more complex than ethyl, further shrinkage in the 

angle between the hydroxyl and carboxyl groups should be 

negligible, so that the hydrogen ion should be affected only 

by the greater electron density on the donor atoms due to 

the enhanced inductive effect of the bulkier alkyl groups. 

But the larger rare-earth ions are hampered further in their 

approach to the electron donating groups by the greater 

bulkiness of the more complex alkyl substituants. This thus 

explains the decreased stability of the rare-earth chelates 

formed with the more complex alpha-hydroxycarboxylate ligands 

even though affinity for hydrogen ion increases. 

It is worthwhile to examine the ratios of successive 

formation constants for the rare-earth alpha-hydroxycarbox­

ylate chelates and to consider their implications with regard 

to steric hindrance, coordination number, and geometry. 
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Table 6 shows the ratios b^/bg and bg/b-^ for seven different 

substituted g-lycolic acids. 

The abnormally high bg/b^ values observed in the cases 

of tertiarybutylglycolate and methyltertiarybutylglycolate 

indicate an appreciable amount of steric hindrance in these 

complexes. The unusually small b^ values in these cases 

shows that a third ligand has considerable difficulty 

approaching a rare-earth ion which is already surrounded by 

two other bulky groups. For the diethylglycolate complexes 

both the b^/bg and b2/b2 values are found to be anomalously 

high. Apparently even a second ligand has difficulty in 

approaching a metal ion to which one of these ligands is 

attached due to the large amount of space required for the 

free rotation of two ethyl groups, thus blocking otherwise 

available coordination sites of the metal. 

The statistical effect related to the b^ values should 

be proportional to the number of ways of forming species 

divided by the number of ways that can be formed from 

by splitting off a bidentate ligand (44^, For example, 

b2:b2:b2 for a bidentate ligand bonding to a hexacoordinate 

cation with the octahedral configuration would be 12/1:5/2: 

4/15, so that b2/b2 should equal 4,80 and b^/b^ should equal 

9.38 if other effects are not considered. One would not 

expect the rare earth coordination sites to have this 

configuration, since n, the average number of ligands bound 
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Table 6, Ratios of successive formation constants of some rare-earth-alpha-
hydroxycarboxylate complexes, First column under each acid shows 
ratio bQ^/b2. Second column shows ratio t^/b^ 

Metal EG EMG EEG IG t-BG IMG t-BMG 

La 
Ce 

3.^ 
3.7 

3.9 
3.6 

3 .4 
2.5 

2.5 
2.6 

— 3.1 
3.0 

— — — 3.3 
1.9 l:i: ::: 

Pr 
Nd 

4.2 
3.4 

4.4 
4.6 — — — 

3.1 
3.1 

— 2.7 
2.9 

— 3.4 
3.2 

— — — 2.4 
3.2 

2.8 
3.1 — M mm 

Sra 
Eu 

4.1 
2.9 

4.9 
6.2 

8.2 
9.2 

3.6 
3.7 

4.8 
2.9 i:i: 

7.3 
6.1 

3.7 
3.7 

8.4 
3.5 9.4 

Gd 
Tb 

4.2 
4.1 

3.1 
3.0 

2.8 
3.4 

7.5 
7.6 

7.9 
9.9 3:1 

3.3 
3.2 

6.0 
7.4 

7.6 
3.7 

Dy 
Ho 

4.1 
3.5 

3.3 
3.6 

8.4 
8.4 

8.7 
8.0 

3.7 
3.6 

3.6 
3.5 

4.8 
5.8 

4.2 
4.1 

4.2 
4.2 

7.2 
6.3 

Er 
Tm 

3.3 
3.1 

4.6 
6.9 

3.3 
2.1 

7.9 
7.8 

9.1 
8.9 

3.0 
2.9 

3.5 
3.2 

5.3 
5.7 

4.0 
4.2 

3.9 
3.8 

7.0 
5.8 

Yb 
Lu 

3.8 
3.7 

3.1 
3.0 

4.6 
4.4 

8.5 
8.0 

7.9 
8.3 

2.8 
2.6 

3.5 
3.3 

5.6 
5.7 

4.6 
4.3 

3.6 
3.6 

7.2 
6.0 

Y 3.5 3.9 4.1 3.9 7.9 9.3 3.5 3.9 3.3 6.0 4.0 4.1 4.6 5.7 
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per metal ion, has been observed to exceed 3.0 at the higher 

llgand concentrations in some of the rare-earth alpha-

hydroxycarboxylate complexes. 

The average values of b^/bg equal to 3.8 + 0.7 and of 

bg/b^ equal to 3»5 + 0.5 for the not too highly substituted 

glycolates are in close agreement with the values expected 

for several eight-coordinate configurations such as the 

cubic, Archimedean antiprism, dodecahedral, and a trigonal 

prism in which two extra orbitals extend from the triangular 

faces of the prism. The values of the ratios expected for 

each of these configurations are given in Table 7. 

Due to appreciable variations in the individual b^/bg 

and bg/b^ values obtained, and the inability to calculate 

b^/b^ ratios from the dilute solution data, it was not 

Table 7. Statistical factors in the ratios of the stepwise 
formation constants for various eight-coordinate 
configurations 

Configuration bi ; b^ : b^ ; bj^ \/̂ 2 byb4 

Cubic 12/1: 7/2 :22/21; 9/44 3.43 3.34 5.12 

Archimedean 
antiprism 16/1; 9/2 :ll/9 : 7A4 3.56 3.68 7.68 

Dodecahedral 18/1:89/18 :n8/89:24/157 3.64 3.73 8.67 

Trigonal prism 
with ends 15/1:21/5 :10/9 : 6/35 3.57 3.78 6.48 



www.manaraa.com

55 

possible to assign any exact configurations to any of the 

complexes, but the configuration may correspond to the eight 

coordinate dodecahedral configuration assigned to the 

hydrated heavy-rare earth EDTA chelates on the basis of 

X-ray data (79). Such a configuration has also been proposed 

for the europium benzoylacetone and dibenzoylmethide che­

lates (80). 

Other factors also act to prevent accurate predictions 

of geometrical configurations of complexes from stability 

constant data. The ratios derived from statistical con­

siderations based on the assumption of point ligands cannot 

be expected to be the same when bulky organic groups are 

involved. Furthermore, in calculating these ratios, it was 

assumed that the alpha-hydroxycarboxylate ligand attaches 

itself bidentately to the metal ion. If the carboxyl group 

acts as a bidentate group for any of the metals, this will 

be a further contribution to deviation of the actual ratios 

from the theoretical values. Hence it must be concluded 

that the chief value of the ratios of the successive b values 

lies in indicating the amount of steric hindrance encountered 

as each successive ligand attaches itself to the metal ion. 
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V. SUI^^ARY 

Thé formation constants of the rare earths with the 

isopropylglycolate, methylisopropylglycolate, tertiary-

butylglycolate, and methyltertiarybuthlglycolate ligands 

were determined. The magnitudes of these constants were 

found to follow the ionic radius trend quite regularly. 

Introduction of a methyl group into a ligand gave enhanced 

stabilities to the complexes, especially for the heavier 

rare earth;., over the analogous homologue with a hydrogen 

atom instead of a methyl group. Introduction of a bulkier 

alkyl group decreased stability of the complex. 
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VIII. APPENDIX A: EXPERIMENTAL DATA FOR 
DETERMINATION OF IONIZATION CONSTANTS 

OF THE LIGAND ACIDS 

ml buffer [NaA] X 10"^ [HA] X 10"^ [H+] X 10"^ Kx X 10"^ 
50 ml 

Isopropylglycolic Acid 

2  ̂ 3.908 1.858 2.01 
5 10 9.770 1.94^' 2.06 
7 14 13.68 1.963 2.06 
10 20 19.54 1.945 2.03 
15 30 29.31 1.928 1.99 

Average = 2.03 ± 0.04 X 10~^ 

Methylisopropylglycolic Acid 

2 4 3.969 1.611 1.76 
5 10 9.923 1.683 1.76 
7 14 13.89 1.687 1.74 
10 20 19.85 1.690 1.73 
15 30 29.77 1.652 1.68 
20 40 39.69 1.629 1.66 

Average Kj = 1.71 ± 0.05 X 10"^ 

Tertiarybutylglycolic Acid 

2 4 3.952 1.276 1.38 
5 10 9.880 1.303 1.35 
7 14 13.83 I.306 1.35 
10 20 19.76 1.297 1.33 
15 30 29.64 1.279 1.31 

Average Kj = 1.34 + 0.04 X 10"^ 
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ml buffer [WaA] X 10"^ [HA] X 10"^ [H*^] X 10X 10~^ 
•^0 ml ^ 

Methyltertiarybutylglycolic Acid 

8 8 4.256 5.998 1.1,5 
10 10 5.320 5.970 1.14 
12 12 6.384 5.998 l.l4 
14 14 7.448 5.970 1.14 
16 16 - 8.512 5.998 1.14 
18 18 9.576 5.943 1.13 
20 20 10.64 5.929 1.12 

Average Kx = 1.14 + 0.01 X 10"^ 
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IX. APPENDIX B: EXPERIMENTAL DATA FOR THE 
RARE-EARTH ISOPROPYLGLYCOLATES 

ml. 
buffer 
50 ml, 
soin. 

PH 

La 

n 

+3 

aXlO"^ ml. 
buffer 
^0 ml. 
soin. 

pH 

Ce 

n 

+3 

aXlO"^ 

0.50 
1.00 

3. 
3. 
686 
6l4-

0.112 
0.204 

0.758 
1.426 

0.50 
1.00 

3.590 
3.545 

0.126 
0.230 

0.650 
1.261 

1.50 
2.50 

3. 
3. 
589 
569 

0.288 
0.450 

2.104 
3.469 

1.50 
2.50 

3.526 
3.520 

0.333 
0.513 

1.863 
3.147 

3.50 
5.00 

3. 
3. 
571 
572 

0.577 
0.769 

4.962 
7.193 

3.50 
5.00 

3.528 
3.538 

0.662 
0.869 

4.546 
6.709 

6.20 
7.50 

3. 
3. 
577 
582 

0.898 
1.028 

9.071 
11.15 

6.20 
7.50 

3.548 
3.556 

1.007 
1.153 

8.550 
10.56 

10.00 
12.50 

3. 
3. 
596 
603 

1.206 
1.400 

15.43 
19.65 

10.00 
12.50 

3.577 
3.589 

1.331 
1.512 

14.84 
19.11 

15.00 3. 612 

Pr 

1.529 

+3 

24.13 15.00 
20.00 

3.600 
3.623 

m 

1.651 
1.744 

+3 

23.51+ 
33.16 

0.50 
1.00 

3. 
3. 
628 
55^ 

0.149 
0.266 

0.638 
1.216 

0.50 
1.00 

3.614 
3.536 

0.158 
0.283 

0.612 
1.158 

1.50 
2.50 

3.528 
3.51^ 

0.374 
0.568 

1.802 
3.032 

1.50 
2.50 

3.510 
3.4-99 

0.397 
0.597 

1.721 
2.930 

3.50 
5.00 

3. 
3. 
518 
530 

0.73^ 
0.946 

4.368 
6.511 

3.50 
5.00 

3.506 
3.519 

0.767 
0.990 

4.244 
6.342 

6.20 
7.50 

3. 
3. 
538 
5^8 

1.103 
1.247 

8.277 
10.29 

62.0 
7.50 3:^ 

1.143 
1.273 

8.122 
10.20 

10.00 
12.50 

3. 
3. 
568 
58k-

1.455 
1.614 

14.45 
18.80 

10.00 
12.50 

3.567 
3.580 

1.463 
1.658 

14.42 
18.63 

15.00 
20.00 

3. 
3. 
598 
618 

1.724 
1.890 

23.36 
32.68 

15.00 
20.00 

3.593 
3.618 

1.794 
1.890 

23.08 
32.68 
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0.50 3.568 0.185 0.530 0.50 3.553 0.194 0.505 
1.00 3.485 0.330 1.008 1.00 3.465 0.347 0.953 

1.50 3.4-59 0.460 1.507 1.50 3.436 0.487 1.419 
2.50 3.^50 0.691 2.589 2.50 3.429 0.729 2.457 

3.50 3.4^^ 0.890 3.788 3.50 3.^38 0.942 3.599 
5.00 3.^78 1.145 5.752 5.00 3.460 1.209 5.512 

6.20 3.^99 1.292 7.547 6.20 3.477 1.392 7.166 
7.50 3.512 1.462 9.459 7.50 3.491 1.581 9.001 

10.00 3.5^3 1.663 13.63 10.00 3.525 1.807 13.07 
12.50 3.561 1.863 17.82 12.50 3.546 2.018 17.21 

15.00 3.577 2.007 22.24 15.00 3.561 2.212 21.43 
20.00 3.605 2.133 31.71 20.00 3.592 2.372 30.77 

Gd +3 Tb 
+3 

0.50 3.548 0.197 0.497 0.50 3.571 0.214 0.449 
1.00 3.464 0.348 0.950 1.00 3.431 0.376 0.866 

1.50 3.433 0.490 1.408 1.50 3.309 0.529 1.283 
2.50 3.426 0.734 2.439 2.50 3.390 0.795 2.229 

3.50 3.435 0.949 3.573 3.50 3.402 1.025 3.297 
5.00 3.460 1.209 5.512 5.00 3.430 1.310 5.130 

6.20 3.480 1.379 7.217 6.20 3.453 1.496 6.769 
7.50 3.496 1.553 9.108 7.50 3.475 1.667 8.668 

10.00 3.527 1.792 13.13 10.00 3.510 1.922 12.62 
12.50 3.549 1.988 17.33 12.50 3.538 2.099 16.89 

15.00 3.570 2.098 21.88 15.00 3.559 2.238 21.32 
20.00 3.600 2.226 31.35 20.00 3.592 2.372 30.77 
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Dy+3 Ho+3 

0.50 
1.00 

3.4.92 
3.443 

0.227 
0.399 

0.412 
0.799 

0.50 
1.00 

3.4^3 
3.386 

0.232 
0.413 

0.399 
0.761 

1.50 
2.50 

3.367 
3.360 

0.562 
0.842 

1.181 
2.067 

1.50 
2.50 

3.355 
3.350 

0.575 
0.858 

1.14-3 
2.015 

3.50 
5.00 

3.377 
3.410 

1.080 
1.375 

3.101 
4.890 

3.50 
5.00 

3.368 
3.399 

1.099 
1.409 

3.033 
4.763 

6.20 
7.50 

3.435 
3.4-57 

1.570. 
1.760 

6.486 
8.310 

6.20 
7.50 

3.4^8 
3.4-50 

1.598 
1.795 

6.380 
8.173 

10.00 
12.50 

3.498 
3.523 

2.012 
2.2^7 

12.27 
16.31 

10.00 
12.50 

3.^95 
3.525 

2.03^ 
2.227 

12.18 
16.39 

15.00 
20.00 

3.547 
3.583 

2.386 
2.531 

20.74 
30.14 

15.00 
20.00 

3.547 
3.586 

2.386 
2.^78 

20.74 
30.35 

Er+3 

0.50 
1.00 

3.464 
3.361 

0.242 
0.432 

0.374 
0.707 

1.50 
2.50 

3.333 
3.327 

0.597 
0.893 

1.077 
1.900 

3.50 
5.00 

3.3^5 
3.380 

1.146 
1.467 

2.866 
4.549 

6.20 
7.50 

3.411 
3.^38 

1,666 
1.855 

6.126 
7.9^+4 

10.00 
12.50 

3.485 
3.515 

2.106 
2.324 

11.90 
16.01 

15.00 
20.00 

3.541 
3.574 

2.458 
2.689 

20.46 
29.51 

Tm+3 

0.50 
1.00 

3.444 
3.344 

0.253 
0.445 

0.348 
0.672 

1.50 
2.50 

3.310 
3.305 

0.620 
0.925 

1.011 
1.796 

3.50 
5.00 

3.326 
3.364 

1.184 
1.514 

2.735 
4.378 

6.20 
7.50 

3.396 
3.4^7 

1.723 
1.808 

5.911 
7.741 

o
p
 0
 CM 

1 i 1—i 3.^75 
3.508 

2.177 
2.390 

11.63 
15.75 

15.00 
20.00 

3.535 
3.573 

2.530 
2.705 

20.17 
29.45 
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0.50 3.^^3 
1.00 3.317 

1.50 3.280 
2.50 3.277 

3.50 3.299 
5.00 3.341 

6.20 3.378 
7.50 3.409 

10.00 3.^^2 
12.50 3.^98 

15.00 3.525 
20.00 3.566 

+3 

0.264 
0.466 

0.322 
0.619 

0.649 
0.964 

0.930 
1.671 

1.236 
1.579 

2.558 
4.142 

1.789 
1.993 

5.663 
7.419 

2.266 
2.482 

11.28 
15.39 

3.647 
2.824 

19.71 
28.98 

0.50 
1.00 

3.410 
3.305 

1.50 
2.50 

3.268 
3.264 

3.50 
5.00 

3.290 
3.336 

6.20 
7.50 

3.373 
3.406 

10.00 
12.50 

3.460 
3.495 

15.00 
20.00 

3.525 
3.564 

+3 

0.271 0.306 
0.475 0.597 

0.660 0.899 
0.982 1.616 

1.253 2.501 
1.592 4.092 

1.807 5.597 
2.006 7.367 

2.280 11.23 
2.510 15.28 

2.647 19.71 
2.859 28.84 

Y 

0.50 3.512 
1.00 3.423 

1.50 3.393 
2.50 3.385 

3.50 3.^00 
5.00 3.4^7 

6.20 3.^52 
7.50 3.4?2 

10.00 3.510 
12.50 3.536 

15.00 3.559 
20.00 3.594 

0.217 
0.383 

0.441 
0.846 

0.535 
0.803 

1.266 
2.201 

1.029 
1.320 

3.281 
5.093 

1.500 
1.682 

6.753 
8.608 

1.922 
2.120 

12.62 
16.81 

2.238 
2.336 

21.32 
30.91 

Buffer soin.: 

Rare-earth ; 

Cerium : 

0.0977 M acid 

0.1000 M 
, sodium salt 

0.0040 M 

0.0040 M + 
0.0001042 M 
HClOi^ 
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X. APPENDIX C: EXPERIMENTAL DATA FOR THE 
RARE -EARTH METHYLISOPROPYLGLYCOLATES 

ml. 
buffer* 
50 ml. 
soin. 

PH 

La 

n 

+3 

aXlO"^ ml. 
buffer 
50 ml. 
soin. 

pH 

Ce 

n 

+3 

aX10"3 

0.50 
1.00 

3.749 
3.685 

0.099 
0.184 

0.781 
1.472 

0.50 
1.00 

3.676 
3.628 

0.097 
0.196 

0.718 
1.346 

1.50 
2.50 

3.656 
3.644 

0.272 
0.415 

2.134 
3.567 

1.50 
2.50 

3.610 
3.604 

0.292 
0.459 

1.975 
3.309 

3.50 
5.00 

3.64^ 
3.644 

0.541 
0.731 

5.062 
7.304 

3.50 
5.00 

3.608 
3.618 

0.606 
0.798 

4.718 
6.944 

6.20 
7.50 

3.653 
3.656 

0.832 
0.966 

9.294 
11.36 

6.20 
7.50 

3.625 
3.633 

0.939 
1.072 

8.778 
10.84 

10.00 
12.50 

3.668 
3.675 

1.147 
1.329 

15.63 
19.90 

10.00 
12.50 

3.649 
3.661 

1.272 
1.443 

15.03 
19.34 

15.00 
20.00 

3.684 
3.700 

1.447 
1.587 

24.1+2 
33.85 

15.00 
20.00 

3.670 
3.692 

1.597 
1.695 

23.72 
33.32 

Pr+3 Kd 
+3 

0.50 
1.00 

3.701 
3.624 

0.129 
0.245 

0.681 
1.257 

0.50 
1.00 

3.668 
3.597 

0.149 
0.271 

0.619 
1.171 

1.50 
2.50 

3.594 
3.584 

0.357 
0.544 

1.828 
3.085 

1.50 
2.50 

3.572 
3.562 

0.385 
0.588 

1.729 
2.923 

3.50 
5.00 

3.586 
3.600 

0.713 
0.917 

4.408 
6.584 

3.50 
5.00 

3.570 
3.583 

0.757 
0.984 

4.241 
6.325 

6.20 
7.50 

3.610 
3.620 

1.061 
1.200 

8.400 
10.44 

6.20 
7.50 

3.595 
3.607 

1.136 
1.280 

8.109 
10.13 

o
o
 O
 If

N 
O
 cv
j 

t—
1 

1—
1 3.642 

3.654 
1.379 
1.567 

14.71 
18.95 

10.00 
12.50 

3.624 
3.644 

1.533 
1.678 

14.11 
18.52 

15.00 
20.00 

3.667 
3.688 

1.686 
1.821 

23.47 
32.92 

15.00 
20.00 

3.658 
3.683 

1.808 
1.917 

22.99 
32.54 
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Sm +3 

0.50 
1.00 

3.586 
3.504 

0.194 
0.350 

0.483 
0.912 

0.50 
1.00 

3.539 
3.458 

0.218 
0.386 

0.416 
0.803 

1.50 
2.50 

3.478 
3.472 

0.493 
0.748 

1.359 
2.344 

1.50 
2.50 

0.538 
0.809 

1.215 
2.134 

3.50 
5.00 

3.489 
3.512 

0.958 
1.241 

3.492 
5.345 

3.50 
5.00 

3.454 
3.485 

1.036 
1.328 

3.207 
5.013 

6.20 
7.50 

3.532 
3.554 

1.426 
1.584 

6.991 
8.942 

6.20 
7.50 

3.511 
3.535 

1.514 
1.684 

6.654 
8.555 

10.00 
12.50 

3.585 
3.611 

1.845 
2.024 

12.88 
17.15 

10.00 
12.50 

3.576 
3.601 

1.914 
2.123 

12.61 
16.76 

15.00 
20.00 

3.629 
3.662 

2.278 
2.306 

21.13 
30.99 

15.00 
20.00 

3.623 
3.658 

2.260 
2.378 

21.20 
30.71 

Gd+3 

0.50 3.526 0.225 
1.00 3.437 0.402 

1.50 3.412 0.561 
2.50 3.̂ 14 0.839 

3.50 3.437 1.072 
5.00 3.474 1.363 

6.20 3.503 1.547 
7.50 3.528 1.721 

10.00 3.571 1.950 
12.50 3.599 2.144 

15.00 3.618 2.322 
20.00 3.655 2.431 

0.399 
0.757 . 

0.50 
1.00 

1.143 
2.030 

1.50 
. 2.50 

3.078 
4.884 

3.50 
5.00 

6.528 
8.413 

6.20 
7.50 

12.47 
16.68 

10.00 
12.50 

20.95 
30.50 

15.00 
20.00 

Tb+3 

3.474 0.250 0.334 
3.383 0.441 0.649 

3.358 0.612 0.990 
3.362 0.913 1.782 

3.392 1.162 2.758 
3.440 1.465 4.502 

3.476 1.652 6.125 
3.507 1.826 8.008 

3.553 2.082 11.95 
3.584 2.288 16.11 

3t606 2.467 20.38 
3.645 2.608 29.80 
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Dy' +3 Ho 
+3 

0.50 
1.00 

3.444 
3.349 

0.265 
0.465 

0.301 
0.587 

0.50 
1.00 

3.428 
3.333 

0.272 
0.476 

0.284 
0.560 

1.50 
2.50 

3.319 
3.326 

0.647 
0.961 

0.890 
1.626 

1.50 
2.50 

3.306 
3.315 

0.659 
0.976 

3.50 
5.00 

3.362 
3.417 

1.218 
1.530 

2.563 
4.262 

3.50 
5.00 

3.354 
3.409 

1.232 
1.552 

2.513 
4.181 

6.20 
7.50 

3.454 
3.488 

1.735 
1.917 

5.813 
7.658 

6.20 
7.50 3.487 

1.745 
1.921 

5.773 
7.641 

10.00 
12.50 

3.540 
3.575 

2.173 
2.374 

11.60 
15.77 

10.00 
12.50 

3.539 
3.576 

2:180 
2.365 

11.57 
15.81 

15.00 
20.00 

3.601 
3.640 

2.527 
2.694 

20.14 
29.46 

15.00 
20.00 

3.602 
3.643 

2.515 
2.641 

20.19 
29.66 

Er 
+3 

Tm 
+3 

0.50 
1.00 

3.408 
3.308 

0.282 
0.493 

0.263 
0.519 

0.50 
1.00 

3.394 
3.290 

0.289 
0.506 

0.249 
0.491 

1.50 
2.50 

3.278 
3.288 

0.683 
1.010 

0.795 
1.476 

1.50 
2.50 

3.260 
3.270 

0.699 
1.032 

0.755 
1.409 

3.50 
5.00 

3.288 
3.392 

1.345 
1.598 

2.134 
4.014 

3.50 
5.00 

3.311 
3.377 

1.307 
1.637 

2.260 
3.871 

6.20 
7.50 

3.431 
3.474 

1.816 
1.981 

5.055 
7.411 

6.20 
7.50 

3.424 
3.465 

1.841 
2.022 

5.415 
7.254 

10.00 
12.50 

3.529 
3.567 

2.248 
2.447 

11.30 
15.48 

10.00 
12.50 

3.524 
3.563 

2.282 
2.484 

11.17 
15.34 

15.00 
20.00 

3.592 
3.635 

2.634 
2.777 

19.72 
20.12 

15.00 
20.00 

3.591 
3.635 

2.643 
2.777 

19.68 
29.12 
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Yb +3 Lu +3 

0.50 
1.00 

3.371 
3.261 

0.299 
0.525 

0.228 
0.448 

0.50 
1.00 

3.363 
3.250 

0.303 
0.532 

0.220 
0.433 

1.50 
2.50 

3.229 
3.242 

0.725 
1.066 

0.692 
1.310 

1.50 
2.50 

3.218 
3.229 

0.734 
1.081 

0.670 
1.267 

3.50 
5.00 

3.288 
3.359 

1.345 
1.683 

2.134 
3.707 

3.50 
5.00 

3.275 
3.347 

1.366 
1.712 

2.066 
3.601 

6.20 
7.50 

3.408 
3.452 

1.894 
2.079 

5.213 
7.035 

6.20 
7.50 

3.402 
3.444 

1.915 
2.114 

5.138 
6.903 

10.00 
12.50 

3.516 
3.557 

2.335 
2.538 

10.96 
15.13 

10.00 
12.50 

3.514 
3.552 

2.349 
2.582 

10.91 
14.95 

15.00 
20.00 

3.586 
3.632 

2.702 
2.828 

19.45 
28.92 

15.00 
20.00 

3.582 
3.629 

2.747 
2.881 

19.27 
28.71 

Y+3 

0.50 
1.00 

1.50 

3.4-63 
3.370 

3.343 

0.256 
0.451 

0.626 

0.322 
0.625 

. 0.951 

Buffer soin.: 0.0992 

0.1000 
sodium 

M acid 

M 
salt 

2.50 3.351 0.928 1.733 

3.50 
5.00 

6.20 
7.50 

10.00 
12.50 

15.00 
20.00 

3.382 
3.^31 

3.467 
3.500 

3.549 
3.583 

3.608 
3.644 

1.181 
1.491 

1.686 
1.859 

2.110 
2.298 

2.444 
2.624 

2.691 
4.406 

5.996 
7.878 

11.84 
16.07 

20.47 
29.73 

Rare-earth 

Cerium 

0.0040 M 

0.0040 M + 
0.0001042 M 
HClOi^ 
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XI. APPENDIX D; EXPERIMENTAL DATA FOR THE 
RARE-EARTH TERTIARY3UTYLGLYC0LATES 

ml. 
buffer 
50 ml. 
soin. 

PH 

La 

n 

+3 

aXlO"^ ml. 
buffer 
50 ml. 
soin. 

pH 

Ce 

n 

+3 

aXlO"^ 

0.50 
1.00 

3.847. 
3.800 

0.086 
0.155 

0.797 
1.537 

0.50 
1.00 

3.745 
3.725 

0.099 
0.185 

0.689 
1.346 

1.50 
2.50 

3.784 
3.775 

0.221 
0.340 

2.282 
3.809 

1.50 
2.50 

3.716 
3.714 

0.271 
0.431 

2.004 
3.365 

3.50 
5.00 

3.778 
3.784 

0.435 
0.561 

5.425 
7.919 

3.50 
5.00 

3.721 
3.731 

0.568 
0.754 

4.814 
7.067 

6.20 
7.50 

3.790 
3.795 

0.644 
0.726 

9.987 
12.25 

6.20 
7.50 

3.742 
3.749 

0.867 
0.996 

9.008 
11.09 

10.00 
12.50 

3.812 
3.818 

0.779 
0.881 

17.04 
21.63 

10.00 
12.50 

3.764 
3.775 

1.186 
1.350 

15.32 
19.66 

15.00 3.828 0.889 26.59 " 15.00 
20.00 

3.786 
3.805 

1.461 
1.576 

24.21 
33.75 

Pr+3 Nd 
+3 

0.50 
1.00 

3.790 
3.737 

0.120 
0.218 

0.682 
1.311 

0.50 
1.00 

3.778 
3.224 

0.127 
0.230 

0.660 
1.268 

1.50 
2.50 

3.722 
3.716 

0.307 
0.471 

1.960 
3.309 

1.50 
2.50 

3.706 
3.700 

0.328 
0.504 

1.884 
3.184 

3.50 
5.00 

3.722 
3.726 

0.610 
0.819 

4.751 
6.912 

3.50 
5.00 

3.705 
3.719 

0.658 
0.848 

4.566 
6.798 

6.20 
7.50 

3.735 
3.748 

0.950 
1.050 

8.783 
19.98 

6.20 
7.50 

3.724 
3.732 

1.007 
1.152 

8.561 
10.58 

10.00 
12.50 

3.765 
3.780 

1.223 
1.340 

15.28 
19.80 

10.00 
12.50 

3.752 
3.764 

1.338 
1.521 

14.83 
19.09 

15.00 
20.00 

3.793 
3.812 

1.410 
1.486 

24.52 
34.21 

15.00 
20.00 

3.775 
3.798 

1.662 
1.751 

23.52 
33.13 
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8m +3 Eu +3 

0.50 
1.00 

3.720 
3.662 

0.157 
0.284 

0.561 
1.082 

0.50 
1.00 

3.697 
3.641 

0.169 
0.301 

0.525 
1.024 

1.50 
2.50 

0.408 
0.615 

1.596 
2.769 

1.50 
2.50 

3.625 
3.622 

0.424 
0.650 

1.541 
2.638 

3.50 
5.00 

3.652 
3.671 

0.799 
1.035 

4.026 
6.073 

3.50 
5.00 

3.635 
3.655 

0.841 
1.093 

3.866 
5.848 

6.20 
7.50 

3.687 
3.701 

1.189 
1.340 

7.851 
9.840 

6.20 
7.50 

3.670 
3.686 

1.267 
1.426 

7.544 
9.502 

10.00 
12.50 

3.732 
3.751 

1.509 
1.664 

14.15 
.18.52 

10.00 
12.50 

3.716 
3.737 

1.639 
1.813 

13.64 
17.93 

15.00 
20.00 

3.765 
3.794 

1.797 
1.835 

22.98 
32.82 

15.00 
20.00 3.784 

1.955 
2.022 

22.36 
32.08 

Gd +3 Tb 
+3 

0.50 
1.00 

3.689 
3.627 

0.173 
0.312 

0.513 
0.988 

0.50 
1.00 

3.652 
3.590 

0.191 
0.340 

0.460 
0.896 

1.50 
2.50 

3.610 
3.610 

0.440 
0.671 

1.484 
2.562 

1.50 
2.50 

3.568 
3.570 

0.484 
0.736 

1.335 
2.325 

3.50 
5.00 

3.623 
3.649 

0.870 
1.115 

3.757 
5.766 

3.50 
5.00 

3.593 
3.620 

0.940 
1.214 

3.496 
5.385 

6.20 
7.50 

3.666 
3,683 

1.286 
1.443 

7.473 
9.437 

6.20 
7.50 

3.644 
3.664 

1.382 
1.548 

7.098 
9.026 

10.00 
12.50 

3.716 
3.738 

1.639 
1.803 

13.64 
17.97 

10.00 
12.50 

3.701 
3.727 

1.759 
1.917 

13.17 
17.52 

15.00 
20.00 

3.751 
3.782 

1.981 
2.061 

22.25 
31.92 

15.00 
20.00 

3.746 
3.782 

2.047 
2.061 

21.99 
31.92 
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Dy 
+3 Ho+3 

0.50 
1.00 

3.628 
3.564 

0.202 
0.359 

0.428 
0.836 

0.50 
1.00 

3.614 
3.550 

0.208 
0.369 

0.410 
0.806 

1.50 
2.50 

0.504 
0.761 

1.269 
2.236 

1.50 
2.50 

3.534 
3.540 

0.517 
0.782 

1.224 
2.161 

3.50 
5.00 

3.573 
3.608 

0.984 
1.253 

3.333 
5.235 

3.50 
5.00 

3.562 
3.596 

1.007 
1.292 

3.246 
5.087 

6.20 
7.50 

3.628 
3.649 

1.450 
1.627 

6.837 
8.716 

6.20 
7.50 

3.624 
3.651 

1.466 
1.617 

6.772 
8.755 

10.00 
12.50 

3.688 
3.717 

1.857 
2.020 

12.78 
17.11 

10.00 
12.50 

3.690 
3.717 

1.843 
2.020 

12.83 
17.11 

15.00 
20.00 

3.737 
3.771 

2.159 
2.261 

21.55 
31.13 

15.00 
20.00 

3.739 
3.773 

2.135 
2.228 

21.64 
31.26 

sr +3 Tm 
+3 

0.50 
1.00 

3.607 
3.536 

0.211 
0.379 

0.402 
0.776 

0.50 
1,00 

3.586 
3.511 

0.221 
0.396 

0.376 
0.725 

0
 0
 

1—1 
OJ 3.520 

3.527 
0.530 
0.801 

1.181 
2.093 

1.50 
2.50 

3.491 
3.499 

0.557 
0.841 

1.096 
1.954 

3.50 
5.00 

3.550 
3.589 

1.032 
1.313 

3.155 
5.005 

3.50 
5.00 

3.525 
3.567 

1.082 
1.380 

2.971 
4.751 

6.20 
7.50 

3.611 
3.636 

1.519 
1.694 

6.569 
8.455 

6.20 
7.50 

3.602 
3.629 

1.554 
1.730 

6.433 
8.317 

10.00 
12.50 

3.683 
3.710 

1.895 
2.089 

12.63 
16.84 

10.00 
12.50 

3.675 
3.704 

1.955 
2.148 

12.39 
16.61 

15.00 
20.00 

3.732 
3.770 

2.224 
2.279 

21.29 
31.05 

15.00 
20.00 

3.728 
3.764 

2.273 
2.388 

21.09 
30.62 
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0.50 3.564 
1.00 3.488 

1.50 3/469 
2.50 3.478 

3.?0 3.508 
5.00 3.553 

6.20 3.592 
7.50 3.621 

10.00 3.670 
12.50 3.701 

15.00 3.725 
20.00 3.764 

+3 

0.230 0.351 
0.411 0.680 

0.576 1.036 
0.869 1.856 

1.115 2.851 
1.421 4.596 

1.;%4 6.281 
1.769 8.165 

1.991 12.25 
2.177 16.49 

2.310 20.95 
2.388 20.62 

0.50 
1.00 

3.558 
3.482 

1.50 
2.50 

3.463 
3.473 

3.50 
5.00 

3.502 
3.550 

6.20 
7.50 

3.587 
3.618 

o
p
 0
 CM 

1—
i 

rH 

3.665 
3.698 

15.00 
20.00 

3.725 
3.764 

+3 

0.233 0.345 
0.415 0.669 

0.581 1.019 
0.876 1.833 

1.126 2.810 
1.429 4.564 

1.612 6.209 
1.784 8.106 

2.027 12.11 
2.205 16.38 

2.310 20.95 
2.388 30.62 

Y 

0.50 3.656 
1.00 3.590 

1.50 3.570 
2.50 3.573 

3.50 3.593 
5.00 3.622 

6.20 3.644 
7.50 3.668 

10.00 3.702 
12.50 3.725 

15.00 3.743 
20.00 3.778 

0.189 0.466 
0.340 0.896 

0.482 1.341 
0.731 2.342 

0.940 3.496 
1.207 5.410 

1.382 7.098 
1.526 9.111 

1.750 13.20 
1.939 17.43 

2.084 21.85 
2.133 31.63 

Buffer soin.: 

Rare-earth : 

Cerium : 

0.0988 M acid 

0.1000 M 
sodiurn salt 

0.0040 M 

0.0040 M + 
0.0001042 M 
HCIO^ 
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XII, APPENDIX E: EXPERIMENTAL DATA FOR THE 
RARE-EARTH METHYLTERTIARYBUTYLGLYCÛLATES 

ml. 
buffer 
50 ml. 
soin. 

pH 

La 

n 

+3 

aXlO'^ ml. 
buffer 
50 rl. 
soin. 

pH 

Ce 

n 

+3 

aXlo"^ 

1.00 
1.50 

4.199 
4.180 

0.109 
0.152 

0.845 
1.263 

1.00 
1.50 

4^139 
4.136 

0.109 
0.155 

0.803 
1.212 

2.00 
2.50 

4.169 
4.163 

0.196 
0.238 

1.676 
2.093 

2.00 
2.50 

4.132 
4.129 

0.206 
0.258 

1.610 
2.007 

o
 o
 

4.164 
4.154 

0.329 
0.397 

2.912 
3.776 

3.50 
4.50 

4.129 
4.128 

0.350 
0.446 

2.823 
3.631 

5.50 
6.50 

4.154 
4.154 

0.465 
0.532 

4.641 
5.506 

5.50 
6,50 

4.132 
4.133 

0.517 
0.600 

4.487 
5.321 

7.50 
10.00 

4.154 
4.156 

0.600 
0.749 

6.370 
8.572 

7.50 
10.00 

4.134 
4.141 

0.681 
0.831 

6.160 
8.359 

12.50 
15.00 

4.160 
4.164 

0.862 
0.956 

10.84 
13.16 

12.50 
15.00 

4.146 
4.154 

0.970 
1.040 

10.58 
12.94 

20.00 4.175 1.015 18.04 20.00 4.165 1.154 17.71 

Pr ,+3 Nd +3 

1.00 
1.50 

4.159 
4.140 

0.154 
0.215 

0.761 
1.142 

1.00 
1.50 

4.145 
4.124 

0.169 
0.239 

0.733 
1.096 

2.00 
2.50 

4.133 
4.131 

0.270 
0.319 

1.534 
1.936 

2.00 
2.50 

4.112 
4.108 

0.311 
0.374 

1.456 
1.830 

3.50 
4.50 

4.118 
4.118 

0.452 
0.555 

2.671 
3.467 

3.50 
4.50 

4.107 
4.102 

0.488 
0.621 

2.602 
3.338 

5.50 
6.50 

4.121 
4.124 

0.641 
0.740 

4.294 
5.095 

5.50 
6.50 

4.108 
4.111 

0.707 
0.801 

4.164 
4.876 

7.50 
10.00 

4.124 
4.129 

0.819 
1.013 

5.938 
8.049 

7.50 
10.00 

4.117 
4.120 

0.868 
1.098 

5.841 
7.881 

12.50 
15.00 

1.135 
1.227 

10.30 
12.62 

12.50 
15.00 4:138 hm 

10.02 
12.39 

20.00 4.158 1.365 17.34 20.00 
30.00 

4.154 
4.172 

1.487 
1.573 

17.18 
26.92 
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Sm+3 Eu 
+3 

1.00 4.067 0.246 0.594 1.00 4.04l 0.269 0.553 
1.50 h,Okk 0.349 0.893 1.50 4.016 0.383 O.S3O 

2.00 4,032 0.451 1.192 2.00 4.008 0.488 1.121 
2.50 4.038 0.535 1.522 2.50 4.007 0.586 1.427 

3.50 4.036 0.700 2.192 3.50 4.014 0.759 2.078 
4^50 4.042 0.849 2.892 4.50 4.024 0.912 2.770 

5.50 4.054 0.963 3.663 5.50 4.034 1.050 3.493 
6.50 4.061 1.082 4.422 6.50 4.047 1.155 4.279 

7.50 4.069 1.184 5.218 7.50 4.052 1.288 5.013 
10.00 4.087 1.393 7.296 10.00 4.078 1.470 7.144 

12.50 4.099 1.586 9.407 12.50 4.095 1.630 9.321 
15.00 4.114 1.681 11.71 15.00 4.114 1.681 11.71 

20.00 4.134 1.837 16.40 20.00 4.131 1.894 16.29 
30.00 4.163 1.851 26.37 30.00 4.156 2.062 25.95 

Gd 
+3 

Tt 

1.00 4.017 0.290 0.517 1.00 3.964 0.332 0.444 
1.50 3.995 0.408 0.785 1.50 3.944 0.464 0.685 

2.00 3.985 0.523 1.058 2.00 3.940 0.586 0.943 
2.50 3.985 0.626 1.351 2.50 3.941 0.703 1.209 

3.50 3.995 0.809 1.984 3.50 3.957 0.901 1.809 
4.50 4.007 0.969 2.660 4.50 3.973 1.078 2.451 

5.50 4.021 1.104 3.387 5.50 3.996 1.205 3.192 
6.50 4.032 1.232 4.129 6.50 4.007 1.353 3.892 

7.50 4.045 1.330 4.931 7.50 4.022 1.462 4.671 
10.00 4.049 1.529 7.028 10.00 4.050 1.699 6.690 

12.50 4.086 1.728 9.127 12.50 4.072 1.875 8.834 
15.00 4.104 1.817 11.44 15.00 4.090 2.001 11.08 

20.00 ^.132 1.875 16.32 20.00 4.127 2.062 25.95 
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Dy .+3 Ho +3 

1.00 
1.50 

3.945 
3.924 

0.347 
0.485 

0.420 
0.650 

1.00 
1.50 

3.925 
3.902 

0.361 
0.507 

0.396 
0.612 

2.00 
2.50 

3.919 
3.926 

0.614 
0.727 

2.00 
2.50 

3.902 
3.904 

0.636 
0.761 

0.854 
1.102 

3.50 
4.50 

3.944 
3.963 

0.931 
1.108 

1.751 
2.392 

3.50 
4.50 

3.927 
3.950 

0.969 
1.147 

1.680 
2.318 

5.50 
6.50 

3.984 
4.001 

1.252 
1.381 

3.100 
3.837 

5.50 
6.50 

3.972 
3.989 

1.297 
1.437 

3.012 
3.728 

7.50 
10.00 

4.019 
4.052 

1.479 
1.683 

4.638 
6.722 

7.50 
10.00 

4.007 
4.043 

1.545 
1.754 

4.509 
6.582 

12.50 
15.00 

4.077 
4.095 

1.823 
1.936 

8.938 
11.21 

12.50 
15.00 

4.066 
4.086 

1.937 
2.054 

8.711 
10.97 

20.00 4.121 2.081 15.91 20.00 
30.00 

4.122 
4.154 

2.063 
2.124 

15.95 
25.82 

Er 
+3 

Tm 
+3 

1.00 
1.50 

3.914 
3.894 

0.36? 
0.514 

0.384 
0.599 

1.00 
1.50 

3.896 
3.874 

0.382 
0.534 

0.363 
0.566 

2.00 
2.50 

3.890 
3.897 

0.651 
0.773 

0.828 
1.082 

2.00 
2.50 

3.876 
3.883 

0.668 
0.793 

0.798 
1.044 

3.50 
4.50 

3.921 
3.944 

0.983 
1.165 

1.655 
2.284 

3.50 
4.50 

3.904 
3.927 

1.018 
1.213 

1.588 
2.193 

5.50 
6.50 

3.972 
3.990 

1.297 
1.431 

3.012 
3.739 

5.50 
6.50 

3.957 
3.978 

1.351 
1.486 

2.907 
3.633 

7.50 
10.00 

4.008 
4.044 

1.540 
1.747 

4.519 
6.597 

7.50 
10.00 

3.994 
4.036 

1.615 
1.809 

4.372 
6.475 

12.50 
15.00 

4.068 
4.091 

1.917 
1.989 

8.752 
11.10 

12.50 
15.00 

4.061 
4.085 

1.989 
2.066 

8.610 
10.95 

20.00 4.119 2.118 15.84 20.00 4.116 2.174 15.73 
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Yb 
+3 

Lu 
+3 

1.00 
1.50 

3.868 
3.848. 

0.401 
0.557 

0.334 
0.527 

1.00 
1.50 

3.863 
3.842 

0.404 
0.563 

0.328 
0.518 

2.00 
2.50 

3.847 
3.855 

0.702 
0.834 

0.739 
0.972 

2.00 
2.50 

3.842 
3.849 

0.707 
0.842 

0.729 
0.957 

3.50 
4.50 

3.886 
3.915 

1.056 
1.246 

1.519 
2.130 

3.50 
4.50 

3.878 
3.907 

1.072 
1.268 

1.489 
2.089 

5.50 
6.50 

3.948 
3.968 

1.383 
1.529 

2.846 
3;550 

5.50 
6.50 

3.938 
3.961 

1.418 
1.560 

2.779 
3.489 

7.50 
10.00 

3.988 
4.033 

1.646 
1.831 

4.311 
6.430 

7.50 
10.00 

3.984 
4.025 

1.668 
1.892 

4.268 
6.310 

12.50 
15.00 

4.060 
4.085 

1.999 
2.066 

8.590 
10.95 

12.50 
15.00 

4.054 
4.078 

2.059 
2.155 

8.471 
10.77 

20.00 4.117 2.155 15.77 20.00 
30.00 

4.111 
4.148 

2.265 
2.301 

15.55 
25.47 

+3 

1.00 
1.50 

3.962 
3.942 

0.334 
0,466 

0.442 
0.682 

2.00 
2.50 

3.939 
3.940 

0.588 
0.704 

0.940 
1.207 

3.50 
4.50 

3.958 
3.975 

0.899 
1.071 

1.812 
2.463 

o
w
n
 

0
 0
 

3.994 
4.014 

1.213 
1.320 

3.176 
3.957 

7.50 
10.00 

4.030 
4.054 

1.417 
1.667 

4.760 
6.754 

12.50 
15.00 

4.074 
4.099 

1.854 
1.884 

8.876 
11.31 

20.00 4.123 2.045 15.99 

Buffer soin.: 0.0266 M acid 

0.0500 M 
sodium salt 

Rare-earth 

Cerium 

0.0020 M 

0.0020 M + 
0.0000521 M 
HCIO^ 
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