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PREFACE

The rare earth elements form a fascinating group, resembling each other very closely
in both physical and chemical properties. The close similarity of the behaviour of the
elements led to difficulties in isolation of the elements in a state of high purity. Now
that the separation and purification of these elements have been achieved, the chemistry
and the industrial applications of the rare earth elements are drawing the attention of
many scientists in the world, especially countries which possess vast reserves of rare earth
minerals. Some of the applications of mixed rare earths are as metallurgical additives
for ferrous and non-ferrous metals, fluid cracking catalysts, lighter flints, polishing
compounds in glasses, carbon arc cores for lighting and hydrogen absorbing alloys for
rechargeable batteries. Some of the salient applications of high-purity rare earth elements
are cathode ray tubes, automotive catalytic converters, permanent magnets in computer
technology and sound systems, lasers, phosphors, electric motors, optical fibres, and
possible future applications such as in coloured pigments for plastics and paints, new
catalysts, refrigeration systems and solid oxide fuel cells.

In order to use rare earths successfully in various applications, a good understanding of
the chemistry of these elements is of paramount importance. Nearly three to four decades
have passed since titles such as The Rare Earths edited by EH. Spedding and A.H. Daane,
The chemistry of the Rare Earth Elements by N.E. Topp and Complexes of the Rare
Earths by S.P. Sinha were published. There have been many international conferences and
symposia on rare earths, as well as the series of volumes entitled Handbook of Physics and
Chemistry of Rare Earths edited by K.A. Gschneidner and L. Eyring. Thus, there is a need
for a new title covering modern aspects of rare earth complexes along with the applications.

The present title consists of twelve chapters. The first chapter is an introduction covering
definition, classification, properties, world reserves, methods of processing from ores,
methods of separation both classical and modern, and analytical chemistry of rare earths,
including classical and modern methods.

The second chapter deals with quantum chemical considerations, s, p, d and f orbitals,
electronic configurations, Pauli’s principle, spin-orbit coupling and levels, energy level
diagrams, Hund’s rules, Racah parameters, oxidation states, HSAB principle, coordination
number, lanthanide contraction, interconfiguration fluctuations. This is followed by a
chapter dealing with methods of determination of stability constants, stability constants
of complexes, thermodynamic consideration, double—double effect, inclined w plot,
applications of stability constant data.

The fourth chapter deals with complexes of rare earth elements with a variety of
complexing agents, such as monocarboxylic acids, dicarboxylic acids, polycarboxylic
acids like citric, nitrilotriacetic, ethylenediamine tetraacetic; beta diketones, ligands with
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nitrogen donors, macrocyclic ligands, ligands with sulphur donors, phosphines, cyanate,
thiocyanate, selenocyanate, perchlorate, decaborates, acyclic and macrocyclic Schiff’s
bases, carboranes, selenides and tellurides.

Structural chemistry of lanthanide complexes dealing with low coordination numbers,
6-, 7- and 8-coordination, dodecahedra, square antiprisms, hexagonal bipyramids, cubes
and other structures, 9-coordination, high coordination numbers and organometallic
structures is discussed in the fifth chapter.

Organometallic complexes such as tris, bis and monocylopentadienyl complexes,
cyclooctatetraenyl complexes, cyclopentadienyl-cyclooctatetraenyl complexes, indenyl
complexes, fluorenyl complexes, complexes with other aromatic ligands, callixerene
complexes, NMR spectroscopy of organometallic complexes, vibrational spectra, and
catalytic applications form the theme of the sixth chapter.

Kinetics and mechanisms complex formation involving rate expressions, rate laws,
dissociative and associative pathways, techniques used in probing reaction mechanisms,
crystal field effects are discussed in the following chapter.

Crystal field theory, intensities of 4f-4f transitions, Judd—Ofelt theory of electric—dipole
transitions, covalency model of hypersensitivity, dynamic coupling mechanism, solution
spectra, spectral data for complexes, solvent effects, fluorescence and photochemistry of
lanthanide complexes are dealt with in spectroscopy of lanthanide complexes.

Photoelectron spectroscopy of rare earths involving typical spectra, core levels, splitting
due to exchange, spin—orbit coupling, binding energies, states arising due to ionization
of f* configuration, interconfiguration fluctuation and surface oxidation phenomena are
discussed in the next chapter. The following chapter deals with the important topic
of lanthanide NMR shift reagents and their applications in elucidating structures. The
penultimate topic deals with ecological, physiological and environmental aspects along
with some interesting biological applications.

In the final chapter, applications such as in metallurgy of steels, corrosion inhibition,
catalysis, paints, cinema arc carbon and search light electrodes, polishing powders in op-
tics, permanent magnets, ceramic superconductors, lasers, garnet films for magnetic bubble
memory applications, nuclear applications, X-ray phosphors for medical radiology, fiber
optics, photonics, electronics, magnetic resonance imaging (MRI) high-tech applications
and fuel cells are elucidated.

The authors studied in schools headed by pioneers in rare earth chemistry, have
a combined experience of one hundred and fifty years in inorganic chemistry, rare
earth complex chemistry, nuclear and radiochemistry of rare earths and supramolecular
chemistry. The present monograph is a product of this rich experience.

V.S. Sastri
J.-C.G. Biinzli
V.R. Rao

G.V.S. Rayudu
J.R. Perumareddi
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The name rare earths is a misnomer since these elements are neither rare nor earths. The
name rare earths referring to elements with atomic numbers 58 to 71 may have arisen
because they were initially isolated as oxides which, in some ways, resemble calcium,
magnesium and aluminum oxides known as common earths. A chronological summary of

the discovery of the elements is given in Table 1.1.
The descriptive classification of rare earths is as follows:

Light earths (La to Eu) Middle earths (Sm to Ho) Heavy earths (Gd to Lu)
Lanthanium—S57 Samarium—=62 Gadolinium—64
Cerium—58 Europtum—63 Terbium—o65
Praseodymium—59 Gadolinium—=64 Dysprosium—66
Neodymium—60 Terbium—=65 Holmium—67
Promethium—=61 Dysprosium—66 Erbium—o68
Samarium—~62 Holmium—67 Thulium—69
Europium—~63 Ytterbium—70
Lutetium—71

The natural abundance of the rare earths is given in Table 1.2.

Clearly, La, Ce and Nd are quite abundant followed by Pr, Sm, Gd, Dy, Er and Yb of
moderate abundance and followed by Eu, Tb, Ho, Tm and Lu present in the range of 0.3 to

Chronological order of discovery of rare earths.

Rare earths Discoverer Year
Discovery of yttria Gadolin 1794
Discovery of ceria Berzelius, Hisinger 1804
Discovery of lanthana Mosander 1839
Discovery of didymia Mosander 1841
Discovery of yttria, terbia and erbia Mosander 1843
Discovery of ytterbia DeMarignac 1878
Discovery of scandia Nilson 1879
Discovery of thulia and holmia Cleve 1879
Discovery of dysprosia De Boisbaudrau 1886
Discovery of lutetia and ytterbia Urbain and Von Welsbach 1907
Discovery of samaria De Boisbaudrau 1879
Discovery of gadolinia De Boisbaudrau 1886
Isolation of neodymium and praseodymium Von Welsbach -

Discovery of europium Demarcay 1901
Discovery of promethium Marinsky and Coryell 1948
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TABLE 1.2
Natural abundance of rare earth elements [1].

Element zZ Abundance (g/ton)
La 57 19

Ce 58 44

Pr 59 5.6

Nd 60 24

Pm 61 Radioactive
Sm 62 6.5

Eu 63 1.0

Gd 64 6.3

Tb 65 1.0

Dy 66 4.3

Ho 67 1.2

Er 68 2.4

Tm 69 0.3

Yb 70 2.6

Lu 71 0.7

TABLE 1.3

Some physical properties of rare earth metals {2].

Element Symbol At.no. At wt. Terrestrial MP.(°C) B.P.(°C) Density Crystal
abundance (ppm) (g/cm3) structure
Yttrium Y 39 88.90 28 1522 3338 4.469 hep
Lanthanum La 57 139.91 18 918 3464 6.145 dhep
Cerium Ce 58 140.12 46 798 3433 6.770 fee
Praseodymium Pr 59 140.90 5.5 931 3520 6.773 dhep
Neodymium Nd 60 144.24 24 1021 3074 7.007 dhep
Promethium Pm 61 147.00 - 1042 3000* 7.260 dhep
Samarium Sm 62 150.35 6.5 1074 1794 7.520 rhomb
Europium Eu 63 151.96 1.0 822 1529 5.243 bee
Gadolinium Gd 64 157.25 6.4 1313 3273 7.900 hep
Terbium Tb 65 158.92 0.9 1356 3230 8.229 hep
Dysprosium Dy 66 162.50 4.5 1412 2567 8.550 hep
Holmium Ho 67 164.93 1.2 1474 2700 8.755 hep
Erbium Er 68 167.26 2.5 1529 2868 9.066 hep
Thulium Tm 69 168.93 0.2 1545 1950 9.321 hep
Ytterbium Yb 70 173.04 2.7 819 1196 6.965 fee
Lutetium Lu 71 174.97 0.8 1663 3402 9.840 hep

hep, hexagonal close packed; dhep, double C hexagonal close packed; rhomb, rhombohedral; fcc, face centered
cubic; bee, body centered cubic.

*Estimated.

1.2 g/ton. From these data it is clear that rare earths are not rare in the sense of their natural
abundance.

Some physical properties of the rare earth elements are given in Table 1.3.
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1. Rare earth reserves

The world reserves of rare earths are summarized in Table 1.4. The reserve base
encompasses current economic reserves, marginally economic reserves and sub-economic
reserves. The locations of the major rare earth deposits in the world are depicted in
Fig. 1.1.

Some possible future resources of rare earths in India are given in Table 1.5.

2. Rare earth markets

The broad applications of rare earths and the detailed metallurgical applications are given
in Tables 1.6 and 1.7, respectively.
Rare earth consumption in various industries in the world is given in Table 1.8.

TABLE 1.4
World resources of rare earths (x 103 metric tons of rare earths oxide REO) [3].

Country Major ore type Reserves Reserve base

North America

USA Bastnasite-bearing carbonatite 4900 5200
Canada Uranium ores 182 197
5100 5400
South America
Brazil Beach placers, carbonatite and alkaline rocks 20 73
Europe
USSR By-product of apatite processing carbonatite 450 500
Finland/Norway/Sweden  Alkaline rocks 50 55
500 500
Africa
Malagasy Repub. Beach placers (monazite) 50 55
Repub. of S.A. Monazite vein 357 321
Egypt Fluviatile placers (monazite) 100 110
Malawi Carbonatite 297 330
Burundi Carbonatite 1.1 1.3
820 830
Asia
Malaysia Alluvial tin placers (monazite and xenotime) 30 35
India Beach placers (monazite) 2220 2500
Korea Placers (monazite) 45 50
Sri Lanka Beach placers (monazite) 13 14
China Fe-carbonate formations 36 000 38000
Thailand Beach placers 1 1
38 000 41000
Australia Heavy mineral placers (monazite) 184 200

World total 45000 48000
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TABLE 1.5

Promising geological environments and target areas for rare earth deposits in India [3].

Type Geology Mineralogy Examples of target areas in India
Placer Coastal and inland placers Monazite Coastal stretches of Indian seaboard
and inland placers of Tamilnadu,
MP, Bihar and West Bengal
Coastal and inland placers Xenotime Siri River, M.P.
Sedimentary  Quartz-pebble conglomerates Monazite, uraninite, Karnataka
and associated formations brannerite
Carbonate (dolomite) hosted Bastnasite, monazite and Specified areas yet to be identified
RE-Fe deposits RE apatite
Re in phosphorites RE mainly in collophone Mussoorie (U.P.) and Udaipur
(Rajasthan)
Metamorphic  Marble/skarn, biotite schist Monazite, columbite and  Parts of Tirunelvelli-Tiruchinapalli,
hosted Re mineralization apatite Tamilnadu, Dungarpur, Rajasthan,
Sauser Series, M.P.,
Khetri-Khandala areas in Sikar Dt,
Rajasthan
Migmatised sillimanite Monazite, xenotime Khondalites and associated
biotite schist and gneiss, (occur as minerals) calc-silicate rocks of Eastern Ghats
paragneiss and schists
U-mineralized shear zones Brannerite, xenotime, Singhbhum Thrust Belt, Bihar
monazite
Iron and manganese ores Cerite, orthite, bastnasite Mn-horizons of the Sauser Series,
(of Proterzoic age) and other RE minerals M.P.
Igneous Syngenetic concentrations in  Monazite, xenotime, Granites of Kunkuri (M.P.) and

igneous rocks, eluvial
deluvial/alluvial
concentrations from
disseminations in

(a) granites and

(b) carbonatites and alkaline
rocks

Pegmatites irregularly
distributed masses in zoned
and hydrothermally altered
pegmatites

thorite, thorogummite,
samarskite, fergusonite

Pyrochlore

Fergusonite, samarskite,
yttrotantalite,
yttrofluorite, etc.

Kanigiri (A.P)

Amba Dungar (Gujarat)

Sung Valley (Meghalaya),
Newania, Kishangarh, Mundwara,
Sarnu, Dandali, Sarodia (Rajasthan),
Koraput (Orissa), Kundalur,
Medupally, Kunnavaram, Giddalur,
Chelima (A.P.), Kullampatti,
Sivamalai, Kadavur, Elagiri and
Sevathur, Tamilnadu

In Pegmatites of Bihar, Nellore
(A.P.), Rajasthan, Karnataka,
Tamilnadu and M.P.




TABLE 1.6
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RE products used in each market application [4].

Market Application RE element

Catalyst Fluid cracking catalyst All RE mixture
Automobile catalyst Ceric RE mixture
Others Ce, La, Nd

Glass Decolourizing Ce-rich compounds
Colourizing Ce, Er, Nd, Pr
Polishing All RE mixture, ceric RE mixture

Ceramics Glazed ceramic tiles Ce, Pr

Metallurgy Cast iron All RE mixture
Flints Ce, La
Steel

Other markets

Al, Mg alloys
Refractory alloys

Magnets

Phosphors for TV lamps and X-ray screens
Electronics (YAG, YIG, GGG)

Nuclear

Special glasses (fibers, lenses, etc.)

Fine ceramics: YZ, PSZ, SizNy
Capacitators

Ce, Nd, Pr and mixture
Y

Sm, Pr, Ce, Nd, Dy, Er, Gd
Y, Gd, Eu, La, Tb, Tm

Y, Gd, Nd, Tb

Gd, Eu

Y, Gd, La

Y, La, Ce

Nd, La, Sm

The rare earths consumption pattern as a function of time (years) in tons is depicted in
Fig. 1.2.

It is obvious that the curve does not show a smooth rise and it has peaks and troughs.
The non-uniformity of the curve can be explained by a comparison of old technology with
new technology and also use of new products in place of rare earth products already in
use. Technology changes citing the element affected and the newly developed products as
replacements of rare earth products already in use are given in Tables 1.9 and 1.10.

Based on factors such as population growth, gross national product and indexes of
industrial activity, numerical estimates for demand of rare earths obtained by Jolly (Mineral
Facts and Problems, Bur. Mines Bulletin, 667, 1975) are given in Table 1.10a.

The present and future scenarios for rare earths in India as given by Drs. Kalam and
Rajan in Materials Processing Technology by 2020, Technology Information Forecasting
Council are summarized in Scheme 1.1.

3. Formation of lanthanide ores

Nature concentrates rare earth ores into useful ores by three processes. Minerals like
monazite occur in small concentrations in common rocks that resist weathering and have
high densities. They remain intact when their host rocks weather away. These are moved
by water and enriched into placer deposits when less dense minerals are removed from
them.
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TABLE 1.7
Metallurgical applications of rare earths.

Areas of application

Brief details

Flints
For lighters, sparking toys, industrial torches and
miner’s safety lamps

Cast irons

Steels

High strength low alloy steels (line pipe, structural)
and steels for fatigue intensive applications (axles,
bearings, rail steels)

Copper alloys
(OFHC copper and leaded brasses)

Magnesium alloys
(cast or wrought alloys)

Aluminum alloys
(for electrical conductors)

Superalloys
Cobalt based

Permanent magnet alloys for producing magnets of
high coercivity and high energy products

Corrosion inhibitors

Misch metal alloyed with 23% Fe called ferrocerium
with additives like Mg/Cu is either cast or extruded
to make flints

Cerium or misch metal as innoculant to modify the
graphite morphology from flakes to nodular

Misch metal or rare earth silicon alloy for controlling
shapes of sulfide inclusions and thereby improving
transverse impact strength

Yttrium or misch metal for improving the oxidation
resistance of OFHC copper and elimination of hot
tearing in leaded brasses

Alloying with 1-3% misch metal reduces
the microporosity

Misch metal addition improves tensile strength,
heat resistance, vibration resistance and corrosion
resistance

Lanthanum addition (~ 0.08%) improves the oxida-
tion resistance by changing the character of oxides at
elevated temperatures

ABs5 type where A is rare earth metal (misch metal,
samarium, praseodymiumy) and B is cobalt. These are
either cast or fabricated by powder metallurgy routes

Mostly cerium salts are used as corrosion inhibitors

Rare earth salts
TABLE 1.8

Consumption of rare earths (percent weight).

1973 1974 1975 1976 1977 1984 1985
Catalysts 29 34 36 38 39 43 33
Metallurgy 46 44 45 32 34 22 25
Glass/ceramics 24 20 17 28 26 31 37
Phosphors/electronics/others 3 2 2 2 1 4 5

Pegmatites is another way of concentration of rare earths. Pegmatites are formed due
to the crystallization of magma bodies. During crystallization of the magma, the lan-
thanides are concentrated into lanthanide bearing minerals. Large amounts of lanthanides
are present in magmas which give rise to highly alkali basalts. If titanium is predominant,
the magma crystallizes as perovskite along with the rare earths. When carbonatites are
present in the magma we get a lanthanide mineral like apatite. Thus placer deposits have
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Fig. 1.2. Rare earths consumption (REO equivalent) [4].
apatites, allanite, monazite, xenotime and zircon. Pegmatites have all the forms associated

with placer deposits and fluorite. Alkali rock complexes give rise to apatite, perovskite and
bastnasite.

4. Rare earth sources

The important minerals, their grades and specifications are given below.

Minerals Grades and specifications

Monazite A rare-earth phosphate. Most concentrates contain 55-65% REO including 2% Y,03.
(Ce,La,Y,Th)PO,  Marketable REO content 55% (minimum)

Bastnasite A fluoro carbonate of cerium/yttrium—concentrates contain 60% REO raised to 70%
(Y,Ce)(CO3)F REO by acid leaching and 85% by leaching and calcining Y,O3 low (0.1-0.3%)
Xenotime A phosphate of yttrium—concentrates contain 25% Y,0O3 which may be upgraded to
(YPOy) 60% Y>0O3 and 40% REO

Loparite A titanate of Ca, Na, Ce with 30% REO

(Nb-perovskite)

Iron ore RE Adsorbed on Fe-Mn ores
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TABLE 1.9
Technology changes {4].

Old technology New technology Element affected
Auer gas mantles Incandescent lamps Th, Ce
Sulfide inclusion shape control Extreme steel desulfurisation with calcium La, Ce
Arc carbon rod filled with RE fluoride ~ High pressure halogen lamps Ce fluoride

RE fluoride
Lighter flints Piezoelectric ceramics Misch metal
Gadolinium gatlium garnet for magnetic Ram silicon memories magnetic tapes and Gd
bubble memories discs
Cathode ray tube” for TV display Liquid crystal displays Y, En

* .
In progress for small size screens.

TABLE 1.10
Product change within the same technology [4].

Application Existing product Substitution product
Graphite nodularation in casting Misch metal Magnesium
Neutron absorption in nuclear submarines Europium Hafnium
White opacifier for ceramic glazing Cerium Tin, zirconium
Hydrogen storage Lanthanum-nickel alloy Iron-titanium alloy
High strength permanent magnets Samarium cobalt Neodymium iron boron
TABLE 1.10a
Summary of forecasts of US and rest-of-world rare earth elements (including yttrium) demand 1974 and 2000
(short tons REO and Y,03).
1974 2000 forecast range Probable Probable average annual growth
Low High 1985 2000 rate 1974-2000 (percent)
United States
Annual demand 15500 24000 50000 22000 34000 3.1
Cumulative - 510000 782000 207000 625000 -
Rest-of-world
Annual demand 11500 25000 50000 19000 40000 4.9
Cumulative - 457000 699000 168 000 608 000 -
World
Annual demand 27000 49000 100000 41000 74000 3.9
Cumulative - 967000 1481000 375000 1233000 -

Of these, bastnasite is the only mineral worked primarily for rare earths and both
monazite and xenotime are mostly by-products of mining ilmenite, rutile, cassiterite, zircon
or gold. Apatite and some multi oxide minerals like pyrochlore, euxenite, brannerite and
loparite (a niobium titanate) are also commercial sources of rare earths, but production of
RE from these is limited.
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Present Scenario (1997)

Rare earths, potential for India

MODERN ASPECTS OF RARE EARTHS AND THEIR COMPLEXES

Future Scenario (2010)

Resources Core technologies Production of rare earths

Global 62 MT * Recovery of metals India 15 000 tonnes per year
(China 80%, (Nd, Sm) (India could have an export niche).
US 11%, (mineral — oxide — metal) High growth expected: 12-15%.
rest India & EU) * Value addition of RE materials Thorium applications in a major

Production India

5000 Tpy

India 2.7 MT

(largest thorium deposits)

* Application engineering for use
of rare earths in high tech areas
like, catalysts, phosphors, magnets,
special ceramics and metallurgy

* Applications to sensors, guidance,
automation, etc.

way—India’s leadership

Global market Global market

$400 million of Nd-Fe-B $900 million; India to have good

(high energy magnets); share of production

Indian production limited

Demand (India) Demand (India)

7 tonnes/year 15 tonnes/year

Nd-Fe-B Nd-Fe-B

Up to 35 MGOe developed Magnets of 85 MGOe

Scheme 1.1.
TABLE 1.11
Average rare earth content of the major ore minerals (%) [2].

Element Monazite Bastnasite Xenotime
La 23 32
Ce 46 50
Pr 5 93 4 98.7 10.6
Nd 19 13
Sm 3 0.5 1.2
Eu 0.01 4.7 0.1 0.75 0.01 4.8
Gd 1.7 0.15 3.6
Tb 0.16 1.0
Dy 0.5 7.5
Ho 0.09 2.0
Er 0.13 0.9 * 6.2 4.6
Tm 0.01 1.27
Yb 0.06 6.0
Lu 0.006 0.63
Y 2 2 60.0

* Almost absent.

The average rare earth content of the three major minerals; namely, monazite, bastnasite
and xenotime is given in Table 1.11.



TABLE 1.12

Rare earth and yttrium contents of major source minerals [5] (percent of total rare earth oxide).

Bastnasite Monazite Xenotime
California China Eastern Western Florida India China Malaysia
Australia Australia
LayO3 32.00 27.00 20.20 23.90 17.47 23.00 23.35 0.50
CeO» 49.00 50.00 45.30 46.03 43.73 46.00 45.69 5.00
PrgOq 4.40 5.00 5.40 5.05 4.98 5.50 4.16 0.70
Nd,05 13.50 15.00 18.30 17.38 17.47 20.00 15.74 2.20
Sm O3 0.50 1.10 4.60 2.53 4.87 4.00 3.05 1.90
EuyO3 0.10 0.20 0.10 0.05 0.16 - 0.10 0.20
Light REO 99.50 98.30 93.90 94.94 88.68 98.50 92.09 10.50
Gdy03 0.30 0.40 2.00 1.49 6.56 - 2.03 4.00
TbsO7 0.01 - 0.20 0.04 0.26 - 0.10 1.00
Dy,03 0.03 - 1.15 0.69 0.90 - 1.02 8.70
Hoy O3 0.01 - 0.05 0.05 0.11 - 0.10 2.10
Er, O3 0.01 1.00 0.40 0.21 0.04 1.50 0.51 5.40
TmyO3 0.02 - trace 0.01 0.03 - 0.51 0.90
YbyO3 0.01 - 0.20 0.12 0.21 - 0.51 6.20
Lu,O3 0.01 - trace 0.04 0.03 - 0.10 0.40
Y703 0.10 0.30 2.10 2.41 3.18 - 3.05 60.80
Heavy REO total 0.50 1.70 6.10 5.06 11.32 - 7.93 89.50
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Total REO in marketable concentrates 60-70% 55-60% 42.51

Analysis adjusted to 100% REO.

NOILLONJOYLNE

£l
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TABLE 1.13
RE content in Chinese Fe-Fe-RE ore deposits [6].

Rey0O3 Light RE (LRE) Eu
(%) Heavy RE (HRE)
I Bayan Obo ores
Massive Nb-RE-Fe ore 2.0 44.6 0.57
Banded Nb-RE-Fe ore 9.0 62.2 0.56
Aegerine Nb-RE-Fe ore 3.5 494 0.67
Dolomite Nb-RE-Fe ore 0.36 16.5 0.86
Riebekite Nb-RE-Fe ore 1.5 54.4 0.74
Aegerine Nb-RE ore 8.0 49.2 0.97
Dolomite Nb-RE ore 4.0 40.8 0.40
II Dianyi rocks
Banded magnetite saderite ore 0.14 438 1.49
Banded magnetite saderite ore 0.18 3.1 2.49
Massive magnetite saderite ore 0.23 6.8 2.56
Banded magnetite saderite ores 0.46 3.7 2.85
III Minsong
RE-bearing magnetite dolomite 0.36 10.0 0.85
RE-bearing magnetite dolomite 0.78 14.0 0.82
Biotite-quartz-schist 0.03 7.0 0.70
HRE (Gd-Lu, Y).
TABLE 1.14
Ores used for 1985 production [4].
Ore 1985 tons/REO
Bastnasite 11000
Monazite 10500
Others (RECl3, xenotime, concentrates. . .) 5500
Total 27000
TABLE 1.15
Rare earths (REO) production (tons) in some countries [2].
1973 1974 1975 1976 1977
USA 15245 16652 10430 11834 13521
Australia 3835 3270 4158 4906 9571
Brazil 1439 1196 1176 1452 NA
India 3500 3273 2500 3100 4000
Malaysia 1943 1787 3285 1879 NA
Others NA 703 697 696 NA
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TABLE 1.16
List of main RE manufacturers [4].

“Have been” Existing
Thorium Ltd. (UK) Rhone Poulenc (F-USA)
Steetley (UK) Rare Earth product (Johnson Mathey) (UK)
Th. Goldschmidt (FRG) Treibacher CW (Austria)
Tukako (J) Megon (Norway)
Haeino Kako (J) Molycorp (USA)
Kindai Chem (J) Research Chemicals (USA)
Sanko RE (J) Grace (USA)
Toda ND (J) Mitsubishi Chemical Industries (J)
Nihon Kigenso (J) Santoku (J)
Honjo Metal (J) Mitsui metal (J)
Sankin (J) Shin Etsu chem (J)
Shin Nihon metal (J)
Seimi Chemical (J)
Nippon Yttrium Company (J)
Nissan Kigenso (J)
Tohoku/Metal and Chemicals (J)
China
USSR
Nuclemon (Brazil)
Fluminense
Indian Rare Earths (India)
TABLE 1.17

Pricing pattern of rare earths [2].

Material Base quantity $ per Ib contained REO
Concentrate
Bastnasite (70% REO) TL* 0.76
Lanthanum (75% REO) TL* 0.85
Rare earth chloride TL* 0.64
Oxides (99.9% min) lbs
Cerium 200 6.75
Europium 25 710.00
Lanthanum 300 6.00
Samarium 50 30.00
Yttrium 50 34.50

TL* = truck load.

The rare earth and yttrium contents of major mineral sources occurring in various parts
of the world are given in Table 1.12.

The rare earth content of Chinese iron rare earth ore deposits occurring in three regions
is given in Table 1.13.
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The amounts of the ores used for production of rare earth oxides are given in Table 1.14.

The amounts of rare earth oxide produced in some parts of the world are given in
Table 1.15.

The main manufacturers of rare earths are listed in Table 1.16.

Some costs associated with the production of rare earths as of 1980 are given in
Table 1.17.

5. Recovery of rare earths from ores

Generally speaking, there are two processes for the extraction of rare earths from monazite.
One of the processes involves sulfuric acid digestion and this is illustrated in Fig. 1.3.

The second method of recovery of rare earths from monazite involves caustic soda
digestion and is illustrated in Fig 1.4.

Recovery of rare earths as chlorides by hydrochloric acid digestion of bastnasite is
illustrated in Fig 1.5.

Xenotime, which is an orthophosphate like monazite, can be processed by either the
sulfuric acid process or by caustic fusion. The caustic fusion method is illustrated in
Fig. 1.6.

MONAZITE H2S504 (98 %)
3
DIGESTION
200 - 220°¢C
COLD WATER SLURRY

DISSOUTION OF
Th & RE SULPHATES

FILTRATION
INSOLUBLE SOLUTION s
Nao
e—N92504
UNATTACKED | DOUBLE SULPHATE
MONAZITE PRECIPITATION | NqgOH + WATER
ZIRCON ETC,
ReEeT FILTRATION CAKE CAUSTIC
RE DOUBLE | DIGESTION
FILTRATE SULPHATE
SLURRY
RECOVERY OF THORIUM FILTRATION FILTRATE
8 MINOR FRACTION cAKE REJECT
OF RARE EARTH

RARE EARTH
HYDROXIDE
m——

Fig. 1.3. Sulphuric acid process for the recovery of rare earths from monazite [2].
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THORIUM
AND
URANIUM RECOVERY

- =
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Fig. 1.4. Caustic soda digestion process for recovery of rare earths from monazite [2].
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Fig. 1.5. Production of rare earths chloride from bastnasite [2].
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Fig. 1.6. Recovery of rare earths from xenotime.
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Fig. 1.7. Separation of A and B.
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TABLE 1.18
Commercial ion exchangers [8].

Type and name Capacity (m-eq./g)

Cation exchangers:

Strong acid: phenolic methylene sulfonic

Amberlite IR-100 1.75

Dowex 30 4.00

Duolite C-3 3.25

Wolfatit K 2.50

Zeo-Rex 2.70
Strong acid: nuclear sulfonic

Amberlite IR-120 4.20

Dowex 50 4.25

Wolfatit KS 2.45

Permutit Q 4.10
Medium acid: sulfonated coal

Zeo-Karb 3(pHT)
Weak acid: carbozylic

Amberlite IRC-50 10.0

Permutit 216 53

Wolfatit C 7.0
Aluminosilicate gel

Decalso 3

Anion exchangers:

Strong base: quaternary amine

Amberlite IRA-400 2.3

Dowex 1 24

Permutit S 24
Weak base: primary, secondary and tertiary amine

Amberlite IR-4B 10.0

Duolite A-2 7.0

De-Acidite 515 9.3

6. Separation of rare earths

Classical methods of separation [7] are (1) fractional crystallization, (2) precipitation and
(3) thermal reactions. Fractional crystallization is an effective method for lanthanides at
the lower end of the series, which differ in cation radius to a large extent. The separation
of lanthanum as a double nitrate, La(NO3)3-2NH4NO3-4H,0, from praseodymium and
other trivalent lanthanide with prior removal of cerium as Ce** is quite a rapid process
and is of commercial significance. Other examples are separation of yttrium earths as
bromates, RE(BrO3)-9H,0 and use of simple nitrates, sulfates and double sulfate and alkali
metal rare earth ethylenediamine tetraacetate complex salts in fractional crystallization
separation.
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TABLE 1.19
Association constants of rare earth cations with aminocarboxylic acids [9].

Rare earth Complexing agent

element EDTA TRILO HEEDTA DCTA DTPA EGTA EEDTA
log K log K log K» log K log K log K log K log K

La 15.50 10.64 7.37 1322 16.26 19.96 15.84 16.29

Ce 15.98 10.91 7.98 14.08 16.76 - 16.06 17.13

Pr 16.40 11.04 8.18 14.39 17.31 21.85 16.17 17.61

Nd 16.61 11.22 8.43 14.71 17.68 22.24 16.59 17.81

Sm 17.14 11.29 9.20 15.15 18.38 22.84 17.75 18.25

Eu 17.35 11.36 - 15.21 18.62 2291 - -

Gd 17.37 11.38 9.35 15.10 18.77 23.01 17.50 18.21

Tb 17.93 11.54 - 15.10 19.50 23.21 17.80 18.31

Dy 18.30 11.65 9.40 15.08 19.69 23.46 17.84 18.29

Ho 18.74 11.79 - 15.06 - - 17.90 18.17

Er 18.85 11.94 - 15.17 20.68 23.18 18.00 18.18

Tm 19.32 12.13 - 15.38 20.96 22.97 17.96 18.01

Yb 19.51 12.29 9.22 15.64 21.12 23.01 18.22 18.06

Lu 19.83 12.44 - 15.79 21.51 - 18.48 17.92

Y 18.09 11.33 9.02 14.49 19.15 22.40 17.16 17.79

EDTA Ethylenediaminetetraacetic acid

TRILO Nitrilotriacetic acid

HEEDTA B-hydroxyethylenediaminetriacetic acid

DCTA 1,2-diaminocyclohexanetetraacetic acid

DTPA Diethylenetriaminepentaacetic acid

EGTA 1,2-bis(2-di(carboxymethyl)aminoethoxy)ethane

EEDTA 2,2-bis(2-di(carboxymethyl)amino)ethyl ether

Fractional precipitation is similar to fractional crystallization technique but takes
advantage of basicity differences and solubility differences. Separation of yttrium from
yttrium earths by fractional precipitation is an example of differences in basicity.
Separation of yttrium earths from cerium earths by double alkali sulfate precipitation in
the form of double sulfates is an example of fractional precipitation.

Change in oxidation state can be used effectively because of the large solubility changes
accompanying the changes in oxidation state. Examples of this method of separation are
(i) separation of cerium by oxidation to Ce** and (ii) reduction of Eu, Sm and Yb to di-
valent state. Differences in solubility products of RE(OH)s can be profitably used in their
separation by fractional precipitation. For example, K, values of La(OH)3 and Lu(OH)3
are 1079 and 10724, respectively, and these values show that it is possible to preferen-
tially precipitate the bulk of rare earths in the presence of ammonium ion leaving La’* in
solution.

Homogeneous precipitation may be more useful in precipitation separation of rare
earths. This involves addition of reagents which release the precipitating agent slowly in
solution. Addition of trichloroacetic acid and dimethyl oxalate in place of NayCO3 and
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TABLE 1.20
Separation factors for Dowex 1 with 90% MeOH-10% (1 M HNO3) [10].

Pair aftl Pair altt Pair aitl
Lu-Yb 1.0 Dy-Tb 1.1 Pm-Nd 2.6
Yb-Tm 1.0 Tb-Gd 1.3 Nd-Pr 2.2
Tm-Er 1.0 Gd-Eu 1.6 Pr—Ce 1.7
Er-Ho 1.0 Eu-Sm 1.9 Ce-La 1.7
Ho-Dy 1.0 Sm-Pm 23

TABLE 1.21

Averaged values of individual separation factors for adjacent pairs of lanthanons being eluted with EDTA and its
homologues (calculated from 9 sets of stability constant data) [10].

Pair it Pair aftt Pair aitl

Lu-Yb 1.6 Gd—Eu 1.1 Dy-Y 1.6

Yb-Tm 1.8 Eu—Sm 1.5 Y-Tb 1.5

Tm-~Er 20 Sm-Pm (1.3)

Er-Ho 2.0 Pm-Nd 1.9

Ho-Dy 20 Nd-Pr 2.0

Dy-Tb 27 Pr—Ce 24

Tb-Gd 3.5 Ce-La 33

TABLE 1.22
Separation factors observed in liquid-ion exchange chromatography with HDEHP and HEHP under various
conditions.
HDEHP [11] HDEHP [12] HDEHP [13] HEHP [14]
(25°C) (40°C) (60°C) (20°C)

Pair HCl HNO; HCl HC1 HCIO4 HCl1 HNO;3
La—Ce 2.8 2.7 3.1 2.4 4.7 33 -
Ce—Pr L5 (1.3) 1.7 1.5 1.3 ] -
Pr-Nd 1.3 (1.2) 1.4 1.4 1.4 1.3 -
Nd-Pm 2.7 2.1 2.3 1.9 21 2.8 -
Pm-Sm 32 2.7 22 2.3 2.6 3.6 -
Sm-Eu 22 2.1 22 2.0 1.8 23 -
Eu-Gd 1.5 1.7 1.6 1.4 1.5 1.6 1.8
Gd-Tb 5.0 55 4.4 33 5.2 54 5.9
Tb-Dy 2.6 3.0 22 1.9 1.9 2.1 23
Dy-Ho 21 22 2.0 1.9 1.8 1.9 2.0
Ho—Er 2.8 2.7 2.5 27 2.7 29 3.0
Er-Tm 34 35 25 1.8 33 3.8 4.0
Tm-Yb 2.8 31 2.7 3.1 22 32 34

Yb-Lu 1.9 1.9 1.8 2.1 1.8 3.0 2.1
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TABLE 1.23
Separation of rare earths by ion exchange.

Rare earths Eluant Condition Reference
Y group rare earths 5% citrate pH 3.28, 100°C [15]
Eu-Sm, Y-Th 0.5 M citrate pH 3.04, 87°C [16]
Sm-Eu-Tb 0.5 M malate pH 2.99, 87°C [16]
Sm-Eu-Tb 0.3 M glycolate pH 4,87°C [16]
Tbo—Y-Er-Tm-Lu 0.25 glycolate pH3.5 [17]
0.05% Aerosol OT
Y-Tb, Eu-Sm 0.24 M lactate pH 5.0, 87°C [161
Ce-Pr-Nd-Sm 1 M lactate 87°C [18}
Y-Eu-Sm-Pm-Nd, Pr 1 M lactate pH 3.25, 87°C [19]
Rare earths 0.2-04 M pH 4-4.6, 87°C [20]
«-hydroxybutyric acid
Sm-Pr-Nd-La 0.5 M NTA pH increased stepwise [21]
from 3.5t0 4.2
Tb—Eu-Sm 0.026 M EDTA pH 3.62 [16]
Rare earths 0.017 M EDTA - [22]
Tm, Er, Ho, Dy, Tb 0.2 M HIBA - [22a]

NapC,04 to effect precipitation are examples of homogeneous precipitation. Fractional
precipitation with these reagents in the presence of complexing agents could be applied
in the separation of rare earths. It is useful to recognize that these classical methods have
been replaced by (i) ion exchange chromatography, (ii) liquid-liquid ion exchange and
(i11) solvent extraction methods for the separation of rare earths both on micro and macro
levels.

7. Ion exchange chromatography

The first successful separations of rare earths by this technique was achieved fifty
years ago. Two techniques used in the separation of rare earths are (i) displacement
chromatography and (ii) elution chromatography. Commercial ion exchangers involving
both cation exchangers and anion exchangers are listed in Table 1.18.

8. Displacement chromatography

This technique depends on the differences in affinity of ions to the resin. In the case of
cation exchange resins, the sorption affinity increases with increase in charge, M>* >
M?* > M*. For ions of the same charge, the sorption affinity increases with decrease
in the size of the aquo ion. In the case of rare earth ions, the affinity is in the order:
La*t > Ce’t > Pt > N&*t > Sm?t > Euv’t > Gd&®t > Tb3+ > Dyt > Y3+ >
Ho*t > Er** > Tm** > Yb*+ > Lot > s
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In the case of separation of two ions A and B, it is necessary that the selectivity
coefficient [Kc]g is defined by the equation

_ (AxB);

K. A_ YOV
(Kels = 1By, A,

where r and s refer to resin and solution phases, be favorable. In separation of A and B,
it is necessary that A and B differ considerably in their affinities for the resin and that a
third species C having greater affinity than A and B for the resin be available to displace
A and B, which are initially sorbed on the resin column. When the affinity of A is less
than B for the cation exchange resin, then it is possible to separate A from B as shown in
Fig. 1.7.

In the case of rare earth ions, the charge is the same and the differences in size are small
and hence it is difficult to separate them by this technique.

In elution chromatography or displacement development chromatography, the ion
exchange column is loaded with the ions to be separated and then eluted with a complexing
agent which forms complexes with the sorbed ions on the column. There is a competition
set-up between the ions for the resin and the eluting complexing agent to form complexes
of high stability constants. If the ions sorbed on the column form complexes with a marked
difference in stability constant value, a fair separation of the sorbed ions can be achieved.
Let us consider ethylenediaminetetracetic acid (EDTA) the well-known complexing agent
and the NH form of the resin and a lanthanide ion (Ln>*). Initially Ln** and NH} ions
compete for the resin sites and we may write:

Lot (s) » Lo*t ()

3NH{ (s) > 3NH} ()

For each Ln3* ion, three NHI ions are displaced. The relative affinity of the competing
ions may be written as:

Lt (NHD3 @),

NH{ ™ (NH)3 (L),
Complexation of Ln>* by EDTA may be written as
Lo’t + EDTA*” & LnEDTA™

and the complexation constant K¢ is

_ (LnEDTA")
¢ (Ln3")(EDTAM)

Denoting M; and M as metal concentrations in the resin and solution phases, respectively,
the distribution factor K4 is the ratio M,/Ms.
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When anionic complexes are formed, M; = (Ln**),;, Mg = (Ln3t), + LnEDTA™ ~
(LnEDTA™). Then we may write

3
K\ (NH Y @b

Kqg= T
K K,(EDTA)(NH} )3

where K; = K1 - K» - K3 - K4 of EDTA.
In the case of a pair of rare earth ions, the affinities for the resin are nearly the same and
the separation factor for the pair K or cx§+1 becomes

Kq1 K¢
4 _ el _az+l

& Ko Ko °
Thus the separation of the two lanthanide ions from each other depends upon their
respective complex formation constants. The lanthanide whose stability constant is higher
will desorb and elute from the column in preference to the lanthanide whose stability
constant is lower.

It is necessary, therefore, to examine data pertaining to complex formation constants of
rare earth ions with ligands. The readily available data with some aminocarboxylic acid
are given in Table 1.19. There is a significant difference in the stability constant values of
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TABLE 1.24
Separation factors for HDEHP-HCI and HDEHP-HCIOy, toluene—water systems at 25°C [10].

Pair HCI HCIO4 Pair HC1 HCIO4
La—Ce 24 3.0 Gd-Tb 32 5.0
Ce-Pr 2.8 2.1 Tb-Dy 2.0 2.1
Pr-Nd 1.7 14 Dy-Ho 2.1 1.9
Nd-Pm 2.1 2.2 Ho-Er 2.1 2.3
Pm-Sm 24 3.1 Er-Tm 2.5 2.5
Sm-Eu 2.2 1.9 Tm-Yb 1.8 3.1
Eu-Gd 1.6 14 Yb-Lu 22 1.9

rare earth metals with EDTA and DCTA as ligands and hence these reagents are promising
eluting agents in the separation of rare earth ions and this is borne out by their use in
practical separation of rare earths.

Separation factors for adjacent rare earth pairs on Dowex 1 resin with 90% methanol-
10% 1 M nitric acid are given in Table 1.20. The data show that the separation factors are
in the range of 1.0 to 2.6.

Averaged values for the separation factors for adjacent pairs of lanthanides eluted with
EDTA and its homologues are given in Table 1.21. The separation factors are in the range
of 1.5 to 3.5 showing considerable improvement in separation factors. In the majority of
cases, the separation factors with EDTA as an eluant are greater than the values obtained
in methanol-nitric acid medium, which is expected based on the stability constant data for
rare earth EDTA complexes.

9. Liquid-liquid ion-exchange chromatography

Some solvent extraction reagents can be considered as ion-exchange media. For example,
protonated tertiary amines and quaternary ammonium ions symbolized as R3NHZr and
R4N™ are anion exchangers and dialkyl orthophosphate and alkyl phosphonate are cation
exchangers. These reagents can be deposited as thin films on inert materials and used as ion
exchangers. Since the films are thin, the problem of slow diffusion encountered in solid-
ion exchangers is overcome with a reduction in value of height equivalent to theoretical
plate.

Typical cation exchange extractants are di-2-ethylhexyl orthophosphoric acid (HDEHP),
di-n-octyl orthophosphoric acid (HDOP) and hexylphenyl phosphonic acid (HEHP).
Some data on the separation factors for adjacent pairs of lanthanides are given in
Table 1.22.

Quantitative separations of rare earths have been achieved on a micro scale with different
complexing agents as elements and some of the data are summarized in Table 1.23.

Large scale separation of rare earths involve use of EDTA and NTA with the resin in
cupric state. Zinc form resin has also been used with NTA. In some cases HEDTA is
useful and in some cases superior to EDTA and NTA since resins in hydrogen form can
be used. EDTA is probably the best reagent for the separation of the entire series of rare
earths.
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RPO, + 3NaOH—R(OH)4 + NagPO,

Thg (POy)4 + 12NaOH—» 3Th(OH) ,+4NagPO,
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Fig. 1.11. Processing of monazite [25].
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1. R.E. & TH. Hydroxide Slurry 5. BaCl, 9. To Solvent

2. Hydrochloric acid 6. R.E. Chloride Extraction Plant
3. Nay§ 7. Cast R.E. Chioride 10. R.E. Fluoride Plant
4.NayS0, 8. Filter 11. R.E. Oxide Plant

Fig. 1.12. Rare earth extraction [25].
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5
6
1. R.E. CHLORIDE SOLN: 5. CLASSIFIER
2. SODA ASH 6. R.E. OXIDE - CERIUM OXIDE
3. FILTER 7. DRAIN

4. ROTARY CALCINER

Fig. 1.13. Production of rare earth/cerium oxide [25].

10. Solvent extraction

In principle, this method can be used for the separation of all the rare earth elements,
although it has been used on a large scale only for the separation of light and middle rare
earth elements. In any separation technique, it is necessary to (i) eliminate the limitations
exercised by the need to exceed the solubility product of the desired element, (ii) eliminate
the limitations imposed on the ultimate purity of the desired element by contaminating
impurities, (iii) increase the single step difference between a pair of lanthanides and
(iv) achieve more easily multiplication of stages. Solvent extraction separation of rare
earths meets all the aforementioned conditions except the last requirement, since achieving
multiple stages means the use of many mixer-settlers. This technique does not possess the
integrating effect of an ion exchange chromatographic column.

Although many early studies on the solvent extraction of rare earth chloride into
alcohols, ether, ketone, rare earth thiocyanates into butanol, rare earth nitrates into n-
hexanol were done, extraction of rare earth nitrates by tri-n-butyl phosphate (TBP) proved
to be the most promising system. The general step of extraction is:

K

Lagg +3NOy ,, + 3TBPor = La(NO3)3(TBP)3 org
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ZCeCLS + NaOCi+6NaOH+H,0 —>» 2Ce(OH),+7NaCl

Fig. 1.14. Cerium recovery [25].

where aq and org refer to aqueous and organic phases, respectively. Now we may write:

_ _[La(NO3)3(TBP)3 ore]
[Laf 1INO3 agP[TBPorg]?

[La(NO3)3(TBP)3 orgl

The distribution coefficient D = LaF]

D = K[NO; 1, [TBP]

org

In order to separate a pair of rare earths, the separation factor g or a§+1 which is the

ratio %:; has to be reasonably high. Separation factors between adjacent rare earths vary
from 1.5 to 2.5 depending upon the system. Separation factors are in the range of 1.5t0 2.0
for TBP systems.
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FEED R.E. CHLORIDE
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5. SINGLE CON. OF Sm (45%)

Fig. 1.15. Production of samarium concentrate [25].

Based on the Mikulin—Sergievskii-Dannus model, the separation factor for a pair of
lanthanides may be written as [23]:

K3 X
SFa/B = K;B; CXP[(SE)B — S(3)A)(1 — a}{zo)]<

Fa(an,0) )4
Fp{an,0)

where K3(a), s}‘(A) and Kj3m), s§(B) refer to (TBP)3-A(NO3)3 and (TBP)3-B(NO3)3
respectively. It is important to point out that K 3(.n) and 3, |, depend on the initial organic
phase composition even if the concentration of TBP does not appear explicitly in the
expression for SFa/p.

The extraction constants of lanthanides with TBP vary as shown in Fig. 1.8.

Separation factors can be increased by adding a salting-out agent such as AI(NO3)3 and
the effect of variation of concentration of AI(NO3)3 on the separation factor of Sm—Nd,
Pr—Ce and Nd—Pr is shown in Fig. 1.9.

Separation factors of lanthanide pairs is also a function of lanthanide nitrate concentra-
tion as shown in Fig. 1.10.

High purity La, Pr and Nd salts have been obtained by TBP extraction from 13-14 M
HNO;3 in 10-14 stages.

Extraction with di-2-ethylhexyl orthophosphoric acid (HDEHP) at low acidities involves
a cation exchange mechanism.

M2 + 3(HDEMP) 50 = M[(HCDEHP), 15 + 3H],
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Fig. 1.16. Separation and purification of rare earths by solvent extractions {25].
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Fig. 1.17. Flowsheet showing the production of various rare earth compounds and metals [2].
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TABLE 1.25
Processes for the production of rare earth metals [2].

Process Electrolysis Ca-reduction La-reduction
Starting material Chlorides Chlorides/fluorides Oxides
Reduction process Molten salt Calciothermic reduction in protective atmosphere Lanthanothermic
electrolysis reduction in
in inert vacuum
atmosphere
Post reduction Vacuum (i) Vacuum distillation of excess reductant and reduc-
treatment melting tant halides
(ii) Purification with respect to contamination from
container

(a) Holding above the melting point to get rid of Ta
picked up during reduction (for Ce, La, Pr and Nd)

(b) Vacuum distillation of metals and their collec-
tion on the condensers (Y, Gd, Tb, Lu, Dy, Ho, Er)

Metals Ce,La, Pr,Nd Ce, La, Pr, Nd, Y, Gd, Tb, Lu, Dy, Ho, Er Sm, Eu, Tm, Yb

The separation factors obtained with HDEHP in HC1 and HC104 media range between
1.4 and 5 (Table 1.24).

HDEP has been found useful for the commercial production of Eu from bastnasite and
for the purification of yttrium.

Long-chain amines have been used for the extraction of lanthanides and the separation
factors are not high. Quaternary ammonium compounds behave like anion exchangers and
the separation factors are not attractive. Among this class of extractants, the intensely
studied are the two commercial extractants, Alamine 336 and Aliquat 336.

11. Recovery of rare earths from monazite

The use of various techniques discussed so far is well illustrated by the processing steps
adopted in the economic recovery of rare earths from monazite in India [25]. The first
step in the processing of monazite is digestion with caustic soda and this is schematically
shown in Fig. 1.11. The main reaction that takes place during digestion may be written
as:

RPO, + 3NaOH 2% R(OH)3 + Na3PO,
The thorium is converted to thorium hydroxide

Th3(PO4)4 + 12NaOH — 3Th(OH)4 + 4Na3POy4



34 MODERN ASPECTS OF RARE EARTHS AND THEIR COMPLEXES

TABLE 1.26

General qualitative reagents for rare earths elements.

Reagent Conditions Sensitivity Reference
(ug/ml)
Oxalic acid Weak acidic medium 6.3-6.9 [26,27]
Hydrofluoric acid Neutral or weak acid medium - [28]
Ammonia - - 28]
8-Hydroxy quinoline pH 4.5-9.5 0.6-3.7 [29,30]
2-Methyl-8-hydroxy quinoline pH9.5 3-36 [29,30]
Cupferron (nitroso phenyl hydroxylamine) Neutral pH 1.6-18.0  [26]
Sodium d-camphorate At 30-35°C or in ethanol < 1000 [31]
Pyrocatechol Precipitate in presence of 5-100 [32]
ethylenediamine, pyridine or
quinoline
Dihydroxy tartaric acid Neutral or weakly acid 10-100 [33]
medium
Diphen-2,2’ -dicarboxylic acid pH 4-5 in 50% ethanol cet <300 [34]
precipitates
Quinalizarin-1,2,5,8-tetrahydroxy pHS.S 1 [35]
anthraquinone
Na alizarin sulphonate Red precipitate - [36]
Pyrogallol 4-carboxylic acid Purple, brown precipitate - [37]
Murexide Pink to orange-yellow 20 [37,38]
HN - CO C NH compounds
ot ¢ N-C o
ad ol
é)NH4
Neothoron, arsenazo I 0.1 [39]
OH OH
AsOH,
HOS SOH

2-(o-arsenophenylazo)-1,8-dihydroxy-3,6-
naphthalene disulfonic acid

The rare earths and thorium hydroxides are then treated with HCI (30%) to attain a pH
of 3.2 at 70°C. This step in the recovery of rare earths is schematically shown in Fig. 1.12.
Rare earths are obtained as soluble chlorides leaving behind insoluble Th(OH)4. Rare earth
chlorides are treated with Na;SO4 and BaCl, to free the rare earths from Pb, Ra and Th. It
is also treated with NayS to remove Pb, Fe, Th and U.

Rare earths are then precipitated as the carbonates by the addition of NayCO3. The
process is schematically shown in Fig. 1.13.
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TABLE 1.27

Specific qualitative reagents for rare earth elements.
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Element  Reagent Conditions Sensitivity  Ref.
(g/ml)
La Ammonium acetate in the 1 N NH40H 700 [40]
presence of Ip
Aniline yellow S Neutral or weakly acid 1 [41]
Monochrome Bordeaux C pH 994 1.5 [42]
Ce KIO3 Precipitated from acid media - [43]
K104 pH 2-7 10 [44]
Dibenzoylmethane Ce(C15H;107)4 ppt - [45]
H,O0, NH4O0H + HyO, 7 [46]
Sodium acetate Excess reagent at 50-60°C 10 [47]
Phosphomolybdic and Weakly basic medium 15 [48]
silicomolybdic acids
o-toluidine Neutral medium, acetate buffer 10 [49]
(4,4-diamino-3,3-dimethyl
diphenyl)
Phenetine (4-ethoxyl Neutral medium 30 [501
aminobenzene)
p-sulfanilic acid Weakly acid medium 20 [51]
Arsanilic acid Weak or strong acid medium 10 [52]
Pyrogallol Alkaline medium 14 [53]
Gallein pH 114, Ce3t give blue or violet 1.2 [54]
colour
Brucine Acid medium, Cet give intense red 8 [55]
colour
Morphine Alkaline medium, brown precipitate 10 [56]
Malachite green Alkaline medium, Cett gives blue 3 [57]
green colour
Felt + dimethyl glyoxime Alkaline medium, Ce>t detected ~1 [58]
Diphenylamine Ce* give blue colour 3 (591
Sulphinic acids Acetate buffer, Ce*t forms orange - [60]
yellow precipitate
Pr MnSO; solution PrgO1; in acetate solution gives pink 1 [61]
violet colour
Malachite green PrgOy in acetate solution gives blue 0.3 [62]
green colour
Sm Calcium amalgam SmCl3 in ethanol gives red SmCl, ~0.1 [63]
Mg + HCl SmClj3 in ethanol gives red SmCly
Eu Cacotheline Eu3t reduced by Zn + HCI gives 3 [64]
purple colour with cacotheline
Yb K103 Acid medium, YbClz reduced by Na - [65]
amalgam gives yellow colour
Oxalic acid and Yb3+ reduced by Na amalgam gives ~3 [66]
napthoresorcinol red colour
Rare Specific reagents - - [67.681

earths




TABLE 1.28
Gravimetric determination of rare earth elements.
Reagent Conditions Heat treatment Weighing form Ref.
Oxalic acid 0.1-0.3 M excess reagent in hot acid Drying in vacuum desiccator Lny(C,04)3 - nHyO [69]
solution La(n=28)
Ce (n = 10)
Pr(n=9)
Y(rn="T)
Ignition
360-400°C CeO» [70]
790-800°C Pl’(,Ol 1 [71]
730-750°C TbsO7 [71]
550-730°C Lay0,CO3 [70]
Not below 800°C Lny O3 [70,71]
For all elements except Ce, Pr, Tb [72,73]
NHj3 or NaOH Small excess of precipitant 850-900°C Lny O3 {74]
K4Fe(CN)g Small excess of precipitant in Dry in air or desiccator KLn[Fe(CN)g - nH,O [75]
40-60% ethanol La(n="7)
cet (n=2)
Nd(n=5)
Na3 POy or NayHPO4 or NaH, POy 0.001 M excess reagent at pH 4.5 900°C LnPOy4 (except Ce) [76]
K103 0.25 M excess from 4-5 N HNO3 40-50°C for 10 minutes 2Ce(103)4KI03-8H,O {771
NH4105 0.05-0.2 M excess of iodate in 0.5-1.0M  800-900°C CeO; [78]
HNO3 and 3 g persulphate
KIO4 Excess reagent, pH 2.7 Dry in vacuum desiccator CeHIOgH,O [79]
700-800°C CeOy [80]
8-hydroxy quinoline pH 4.8-5.8 for La Dry at 110-120°C Ln(CyHgON)3 [81]
pH 4.4-5.5 for Ce La 800°C
Nd, Sm, Gd, Y at Oxides [81]
700-750°C
Ce 420°C, Pr 575°C
La, Nd, Gd 650°C Oxides [82]

Sm 610°C, Pr, Y 570°C
Ce 380°C

9¢
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TABLE 1.28
(Continued.)

Reagent

Conditions

Heat treatment

Weighing form

Ref.

5,7-di-halo-8-hydroxy
quinoline

Cupferron

Neocupferron

Salicylic acid

In presence of NHy-acetate at room
temperature

pH 3-4; 0.01-0.02 M rare earth salts,
0.15 M excess reagent

pH 3—4; 0.01-0.02 M rare earth salts;
0.15 M excess reagent, T < 50°C

pH 3-7 adjusted with ammonia

580-810°C for C1
520-760°C for Br
350-590°C for I
derivatives

Dry at 110-120°C

La, Sm, Y 459-600°C
Ho 610°C

Eu 570°C, Yb 520°C
Tb, Dy, Er 550°C

Nd 750°C

Pr, Sm 660°C
La610°C

Eu, Tb 570°C

Dy, Er, Y 540°C

Ce, Gd, Yb 490°C
Ho 450°C

Dry at 100-105°C

Oxides

Ln(C¢Hs5N2)3
Ln=La,Ce, Pr,
Nd, Sm, Y
Oxides

Oxides

La(C7H503)3-5H,0

[83]

[84]

[85]

[85.86]

[871
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TABLE 1.29
Volumetric methods of analysis of rare earth elements.

Element Titrant Conditions Ref.
Ce(IV) Oxalic acid Hot solution, presence of ICl or MnSQOy4 [88]
Ti>(SO4)3 Diphenylamine indicator [89]
V(I[SO4 [90]
K1, thiosulphate pH 4-5 [9o1]
Arsenious acid Hot solution, MnSQy catalyst [88]
Ferrous sulfate Hot solution, 70°C [92]
Ce(II) Sodium hypobromite [93]
KMnOy4 Neutral solution [92]
K3Fe(CN)g Alkaline solution [94]
Pr KMnOy4 Reduce Pr with FeSOy4 [95]
Eu K7Cry 07 Reduction with Jones reductor, FeCly [961
added, diphenylamine indicator
Thiosulphate Reduction by Jones reductor, add I [97]
Tb Todometric method Ce and Pr should be absent [98]
Yb K7CryO7 Reduction by alkali metal amalgam, [96]

FeCl3 added

Sm2t Mohr’s salt Add excess K»CryO7 to Sm?+ [99]

The mixed rare earth oxides containing cerium can be separated by oxidation of cerium
to cerium(IV) by hypochlorite.

2CeCl3 + NaOCl + 6NaCH + H>O — 2Ce(OH)4 + 7NaCl

The cerium recovery is illustrated schematically in Fig. 1.14.

The cerium oxide obtained on calcination is treated with nitric acid and then hydrolysed
in the presence of sulfate to give basic sulfate of 99.9% purity. The cerium-free rare earth
chlorides are subjected to a solvent extraction step to produce a samarium concentrate as
shown in Fig. 1.15.

The rare earth chlorides are adjusted to a density of 1.3, acidity of 0.05 N and fed into a
12 stage mixer settler and contacted with D,EHPA with kerosene as a diluent. The aqueous
to organic ration is kept at 1:3 to enable extraction of all the samarium. The lighter rare
earths are scrubbed off in a 12 stage scrubbing unit with HCL. The scrubbed solvent is
led to a 6-stage stripping unit where it is stripped with 6 N HCL. The stripped solution
is a concentrate of all the heavy rare earths, Y and Gd and has 45% of Sm. The mixer
settler units are used to produce individual concentrates of Eu, Sm, Gd, and Y and this
is schematically shown in Fig. 1.16. The rare earth chlorides are fed into 12-stage mixer
settlers where 1 M D>EHPA is used as the extractant. The raffinate is recirculated to the
main plant and evaporated to yield mixed chloride. The organic phase is scrubbed in a
12-stage mixer settler with dilute HCI to remove lighter rare earths. The organic phase is
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TABLE 1.30

Complexometric titration methods of analysis of rare earth elements.
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Element Titrant Indicator Conditions Ref.
Rare earths EDTA Alizarin red That pH 1.5-2.2 {100]
REE at pH 4.5 with sulphosalicylic
acid and ascorbic acid
Rare earths  EDTA (0.01 M) Alizarin red 4+ methylene pH 4 acetate buffer. Hot solution [101]
blue
Rare earths  EDTA Arsenazo | REE pH 5.5 [102]
0.05 MEDTA Arsenazo 1 REEpH 5.5
0.0005 M EDTA Arsenazo | Microdetermination of REE by [103]
paper chromatography
Citric acid Arsenazo I Microdetermination of REE in [104]
urotropin buffer
Rare earths  EDTA PAR 4-(2-pyridylazo) pH 6.0 [105]
Th, Ce3+ Resorcinol
Sc, La, Nd, [106]
Er, Y
Sc, EDTA, DTPA 1-(2-pyridylazo) Acetate buffer [107]
rare earths 2-napthol ScpH 2.5
PAN RE pH 4-10
Th, Sc, RE EDTA Methylthymol blue Acid medium [108]
Rare earths, EDTA Xylenol orange Sc,LapH 5-5.2 [109]
Sc, La, Ce, Ce, Gd, Y pH 5.6-6.0 [110]
Gd, Y Acetate and hexamethylene
tetraamine buffer
Rare earths EDTA Xylenol orange Back titration [111]
Rare earths  0.1-0.01 M Bromopyrogallol red Acetate buffer [112]
EDTA
La,Ce, Th EDTA Chrome Azurol S Pyridine buffer Th pH 1-2 [113]
Rare earths EDTA Erichrome black T Hexamethylene tetraamine buffer [114]
EDTA Erichrome black T pH 10 back titration by Zn [115]
EDTA Erichrome black T Microdetermination at pH 8-9 in [116]
presence of tartaric or citric acid
Rare earths EDTA Omegachrome black-blue G Determination of REE
Rare earths  Sulfosalicylic acid ~ Aluminon Sensitivity {1171
(aurintricarboxylic acid) 6 pg/ml
Rare earths  NTA Murexide [118]

(nitrilo-triacetic
acid)
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TABLE 1.31
Methods based on precipitation reactions for the analysis of rare earths.

Element Reagent Method Ref.
Rare earths Oxalate Potentiometry [119]
High-frequency conductimetry [120}
Rare earths Alkali NaOH Glass electrode [121]
Rare earths K4Fe(CN)g Potentiometry [122]
High-frequency conductometry [120]
Rare earths K>Cr, Oy High-frequency conductometry [120]
Rare earths Oxalate to precipitate metal ions KMnQy titration [123]
Precipitate titrated with KMnQOy4
Rare earths Ferrocyanide to precipitate REE Excess ferrocyanide determined by [124]
cerimetry with Fe-phenanthroline
complex as indicator
Rare earths KIO3 to precipitate RE. Potentiometry 103 titrated with [125]
Excess 105 —determined persulphate
La, Y §-hydroxyquinoline as precipitant. Bromatometric titration [126]
Precipitate dissolved in 2 N HC1
TABLE 1.32
Polarographic methods of analysis of rare earths elements.
Element Ey, (V) Conditions Ref.
Eu —0.67 to -0.73 In monazite f127]
Eu, Yb Differential polarography [128]
Yb —1.40to —1.46 0.1 N NH4Cl [129,130]
Ce —0.16 Sensitivity 0.1% in Th and U [131]
0.5% in Y, 1% in Fe, Zn,
3% in Al 5% in V, Ni, La, Sc
Sm —1.71to —1.81 [132]
Rare earths Azo dyes for complexing Characteristic waves [133]
Rare earths Polarographic analysis [134-138]
U, rare earths Complexing agents Polarography [138a]

scrubbed with 2.75 M HCl in a third mixer settler and then the organic phase is stripped in
a 6-stage stripper with 6 M HCl. The strip solution contains 60% yttrium.

Sodium carbonate is added to the 2.75 M solution for neutralization followed by acetic
acid, metallic Zn powder is added when Eu(III) is reduced to Eu(II). Then barium chloride
and magnesium sulfate are added to precipitate EuSO4. In further processing an 8-stage
extractor containing 1 M D,EHPA is used. The organic phase is scrubbed in 5-stage
scrubbers with 2 M HCI. The scrub solution and raffinate are recirculated. The organic
is contacted with 1.5 M HCI in a 7-stage unit when all the Sm and a trace of Gd
pass into aqueous phase. The organic is then stripped with 5 M HCI to yield 80-85%

Gd,0s.



TABLE 1.33
Molar absorptivity of rare-earth ions at analytical wavelengths*.

A Molar absorptivity, & (liter/mole-cm)

(nm) Pr Nd Sm Eu Gd Dy Ho Er Tm Yb
272.8 1.13 0.210 0.166 0.335 4.20 0.215 0.227 0.698 0.685 0.365
287.0 0.511 1.185 - 0.132 - 0.140 3.59 0.316 0.521 0.266
350.4 - 2.60 0.052 - - 2.54 0.057 0.096 0.145 -
354.0 - 5.20 0.087 - - 0.737 0.047 0.382 0.454 -
361.1 - 0.042 0.453 0.053 - 0.271 2.34 0.296 0.801 -
365.0 - 0.025 0.244 0.062 - 2.10 0.331 1.94 0.154 -
379.6 - 0.067 0.052 0.299 - 0.252 0.047 7.18 - -
394.2 - 0.025 0.148 3.06 - 0.233 0.123 0.096 - -
401.5 - - 3.31 0.097 - 0.187 0.038 0.086 - -
4442 10.49 - 0.044 - - 0.047 0.454 0.306 - —
450.8 1.29 0.025 - - — 0.261 4.16 0.497 - —
521.6 - 441 - - - - 0.047 2.10 - -
523.5 - 1.68 - - - - 0.076 3.20 - -
537.0 - - - - - - 5.16 0.076 - -
575.5 0.102 6.93 - - - - - - - -
640.4 - - - - - - 3.53 0.153 - -
683.0 - 0.336 - - - - — - 2.56 -
739.5 - 7.20 - - - - - - 0.058 -
794.0 - 11.78 - - - 0.084 - 0.143 0.579 -
908.0 - - - - - 2.46 0.113 - - 0.089
974.0 - - 0.052 - - 0.047 - 1.29 - 2.12

*The spectra were recorded by a Cary-14 recording spectrophotometer with a wavelength scale calibrated with reference to mercury lines. Cells with / = 10 mm were
used (20 mm cell for Yb, and 50 mm cell for Tb). All solutions contained 20 mg of oxide in 1 ml of 1 M HCIO4 (except in the case of Er, 10 mg/ml, the figures in bold
type refer to the coefficients at the wavelengths used (or recommended) for determining the respective element.
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TABLE 1.34
Spectrophotometric methods for the rare earth elements.
Element A Conditions Working range  Sensitivity ~ Accuracy  Ref.
(nm) (mg/ml) (%)
Ce 253.6 1 NH;SO04 0.04-0.2 - +1 [140]
& =650-750
Ce 40-100% in mixtures +10
with other REE
253.6 NaF-ZrF, 0-0.4 +1 {141]
UF,4 matrix
e =770
295.5 In HCI medium 0.14-2.8 +8 [142]
£=58
295.5 Different media 0.2-7 [143]
£ =10.5-25.6
Gd 272.8  As chloride 6.7-25 +10 [144]
£=23
272.8  As chloride or perchlorate 2060 [145]
=32
Tb 219.8 HCIO4 medium 0.001-0.8 [146]
£ =320
Pr 444 Mixture of REE chloride solutions 0.07 15-20 [147]}
444 Mixture of nitrate solutions 0.008% 5 {147]
444 Monazite chloride, nitrate solution 0-20 [148]
444 Chlorides 1.5-12.5 1
588 In absence of Nd [147]
Nd 522 Inpresence of Pr, Y earths [147]
522 Chlorides 3.5-25 1 [144]
576 Nitrates 0.3-30% 2-3 [147]
salt
576 0.13 1520 [147]
576 0.008% 6 [147]
741 Chlorides or nitrates 0-20 [148]
or Mixture of REE
796
Sm 402 Chloride solution 1% 1.5-2.5 [149]
402 0.03% 6 [147]
402 Chlorides or nitrates 0-20 5% [148]
Mixture of REE
402 Chlorides 5-25 1% [144]
402 Various media 1-27 mg [150]
1090 Various media 1-60 [151]
Eu 394 Chilorides 5-25 1 [144]
Ho 640 0.2 15-20 [147]
Er 523 0.33 15-20 [147)
or
653
379 Chlorides 4.2-18.5 1 [144]
Tm 683 0.33 15-20 [147]
683 Chlorides 6.6-54 1 [144]
Yb 975 Chlorides 9-72 1 [144]




TABLE 1.35
Spectrophotometric analysis of rare earths with organic reagents.

Reagent Element A € Conditions Sensitivity Range Accuracy  Ref.
(nm) (ng/ml) (%)
8-hydroxyquinoline La 365 5230 0-1 NHCl1 - 4-20 0.3 [152]
Ce 495 ~ 6700 CHCl3 1 2-30 - [153]
5,7-dibromo Ce(1I) 513 - CHCl4 - 1-20 - [154]
hydroxy quinoline
Alizarin S REE 550 pH 4.67 0.7 340 [155]
Y 550 0.3 2.5-25
La 520 60% acetone 0.06 [156]
Y 510 60% acetone 0.06
La,Ce, Y 530 (8-10) x 103 pH 7, acetate buffer, 1.4-5 +1 [157]
boric acid
Pyrocatechol violet Y (Nd, Sm) 665 25900 pH 8.4-9.0 - 1.8 +3 [158]
(upper limit)
Bromo pyrogallol red REE, Y 665 (41-49) x 103 pH 6-7.5 - 0.5-3.5 - [159]
Ce 675 56 x 103
Napthazirin REE, Y 601-606 (9.6-11.2) x 10> Pure elements - 1-6 for REE - [160]
0.6-3forY
Gallic acid Ce(1I) - - NH4OH + Na,CO;3 - 14-28 - [161]
medium 2142
2',6'-dichioro hydroxy dimethyl ~ Ce(III) - - pH 7.5 acetate buffer - 0.84 - [162]
fuchsone di-carbolic acid
Methylene blue Ce(IV) 510 9510 pH > 9.6 - 0-8 - [163]
Tiron, pyrocatechol Ce(IV) 500 pH > 7 - 4-100 - [164]
disulphonate 500 4414 - 4-60 - [165]
Aluminon REE 530-550 - pH 8, acetate buffer - 6 +5 [166]
(lower limit)
Hematoxylin La 600 - pH 6.2 - 130-260 +2 [167]
Y 650 - - - 27-200 +2
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TABLE 1.35
(Continued.)
Reagent Element A 3 Conditions Sensitivity Range Accuracy Ref.
(nm) (ug/ml) (%)
(NH4)2MoOy4 REE 820-830 - Indirect method - - - [168]
Stilbazo Y 540 6 x 104 pH 7, acetate buffer - 0.2-14 +2 [169]
Neothoron REE 550-565 (13.5-15) x 103 pH 6-10 - 2 - [170]
(upper limit)

Arsenazo 1 Y 550 13.5 x 103 Pure solutions - -

REE 570 29 x 10° Pure solution, pH 8 ~0.04 - - [171]

REE ~ 570 - pH 6-7.5 - 1-30 +5-420 [172]
Arsenazo 11 REE 655 - ScpH 1.8 - 0.01-2 +2-4+15 [173]

Y 605 - REE, Y pH 2-3 - - -

Sc 675 - - - - -
Ferroin Ce 505 - pH 2.5-2.8 - 0.2-10 - [174]
NayMoOy4 Ce 360 - 0.2 N H,S04 - I-16 - [175]
H,0, Ce 430465 645 - - 41-200 - [176]

~ 800 - - 5-50 - [177]

Anthranitic acid Ce ~ - 1:1 HNO3 - 0.1-0.65 mg - [178]
o-toluidine I Ce 410 9500 pH 04 - 0.1-3 - [179]
o-toluidine II
o-dianisidine Ce 469 - 20% H,SOy4 - 0-10 - [180]
Leuco base of Malachite green Ce 610 - 1 NH,S04 - 0.34 - [181]
Veratrole (1,2-dimethoxy Ce 350475 - 1 NH,SO4 - 14-140 - [182]
benzene)
Strychnine - - - 3.2-18.2 - [183]
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TABLE 1.36

45

Emission spectroscopic methods of analysis.

Sample Impurities Concentration range Sensitivity
(%) (%)
La Ce, Pr, Nd 0.05-1.0 0.02-0.03
Sm, Eu, Gd - 0.03
Ce La, Pr, Nd 0.01-1.0, 0.05-2.0 0.005-0.03
Sm Eu 0.005-1.0 -
Nd, Eu, Gd, Dy, Y 0.003-1.0 0.001-0.05
Eu Sm - 0.005
Gd Nd, Sm 0.05-1.0 0.02
Eu, Tb 0.1-2.0 0.05
Dy,Ho, Y 0.05-2.0 0.02
Tb Sm, Gd, Dy, Y 0.02-1.0 0.005-0.03
Dy Y, Tb, Ho, Er 0.02-1.0 0.007-0.1
Ho Dy, Er, Y 0.01-1.0 0.005-0.04
Er Ho, Tm 0.005-1.0 0.0001-0.005
Dy, Ho, Tm, Yb 0.01-1.0
Y 0.01-1.0 0.0007
Tm Er, Yb 0.005-1.0 -
Ho, Er, Yb, Lu, Y 0.02-1.0 0.0002-0.02
Yb Sm, Er, Tm, La, Y, Sc 0.01-1.0 0.002-0.005
Lu Tm, Yb, Y, Sc 0.02-1.0 0.0005-0.005
Y La, Pr, Nd 0.01-0.44 -
Sm, Gd, Tb, Dy, Ho, Er 0.01-2.0 0.005-0.05
100 20
(a) (b) o 8 o
8o} 6} r
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60 - 12} Q 54
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Fig. 1.18. Inter-method correlation plots for ETAAS versus ICP-MS: (a) Nd; (b) Sm; (¢) Er; (d) Ho; and (e) Tm.

Analyte concentration in pg g‘l.
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TABLE 1.37
Sensitivity of determination of individual rare-earth elements by activation analysis, compared with sensitivity of
other analytical methods” [185).

Element Isotope used for Sensitivity (ug/ml)
determination Activation analysis Emission Flame
X-10 reactor, LITR reactor, spectroscopy photometry
neutron flux neutron flux (Cupspark)
5x 10 em=25~! 103 cm—27!
La Lal40 0.002 0.00001 0.05 5.0
Ce Cel4! 0.1 0.005 0.5 20.0
Cel®? 0.2
Pr pri4? 0.002 0.0001 0.2 100
Nd Nd!¥7 0.1 0.005 0.2 50
Nd!#° 0.1
Sm Sm!53 0.0006 0.00003 0.2 100
Eu Eu!%? 0.00003 0.0000015 0.02
Gd Gd'6! 0.02 0.001 0.1 10.0
Tb Th160 0.004 0.0002
Dy Dyl 0.00003 0.0000015 0.5 10.0
Ho Ho'®6 0.0004 0.00002 0.2
Er Er!7! 0.02 0.001 0.5
Tm Tm!70 0.002 0.0001 0.05
Yb vb!75 0.002 0.0001 0.1
Lu Lul?? 0.0003 0.000015 2.0
Y Y90 0.01 0.0005 0.01 50

“The time of irradiation necessary for the accumulation of long-lived isotopes is 30 days, but in the case of
short-lived isotopes the time of irradiation was selected in accordance with the saturation conditions. One ml
of the solution was taken for the activation analysis. For the other analytical methods, the sensitivity data was
recalculated to correspond to a sample volume of 1 ml, and the relative error to +10%. The threshold of the
determination corresponds to 40 decays per second.

The Sm solution is then adjusted to a pH of 0.23 followed by solvent extraction in a
6-stage extractor. The raffinate is about 95% Sm>O3 which is precipitated as oxalate and
ignited to obtain Sm>0s3.

The final stage involves ion exchange chromatography with the resin in zinc form and
the columns of 60 cm dia x 300 cm height are used. EDTA is used as the eluting agent and
individual rare earths of 99.9% purity are obtained.

12. Preparation of rare earth metals

The three main processes by which rare earth metals are produced may be listed as
(i) electrolysis, (ii) calcium reduction and (iii) lanthanum reduction. The three processes
are summarized in Table 1.25.

Bastnasite and monazite are the main sources for the production of rare earth metals and
their compounds A flow sheet illustrating the sources, processes, the products that can be
obtained and their uses or applications is given in Fig. 1.17.
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TABLE 1.38
Main analytical lines in the X-ray spectra of rare earth elements.

Element Transition Wavelength, X Remarks
(in first order
of reflection)
La Lgi 2453.87 Any other line of the L series can also be used
Ce Lgy 2351.0
Lg 2204.1
Pr Lot 2457.7 Slight interference by La
Lgi 2253.9
Nd | P 2365.3
Lgi 2162.2
Lg 2031.4
Sm | 2195.0
Lgy 1993.6
L 82 1878.1
Eu Lyt 2116.3 Strong interference by Pr
Lg1 1916.3 Strong interference by Dy
Lgo 1808.2 Used to analyze rich concentrates
Gd | Y 2041.9 Ce interferes
Lg1 1842.5 Ho interferes
Tb La1 1971.5
Lgy 1772.7
Dy | 1904.90 Th and Tm interfere
Lgi 1706.6
Ho | 9 1841.0 Gd and U interfere
Lgi 1643.5 Y interferes
Er Lg1 1780.68
Lyo 1792.02
Lgi 1584.09
L 82 1510.94
Tm Lot 1722.8 Strong interference by Sm
Yb Lat 1668.50
Lu | 1616.17
La2 1626.90 } Used to analyze rich concentrates
L,y 1219.76

13. Analytical chemistry of rare earths

The classic method for the isolation of the rare earth group which is used for both
qualitative and quantitative determination involves three methods. In the first method, rare
earths are precipitated as fluorides in acidic medium. The elements precipitated include
Mg, Cu, Fe, rare earths Th, Ca and Sr. The second method consists of precipitation
as hydroxides resulting in the removal of alkaline-earth elements like calcium from the
mineral. In the third method rare earths are precipitated as oxalates from moderately acidic
solutions and the elements Ca, Zn, Pb, Cu, Cd, and Ag may be coprecipitated. In early
times the above methods were repeated several times to isolate, the rare earth group in a
relatively pure form.
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TABLE 1.39
Characteristics of the main lines and bands of rare earth elements in oxygen—hydrogen flame spectra [184].

Element A Band half-width Sensitivity, div Interfering elements, div (ug/ml)
(nm) (nm) (ng/ml)
La 442 5 9 None
560 - 0 Heavy REE starting from Gd
741 10 8 None
791 10 8 None
Pr 604 5 3 Y 40,Gd 20, Tb 8, Sm 6, Dy 3, Nd 1
Nd 663 8 4 Eu4,Sm4
700 15 3 None
712 8 3 None
Sm 614 18 8 Y 80,Gd 27, Eu5,Tb3,Dy2
624 10 9 Y 40, Gd 32, Eu1l, Tb 2
640 10 8 Eu8,Gd2,Nd1
652 10 8 Eu, 8,Nd 1
Eu 459 Line 22 Tb2,8Sm1
463 Line 18 Gd 8, Tb2,Sm 1
466 Line 15 Gd8,Tb2
Gd 464 5 8 Eu 18,Sm 1
622 20 32 Y 40,Eull,Sm9,Dy 2, Tb2,Nb 1
Tb 535 5 10 Yb10,Tm5,Ho3,La3,Y1
573 5 11 Dy 18,Yb9,Gd7,Er2, Tm2,Y 2
598 5 13 Y 80, Gd 27, Eu13,Sm4,Pr1
Dy 528 5 15 Yb 10, Ho 6, Tm 2
540 5 11 Tm9,Tb8,Gd2, Yb2
549 5 10 Er8,Tm8,La3,Gd2, Tb2
573 10 18 Ho 10, Yb9,Tb 8, Gd 5
583 5 15 Gd 15, Tb 8, Ho4, Y4
Ho 516 8 10 Lu20,Er5,DyS5, Tm2,Y2,Yb2
532 5 6 Yb12, Tm7,Dy 5, Tb4,Gd 1
566 10 25 Lag8,Gd7,Tb7,Er6,Tm 5, Yb4
504 12 12 Y3, Yb2
552 18 13 Dy8,Tb5,Yb5,Gd3,La3
Tm 482 5 7 Y 12,Yb6,Gd 1
494 10 10 Gd4,Yb2
540 12 9 Dy11,Gd3,La3,Ho2,Tb2, Yb2
Yb 399 Line 60 None
Lu 468 5 25 Eu10,Gd4,Y4,Tb1
517 5 25 Ho 10,Er6,Dy5,Y 2
Y 4382 5 12 Tm 7, Yb 6, Gd 2
598 8 80 Gd27,Eul13,Tb 13,Sm6,Dy 2, Lu2, Prl
614 8 80 Gd27,Sm8,Eu5,Tb3,Prl

*Data obtained with the ORNL grating spectrophotometer, using the RCA-6217 (380-700 nm) and 16-PMI
Farnsworth (700-900 nm) photomultipliers. Dynode voltage, 100 v; slit width, 0.25 mm, gas flow rates: Oy,
5100 ml/min; Hy, 3600 ml/min: metal concentration in the form of complexes with TTA (0.1 M solution in
hexone) 50 pg/ml; except Nd, 100 pg/ml; and Pr, 500 ug/ml.
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TABLE 1.40
Operating parameters and sensitivities for yttrium and certain rare earths in the nitrous oxide-acetylene flame
[186].
Element = Wavelength Spectral band-width ~ Lamp current Sensitivity (ppm/1% absorption)
(nm) (nm) (mA) This work Jaworowski Van Loon
et al. et al.
Y 41024 0.33 10 3.2 4t 1.8
Nd 492.45 0.17 5 9.4 20" ¥
Sm 429.67 0.17 10 76 20" ¥
Eu 459.40 0.33 10 0.35 5" 0.7
Dy 421.17 0.08 15 0.40 4t 1.0
Ho 410.38 0.08 15 0.67 i 2.0
Er 400.80 0.17 10 0.46 2 0.8
Tm 371.79 0.33 15 0.21 ¥ 1.0
Yb 398.80 0.33 5 0.07 i 03
*Chloride in 80% ethyl alcohol.
¥Chloride in 80% methyl alcohol.
¥Not determined.
TABLE 1.41

Determination” of certain lanthanides and yttrium in some rare earth minerals and comparison with previously
published X-ray fluorescence values, where available (all results average of 2-6 determinations are given
as %) [186].

Oxides Britholite Cenosite Allanite Chevkinitell
This work Hughson & This work Pouliot This work This work
Sen Gupta et al.
Y504 0.44 0.4 26.2 25.27 0.20 0.30
LayO4 59 5.6 - - 475 4.00
Ndy03 75 8.0 0.20 0.19 1.80 1.30
Smy03 13 15 0.22 0.27 * 1.00
Eu,y 03 0.29 * 0.13 > 0.07 0.05
Dy;0;3 0.22 o 3.06 3.10 ¥ +
Ho,04 0.04 ** 1.07 - 0.10 0.01
Er,03 0.03 * 2.65 3.53 ¥ *
Tm;053 0.006 * 0.45 ** E ¥
YbyO3 0.012 * 2.33 2.71 <0.05 <0.05

*Yttrium and rare earths were determined by atomic absorption; lanthanum was determined by flame emission.
**Not determined.

¥ From Picnoe river, north of Otter Lake, Quebec, Canada.

#Not detected.

IFrom Pitt Prospect, Pontiac County, Quebec, Canada.

Some qualitative analytical reagents for the detection of rare earths elements are given
in Tables 1.26 and 1.27. Gravimetric, volumetric, complexometric, precipitation and
polarographic methods of analysis of rare earths are summarized in Tables 1.28 to 1.32.



TABLE 1.42
Determination” of certain lanthanides and yttrium in rocks and some minerals containing small amounts of these elements and comparison with other values, where
available (all results, average of two determinations, are given as ppm in the sample) [186].

0$

Element Syenite Rock-1" Syenite Rock-2"" Syenite Rock-3"" Limonite Apatiteqﬁ[ Sphene‘ﬂ‘]I
Gossanl
This work Reported This work Median of This work Median of This work This work This work
median or other other
values values values
Y 425 450 120 140 600 710 79 1260 1890
La 200 220 38 88 1250 1400 1023 1961 597
Nd 260 302 75 <100% 700 840 e 2744 2058
Sm 70 <100, 245 17 17, <20t 108 80, 130% e 517 604
Eu 9 8,15 2.3 2 14 15 43 78 104
Dy 76 100, 135 21 <80° 118 110" 26 261 436
Ho 18 2,21 7 ? 22 2 e 61 105
Er 48 42,57 13 ?2 52 2 ? 131 219
Tm 9.6 5 2.5 7 10.5 ? e 20 38
Yb 55 70 16 16 55 62 <9 88 176

*Ytirium and rare earths were determined by atomic-absorption; lanthanum was determined by flame-emission.

*fSpectroscopy Society of Canada standard reference material.

**Not detected.
1LSingle result only from one source.

#Two results only from two sources.

YFrom Springiron Lake, British Columbia, Canada.
M From Turners Island, Ontario, Canada.
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TABLE 1.43
Operating parameters in the determination of rare-earth elements with the IL555 flameless atomizer [186].

Purge gas: Argon Flow-rate: 15 ft/h
Operation mode: Auto Temperature feedback: On
Auto clean cycle: On Sample size: 5-25 pl
Indicated temperature: °C 75 100 500 750 2500 2500
Time setting: (x5 s): 5 5 3 3 0 1
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Fig. 1.19. Inter-method correlation plots for oxalate versus ion-exchange preconcentration of Y and REE from
CCRMP reference materials TDB-1, WGB-1, UMT-1, WMG-1 and WMS-1. (a) O, Y; @, Nd; and A, Sm.
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MICROWAVE DIGESTION ICP-MS
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Fig. 1.20. Correlation plots for the microwave digestion ICP-MS results versus the literature values for Y, La, Ce,
Pr, Nd, Sm, Eu and Gd in some international reference samples of rocks and sediments {concentration is given in
micrograms per gram) [198].
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54 MODERN ASPECTS OF RARE EARTHS AND THEIR COMPLEXES

Fe

Nd La

]i0.00S ABU

Ca

<‘!2

g

=
Q

Eu
Tb

l ! | I L
0 4 8 12

RETENTION TIME {min)

N il 1
B Y
Fe
Nd
Ce
La
0.005 ABU
Gd
Sm
Pr
Eu
Ho | | Dy
Er
Th u
U\/ Al LJ \\\

{ 1 | 1
0 4 8 12

RETENTION TIME (min)

Fig. 1.22. Direct injection of aluminium processing solution. Conditions: Supelcosil LC-18-DB column; gradient

programme at a flow-rate of 1.0 ml/min from 1.05 M HIBA to 0.4 M HIBA over 10 min. and held at 0.4 M for

5 min.; modifier, 1-octanesulphonate at 0.01 M; (A), eluents at pH 4.5; (B), eluents at pH 3.8; detection at 658

nm after post-column reaction with Arsenazo III; sample injected, 50 ul; sample dilution, (A) 10 ml to 100 ml,
(B) 20 ml to 50 ml.
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Fig. 1.23. Direct injection of aluminum processing solution. Conditions: Supelco LC-18 DB column; gradient

program at a flow rate of 1.0 ml/min from 0.05 mol/t HIBA to 0.4 mol/l HIBA over 10 min and held at 0.4 mol/l

for 5 min; modifier, 1-octanesulfonate at 1 x 10~2 mol/l; Curve (A), eluents at pH 3.8; Curve (B), eluents at

pH 4.5; detection at 658 nm after post-column reaction with Arsenazo III; sample, 50 pl; sample dilution, 20 ml
per 50 ml.
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TABLE 1.44
Instrumental parameters in the determination of rare earth elements by graphite-furnace atomic-absorption
spectrometry [186].

Element = Wavelength Light-source Current Special Furnace
(nm) (hollow-cathode lamp) (mA) bandpass temperature
(nm) °C)
Dy 421.2 Westinghouse 3 0.15 2500
Er 400.8 Westinghouse 6 0.3 2500
Eu 459.4 Westinghouse 4.5 0.15 2500
Gd 368.4 Westinghouse 14 0.15 2700
Ho 410.4 Westinghouse 10 0.15 2500
Lu 336.0 Varian Techtron 17 0.3 2700
Nd 492.5 Westinghouse 10 0.15 2500
Pr 495.1 Cathodeon 12 0.5 2300
Sm 429.7 Westinghouse 6 0.3 2700
Tb 4327 Cathodeon 11 0.3 2700
Tm 371.8 Westinghouse 19 0.5 2500
Y 410.2 Westinghouse 6 0.3 2500
Yb 398.8 Westinghouse 5 0.3 2500

TABLE 1.45

Sensitivity” of rare earth elements in the determination by graphite-furnace atomic-absorption spectrometry and
comparison with other published values [186].

Element Furnace Sensitivity*
temperature This work L’vov and Pelieva
°C) (pyrolytically-coated furnace) (tantalum-foil lined furnace)
8 ®
Dy 2500 1.1x10"1 40x10° 1!
2700 8.8x 10712
Er 2500 23x1071! 6.0 x 10711
Eu 2500 47x10712 3.0x 10~ (at 2400°C)
Gd 2500 2.7 %1079 2.5 x 107 (at 2550°C)
2700 40x10710
Ho 2500 12x10711 6.0 x 10711
Lu 2725 2.0x10-10 3.0x 10710 (2t 2500°C)
Nd 2500 1.1x 107 3.5 x 1079
2550 2.6x10710
Pr 2300 3.0 x 1079 3.6 x 10™9 (at 2600°C)
Sm 2500 2.1x1010 1.0 x 1079 (at 2400°C)
2700 7.0x 10711
Tb 2500 7.0x 10710 4.0 x 10719 (at 2600°C)
Tm 2500 3.0x10712 2.0x 10711 (at 2400°C)
Y 2500 1.8x10°10 6.0 x 10~
Yb 2500 1.0x 10712 40x 10712

*Defined as the weight of the element that gives an absorbance of 0.0044 measured as a peak-height.
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Determination of yttrium and the rare earth elements in South African reference sample NIM-18/69 by graphite-

furnace and flame atomic-absorption spectrometry [186].

Constituent This work Other valuesd Average of
other value
CeO, (%) 0.40° 0.48, 0.41, 0.48 0.45
0.11%,0.40, 0.51
0.40, 0.43, 0.50
Dy,03 (ppm) 682 42, 40, 66, 60 68
68P 101, 100, 7*
Er; O3 (ppm) 242 10,19, 17 15
260
Eu, O3 (ppm) 502 50, 50, 46, 56 52
56P 44,98, 22
Gdy03 (ppm) 1502 117, 141, 140 147
154 101, 140, 245
23"
Ho,03 (ppm) 11.22 6,9,3" 8
11.5°
Lay03 (%) 0.212 0.29, 0.20, 0.25, 0.36 0.26
0.30,0.22, 0.18
Luy O3 (ppm) 4.8° 11 1
Nd, 03 (%) 0.162 0.18,0.12,0.17, 0.15
0.16° 0.096, 0.10, 0.15,
0.15¢ 0.30, 0.084
PrOq; (ppm) 5202 749, 372, 468, 528
580b 271, 946, 500,
760, 161
Smy 03 (ppm) 2152 280, 161, 238, 301, 241
213b 50", 60%, 325, 141
Tb,O7 (ppm) 31b 14, 14 14
Tm,O3 (ppm) 2,92 52,2 3
3.0b
Y,05 (ppm) 3342 270, 191, 161 234
330b 221, 200, 281,
328° 315
Yb,03 (ppm) 15.72 10, 10, 13, 12
15.7° 9,18, 3"
15.7¢

2Flame atomic-absorption value; ° graphite-furnace atomic-absorption value; arc-emission spectrographic value;

dstock, Steele and Copelowitz; ®semi-quantitative arc-emission spectrographic value.

*Rejected in calculating the average of other values in the last column.
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Fig. 1.24. Effect of pH on the retention time of the rare earths. Conditions: Supelco LC-18 DB column; gradient
program at a flow rate of 1.0 ml/min from 0.05 mol/l HIBA to 0.4 mol/l HIBA over 10 min and held at 0.4 mol/l
for 5 min; modifier, concentration of 1-octanesulfonate at 1 x 1072,
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Fig. 1.25. Effect of pH on the retention time of metals ions. Conditions: Supelco LC-18 DB column; gradient
program at a flow rate of 1.0 ml/min from 0.05 mol/l HIBA to 0.4 mol/l HIBA over 10 min and held at 0.4 mol/l
for 5 min; modifier, concentration of 1-octanesulfonate at 1 x 1072,



INTRODUCTION 59

04 B~
Sm
Fe Nd
03 = (Curve A)
Gd
w
S Y
z .02
<
)
o
o]
o
2
.01 b= Dy bu
b
Yb x
o | | | |
[¢] 4 8 12 16
RETENTION TIME (min)
04 I~ Fe Nd Pr
03 = (Curve B)
o
z .02 |
<
o
i
(o]
)
o
< o |- Ce g
.
|
o | | i
o] 4 8 12 16

RETENTION TIME (min)

Fig. 1.26. Direct injection of a solution of neodymium (80%)-iron (20%) alloy. Conditions: Supelco LC-18 DB
column; curve (A), gradient program at pH 4.5 from 0.05 mol/l HIBA to 0.4 mol/l HIBA in 10 min at flow rate
of 1.0 ml/min; modifier, 0.01 mol/l 1-octanesulfonate; sample size, 50 pl; sample dilution, 0.965 g per 100 ml.
Curve (B), gradient program at pH 4.5 from 0.25 mol/l HIBA to 0.5 mol/l HIBA in 8 min at 1.0 ml/min; modifier,
0.02 mol/l I-octanesulfonate; sample size, 50 pl; sample dilution, 0.965 g per 100 ml and 5 mI/100 ml.
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TABLE 1.47
Sensitivities of determinations [188].

Element Atomic Spectrophotometric Minimum determinable concentration
absorption sensitivity of (ppm in original sample)
sensitivity Th-Arsenazo III colour Flame OES” OES”
(ppm/1% reaction (pg/cmz) emission (photoelectric) (photographic)
absorption)

Y 32 40 20

La 50 100 50

Ce 200 500

Nd 9.4 150

Sm 7.6

Eu 0.35

Dy 0.40

Ho 0.67

Er 0.46

Tm 0.21

Yb 0.07 4 2

Th 0.02

OES, optical emission spectrometry.

La

5.75

Fe
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Fig. 1.27. Direct injection of solution of limestone sample. Conditions: Supelco LC-18 DB column; concentra-

tion and pH gradient program at a flow rate of 1.5 ml/ min from 0.06 mol/l HIBA at pH 3.8 to 0.5 mol/l HIBA at

pH 4.5 11 min; modifier, 0.02 mol/l 1-octanesulfonate; detection as for Fig. 1.23; sample injection, 50 ! sample
dilution, 0.6 g in 25 ml.
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TABLE 1.48
Sensitivities for Sc, Y and the lanthanides in pyrolytically-coated and tantalum foiled-lined graphite fur-
naces [193].

61

Element Atomization Sensitivity* Sensitivity enhancement factor
temperature Pyrolytically- Ta-foil lined (PCF/TaF) at 2600°C
°C) coated furnace furnace
(PCF) (TaF)

Sc 2600 13x 10710 12x 1071 10.8
2700 1.0x 10710

Y 2600 2.6x 10°° 28x10°10 9.3
2700 13x107°

La 2600 4% 1078 2x 1079 20
2700 2x 1078

Ce 2600 2% 1077 5x 10791 40
2700 0.8x 1077

Pr 2600 1.6 x 1078 1.5 x 1079 10.7
2700 1x10°8

Nd 2600 3x1079 2x 10710 15
2700 15x 1077

Sm 2600 1x10°° 7 x 10711 14.3
2700 0.8 x 1077

Eu 2600 5.5%x 10711 4x10712 13.8
2700 34 x 1071

Gd 2600 2.1x 1078 73 %1010 28.8
2700 14x 1078

Tb 2600 6.4 % 1079 3.2 x 10710 20
2700 41%x 1079

Dy 2600 2x 10710 2x 101 10
2700 1.4 x 10710

Ho 2600 55x 10710 3.1x10"1 17.7
2700 28x 10710

Er 2600 4.4 x 10710 13 x 10711 33.8
2700 28x 10710

Tm 2600 3.7x 1071 4x 10712 9.3
2700 1.8 x 10711

Yb 2600 33x 10712 54 x 10713 6.1
2700 25x 10712

Lu 2600 49 x 1079 1.4 x 1010 35
2700 3.5x 1077

*Defined as the weight of the element in g which produces a change, compared with a pure solvent or blank, of
0.0044 absorbance unit.

Tvalue obtained previously.

14. Spectrophotometric method of analysis of rare earth elements

Characteristic absorption bands of rare earth ions in the UV-VIS region due to the
electronic transitions in the 4f shell have been used for the quantitative determination of
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TABLE 1.49
Operating parameters for electrothermal AAS determination of the rare-earth elements [194].

Element Step number Temperature Time Argon gas flow
°C) (s) (I/min)

Ce, Pr, Nd, Tb, 1 75 15 3
Ho, Er, Tm and Lu 2 90 60 3

3 120 107 3

4 850 10 3

5 1800 10 3

6 1800 2 0

7 2700% 1.3 0*

8 2700% 2 0"

9 2800% 58 3

“Read command initiated.

%60 s for Lu in a tantalum foil-lined furnace.
£2600°C for Lu as above.

81 s Lu as above.

TABLE 1.50
Wavelengths used for ICPAES determinations [194].

Element Wavelength Element Wavelength
(nm) (nm)
Na 588.99 Co 228.62
Mg 279.08 Ni 231.60
Mg> 383.83 Cu 324.75
Al 308.22 Zn 213.86
Si) 251.61 Sr 407.77
Siy 288.16 Y 371.03
P 178.29 Zr 343.80
K 766.49 Ba 2335
Cay 317.93 La 333.75
Cay 315.89 Ce 413.77
Ti 337.20 Sm 359.26
\Y 292.40 Eu 381.97
Cr 267.72 Gd 335.05
Mn, 257.61 Dy 353.17
Fey 259.94 Yb 328.94
Fe» 261.19 Th 283.73

:;ZSubscript 1 or 2 after the symbol indicates that the corresponding wavelength is the
most or least sensitive, respectively.

rare earth elements with sensitivities as low as 0.1 mg/ml. The values of molar absorptivity
of rare earth ions at analytical wavelengths are given in Table 1.33.
Spectrophotometric methods of analysis of rare earths are given in Tables 1.34 and 1.35.
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TABLE 1.51
Determination of thorium, yttrium and the rare-earth elements (%) in Oka-2 [194].
Constituent ~ Found”  Standard Range of Number of Methods used] Mean of
(this work) deviation ~CCRMP values contributing CCRMP values

(s) laboratories +2s
ThO, 3.38% 0.045 3.11-3.57 25 A,B,C,D,E,FG, 334%0.25
Y503 0.50% 0.010 0.27-0.37 4 AE,EH 0.31 £0.08

0.40" 0.007
La; 03 5.84% 0.055 5.51-6.21 11 A,D,E,FH 5.8£0.5
CeO, 15.5% 0.100 12.87-16.02 12 A,D,E,F H 144+1.8
15.48 0.145

PrgOq 1.708 0 1.37-2.18 9 A,D,EH 1.8+£0.5
Nd,O3 7.708 0.12 6.11-7.68 10 A,D,EH 6710
Smy03 1.30% 0 0.86-1.21 11 A,D.EH 1.0+0.2
Euy03 0.30% 0 0.20-0.37 12 A,D,FH 0.26 £0.09
Gdy O3 0.73% 0.005 0.28-0.80 10 A,D,EH 0.6+0.3
TbsO7 0.053% 0.001 0.033-0.076 10 A,D,EH 0.06 £0.03
Dy,03 0.26% 0.007 0.131-0.318 9 A,D,E,EH 0.19£0.11
HoyO3 0.0094%  0.0001 0.0186-0.0282 4 D,F H 0.023 +£0.008
Ery O3 0.01228  0.0003 0.0053-0.1000 3 A,D,EH 0.06 £0.042
Tmy03 0.0011% 0 0.0017-0.0034 3 D,EH 0.003 £0.002
Yby03 0.0108%  0.0003 0.0076-0.0171 5 D,E,F H 0.013 £ 0.008
Luy03 0.00100 o 0.0006-0.0017 6 D,F 0.0012 £ 0.0007

“Mean of 5 values.

¥ Determined by ICPAES after fusion of the sample with lithium meta- and tetraborates.

Determined by ICPAES after preconcentration by fluoride and oxalate precipitations.

8 Determined by ETAAS after preconcentration.

I Determined by ETAAS in a tantalum foil-lined furnace after preconcentration.

1a, X-ray fluorescence spectrometry: B, spectrophotometry; C, gamma-ray spectrometry; D, neutron activation
analysis; E, ICPAES; F, direct coupled plasma emission spectrometry: G, titrimetry; H, inductively-coupled
plasma mass spectrometry.

dMean + 5.

15. Emission spectroscopy

Alternating or direct current arcs and spark discharge are common methods of excitation
for emission spectroscopic analysis of rare earth elements. Emission spectra of rare earth
elements contain a large number of lines. The three arbitrary groups are (i) spectra of
La, Eu, Yb, Lu and Y, (ii) more complicated spectra of Sm, Gd and Tm, (iii) even more
complicated spectra of Ce, Nd, Pr, Tb, Dy and Er. Rare earths have been analyzed with
spectrographs of high resolution and dispersion up to 2 A/mm. Some salient information
is presented in Table 1.36.

16. Neutron activation analysis

This technique is highly sensitive in the determination of rare earth elements. The
sensitivities obtained by this technique exceed many orders of magnitude obtained by
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TABLE 1.52
Sensitivities of Sc, Y and REE elements as obtained with a pyrolytic graphite coated graphite tube furnace
using the Hitachi Z-9000 simultaneous multi-element atomic absorption spectrometer and comparison with some
previous values [197].

Element Atomization Sensitivity* (pg)
temperature (°C) This work with Previous values with
Hitachi Z-9000 Varian GTA-95"
Sc 2600 423+ 1308
Y 2700 - 1300
3000 480 -
Nd 2700 - 1500
2800 4160 -
2900 1900 -
3000 1300 -
Sm 2700 - 800
3000 330 -~
Eu 2700 - 34
2800 51 -
3000 18 -
Dy 2600 195 -
2700 - 140
2800 255 —
Ho 2700 - 280
2800 130 -
2900 70 -
3000 32 -
Er 2700 - 280
2800 136 -
2900 67 -
3000 32 -
Tm 2600 20
2700 - 18
2800 15 -
2900 10 -
3000 6 -
Yb 2200 3.8 -
2600 11l 3.31

*Defined as the mass of the element in picograms that produces a change in absorbance, compared with a pure
solvent or blank, of 0.0044.

1At326.9 nm.

SAt391.2 nm.

1At 398.8 nm.

I'At 246.5 nm.

other techniques such as emission spectroscopy and flame photometry. The main drawback
is it is slow and time consuming. Some data on the sensitivity of the method are given
in Table 1.37. Individual photopeaks of rare earths in ocean sediments, auto glasses
and precious metal ores were identified in neutron activated samples using Ge(Li)
spectrometry [185a].
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TABLE 1.53
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Determination of Sc, Y and eight REE in three new CCRMP candidate reference rocks by multi-element ETAAS
using a Hitachi Z-9000 spectrometer and comparison of results with those obtained by ICP-AES and ICP-MS

(results in ug g_l) [197].

Sample Element ETAAS (n) ICP-AES (n) ICP-MS (n)
TDB-1 Sc 33,36 - 33,30
(Diabase Rock) Y 23+5@4) 31 +£45Q1) 26 £ 5 (6)
Nd 27 £ 1.6 (6) 26 £2.2(9) 23 £5.7(6)
Sm 9.3+ 1.7(6) 6.8 +04(11) 6.4 £ 0.7(6)
Eu 1.9+0.1(8) 1.9+0.1(11) 1.9 £0.3(6)
Dy 55,57 6.4£04(11) 5805
Ho 0.93,0.97 - 1.10 + 0.22 (6)
Er 28 £02(6) - 32+0.7(6)
Tm 0.34 + 0.02 (10) — 0.39 £ 0.13 (6)
Yb 25,25 29+£05(11) 29+06
WGB-1 Sc 30, 34 — 30, 33
(Gabbro Rock) Y 18 £ 1.6(4) 14 £33 14 £3.5
Nd 15+ 2(6) 13+1 11134
Sm 34+£09(6) 2.7+£0.2(6) 2.6 £ 0.7 (6)
Eu 1.3+£0.16 (4) 1.3+ 0.10(11) 1.3 + 0.50 (6)
Dy 28+02(4) 2.8+£02(0D) 2.6 £ 0.5 (6)
Ho 0.46, 0.47 - 0.51 £ 0.09 (6)
Er 14+0503) — 1.5+£0.3(6)
Tm 0.22 +0.10(5) - 0.20 £ 0.02 (6)
Yb 14014 14£01(11D) 1.5£0.3(6)
UMT-1 (Ultramafic Rock) Sc 14, 16 - 14, 18
Y 95+1.64) 6.5£0.6(11) 6.5 £ 2.5(6)
Nd 5+ 0.8 (6) 5+09(11) 3.3+ 1.1(6)
Sm 1.3+£0.2(6) 1.3£02(1D 1.3+04 ()
Eu 0.32 £ 0.04 (6) 0.35£0.03(11) 035+ 0.124)
Dy 1.8+03@) 1.5+02(1D 1.3+£0.5(6)
Ho 0.23,0.20 - 0.26 & 0.06 (6)
Er 0.8+02(8) - 0.8 £0.2(6)
Tm 0.10 £ 0.02 (8) - 0.10 £ 0.03 (6)
Yb 0.9+02¢) 0.7+ 0.1(11) 0.8+ 0.2(6)

17. X-ray spectroscopy

This is a classic method for the analysis of rare earths. L-spectra of the elements in the
region 1500-2500 A show that for each element it is possible to select 2-5 lines for
analysis. These analytical lines are given in Table 1.38. By this method rare earths in
a complex mixture can be analyzed. The emission method has a sensitivity of 0.1 to 0.01%.
The time of analysis is 1.5-2.0 h. The method has been used in the analysis of minerals,
alloys, etc.

X-ray fluorescence analysis has been applied to rare earth minerals and has the same
sensitivity as X-ray emission and analysis time is 0.5-4 h with a single element in 10
minutes.
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TABLE 1.54
Determination of Sc, Y, and eight REE in three new CCRMP candidate reference rocks by multi-element ETAAS
using a Hitachi Z-9000 spectrometer and comparison of results obtained by ICP-AES and ICP-MS (results

in pg/g 1) [197].

Sample Element ETAAS (n) ICP-AES (n) ICP-MS (n)
WPR-1 Sc 10,6 - 84,42
(Peridotite) Y 9,8 4.7+03(9) 4.7 +2.14)
Nd 55+£374) 59+14(7) 2714
Sm 1.5+ 09 (4) 1.0+£02) 1.0+£03%)
Eu 0.3,0.3 0300509 0.28 £0.14 (4)
Dy 18,15 1.3+£04(9) 1.24+09¢)
Ho 0.13,0.11 - 0.18 £0.04 (4)
Er 0.55 £ 0.20(4) - 054 +£0.17 (4
Tm 0.13,0.16 - 0.07 £0.02 (4)
Yb 0.57 £ 0.02 (6) 0.5+0.10(9) 0.50 £ 0.20 4)
WMG-1 Sc 20,21 - 21,21
(Mineralized Gabbro) Y 13,12 12+£19) 12+ 1.8(8)
Nd 12 £4.5(6) 11£1(7) 9+04(7)
Sm 29,29 2.8+0.2(10) 24+0.2(8)
Eu 0.8,0.9 0.74 £ 0.03 (9) 0.71 £ 0.03 (8)
Dy 32,32 23+0.1(9) 23+£0.13(8)
Ho 0.40,043 - 0.48 £ 0.03 (8)
Er 1.3+£045(5) - 1.1 £0.3(8)
Tm 0.2+0.04 (5 - 0.2 £0.02(8)
Yb 1.6+ 02 1.1 £02(9) 1.2+£02@8)
WMS-1 Sc 18,13 - 1.4,1.0
(Massive Sulfide Mineral) Y 59,50 2+£0209) 21+£06(09)
Nd 43+ 1.1 (7) 38 1.1(6) 1.9+£03(9)
Sm 0.6+ 0.1(4) 0.6 £0.1(6) 05+£0.1(9)
Eu 0.1,0.1 0.14+0.04 9 0.11 £0.02 (9)
Dy 0.7,0.8 044 £0.1(9) 04019
Ho 0.08 £ 0.01 (5) - 0.08 £ 0.01 (9)
Er 0.31£0.03(7) - 0.24 £0.04 (9)
Tm 0.06 £ 0.01 (4) - 0.03 £0.01(9)
Yb 0.30 £ 0.04 (6) 0.23 £ 0.04 (9) 0.25 £ 0.07 (9)

18. Atomic absorption, flame emission, electrothermal atomization, inductively

coupled mass spectrometry

The atomic absorption method of analysis has undergone many changes since it was
discovered. The sensitivity of this method of analysis has been improved by (i) sampling
in organic solvents, (ii) switching from oxy—acetylene flame to nitrous oxide—acetylene
flame, (iii) replacing flame atomization by graphite furnace atomization or electrothermal
atomization, (iv) inductively coupled plasma atomic emission and (v) inductively coupled
plasma mass spectrometry. All these techniques have been used in the analysis of rare earth
elements. Some salient features of the techniques used in rare earth element analysis are
given in Tables 1.39-1.54 and Figs 1.18 and 1.19.
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TABLE 1.55
Instrumental operating conditions and data acquisition parameters [198].

Condition/parameter Result

ICP mass spectrometer

R.f. power (kW) 1.0
Plasma argon gas flow rate (I min~!) 15
Auxiliary argon gas flow rate (1 min 1) 0.9
Nebulizer argon gas flow rate (1 min~1) 0.9
Sampler skimmer Nickel
Data acquisition
Dwell time (ms) 100
Scan mode peak hopping
Points across peak 1
Sweeps reading_1 10
Number of replicates 2
TABLE 1.56

List of isotopes of yttrium, rare earth elements and thorium together with
ruthenium and rhenium employed in this work [198].

Group 1 Group 2
89Y 151gy
139y 4 15971
140Ce IGOGd
141 Pr 160Dy
]43Nd 165H0
147Sm 166Er
lOIRua 169Tm
174
Yb
17510
232y,
2381y
185Reb

8Used as an internal standard to correct for instrumental drift and matrix
effects on Group 1 elements.
bUsed as an internal standard to correct for instrumental drift and matrix
effects on Group 2 elements.

TABLE 1.57
Results obtained for neodymium metal [199].

Rare earth  Yb Y Dy Tb Gd Sm Pr Ce

Conc. (ppm) 2.7 12.8 22 0.6 20.9 141 420 x 10? 85
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TABLE 1.58
Comparison of HPLC and ICP emission spectrometry results for limestone sample.

Rare earth HPLC (ppm) IPC (ppm)
La 6.3 6.8
Ce 4.5 4.7
Pr 1.0 -
Nd 53 6.8
Sm 1.2 0.5
Eu < 0.5 0.2
Gd 0.9 1.2
Tb < 0.5 -
Dy 1.2 1.4
Y 12.8 14
Ho 0.8 -
Er - -
Tm <1 -
Yb 1.4 1.1
Lu <1 -

19. Inductively coupled plasma mass spectrometry (ICPMS)

The operating parameters and the isotopes used in this technique are given in Tables 1.55
and 1.56. Correlation plots obtained by this technique in the determination of rare earths
are given in Figs 1.20 and 1.21.

20. High pressure liquid chromatography (HPLC)

20.1. Separation of rare earths by “dynamic coating” ion-interaction chromatography

Dynamic ion-exchange chromatography is used in the laboratory to determine rare
earths in a variety of samples. This includes mine tailings, metallurgical processing
solutions, sediments, steels, and alloys. In this technique a hydrophobic ion (such
as octanesulphonate), which is present in the eluent, is dynamically sorbed onto the
hydrophobic surface of a reversed-phase to provide a charged surface that can be used
for ion-exchange separations. The eluent also contains a complexing agent such as
HIBA to elute the rare earths. The advantages of this approach include rapid mass
transfer characteristics, good reproducibility, and the ability to vary ion-exchange capacity.
Changes in capacity along with eluent pH and addition of an organic modifier can be used
to adjust the selectivity of the separation. With an on-line post-column reaction, using
Arsenazo III and monitored at 658 nm, detection limits are in the low nanogram range.
An example of the application of dynamic ion-exchange chromatography for the direct
separation of rare earths is shown in Fig. 1.22. The sample was a sodium hydroxide
leach solution from an aluminium processing operation and contained high concentrations
of sodium, iron and aluminium. Due to matrix interference, these solutions could not
be accurately analysed by inductively coupled plasma emission spectroscopy. Fig. 1.22
shows the chromatogram when the sample was separated by dynamic ion-exchange
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chromatography with eluent pH 4.5 while B refers to chromatogram obtained with eluent
pH3.8.

Dynamic ion exchange chromatography has been used in a variety of metallurgical
samples for the determination of rare earths and yttrium. Optimization of the effective
capacity of the dynamic ion exchanger with respect to factors such as eluent pH,
concentration of ¢-hydroxy isobutyric acid (HIBA) permitted the direct analysis of rare
earths in the presence of large amounts of salt, matrix metal ions and acids. Eluted
rare earths are determined by spectrophotometry at 658 nm, after an on-line post
column reaction with Arsenazo III. Results obtained on aluminum processing solution,
neodymium-iron alloy and limestone rock are given in Tables 1.57 and 1.58 and Figs 1.23
to 1.27.

A comparison of the results obtained by high pressure liquid chromatography (HPLC)
with results obtained by other techniques such as inductively coupled plasma emission
spectroscopy (ICPES) showed good agreement and HPLC procedures are found to be
economical in terms of analysis time.
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1. Quantum chemical considerations

It is useful to discuss some preliminaries of quantum mechanics before the discussion
of f-orbitals in lanthanides. Consider the simplest system; namely, the hydrogen atom
consisting of a single electron interacting with a proton. The Schrédinger equation for a
particle of mass m, the electron in a central field produced by the nucleus is

2
V2w 4 h—”;(w — V)W =0,

where W is the total energy, V is the potential energy as a function of the position

h , 9% 3 9
(x,v,27) of m, h_Zn’ \Y _8x2+8y2+az2'

The Schrédinger equation is a second order differential equation and the solutions
W (x, y, z) must satisfy the equation.

The conditions of wave function ¥ are (i) they must be single-valued, continuous and
differentiable at every point in space, (ii) they must be finite for all values of x, y and z,
(iii) the wave functions must be normalized (i.e.) [ |W|2dr = 1, (iv) any two solutions
to the wave equation must be orthogonal | W*W; dr = 0. The orthonormality condition
requires [ W*W;dr = §;; where §;; is Kronecker or Dirac delta function and §;; = 1 if
i=jandd; =0if i # j.

Consider a spherically symmetric field around the atomic nucleus and using polar
coordinate system in Fig. 2.1. We can write the relations between rectangular and polar
coordinates as

x =rsinf cos¢g y=rsinfsing z=rcos6

dt = drdydz = r2drsind dd de.

The coordinates, description and boundaries are as follows.

Coordinate Description Boundaries Volume element
r distance from nucleus 0— 00 r2dr
0 angle from z axis 0—>m sin6 do

angle from x axis 0—2m de
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z
(x, y, 2)
rcos@
r
™6
y

¢ rsin

rsinf cos¢

rsinf@sin¢o

Fig. 2.1. Polar and rectangular coordinates.

The nucleus at the centre has a positive charge Ze, where e is the numerical value of the
charge of electron and hence the Hamiltonian operator for an electron in the central field
can be written as

2 2
_ ivz —Ze
2m r

H

Expressing V? in polar coordinates, the Schrodinger equation for the system can be written

as
LafadYy, 1 oa(f o 9Y, 1 32 v
——\rr— — | sinf — —
r2ar\ or r2siné 96 36 r2sin? @ 8¢?

2 Ze?
+—’121[W+—e:|\1'=0.
h r

The equation is a second order differential equation in three variables and a possible
guessed solution is

V(r,0,9)=R(r)Y(0p).
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On substituting the solution we get
1 3 (,3R() 2m ze?\ ,
- —IWw ———
R(r) or (r or )T\ T )

1 9 Sinan(ew) 1 82Y (By)
Y (¢6) sinf 90 96 Y(@¢)sinsup20 d¢?

Since r, 8 and ¢ are freely varying independent coordinates we can write

1 8 /. a8y 1 3%y
—— — | sinf— ) + —— +AY =0,
sinf 30 a6 sin 6 B(p

1d/,dR 2m Ze A
ool E)%?z(“?)‘ﬂ’e o
where A is a constant and Y for Y (@¢) and R for R(r).

The Schrodinger equation consists of two second order differential equations with one
dependent on 6 and ¢ and the other on r. There are many solutions which satisfy the
conditions, namely that the wave function must be single-valued, continuous, differentiable
at every point in space and must be finite for all values of x, y, and z but it is also necessary
that the constant A =I(/ +1) where L =0, 1, 2, 3, etc. When L =0, Y = a constant and is
a solution for the angular part of the equation. Normalizing this solution 1/sin8 df dg, we

getY =./1/4n.

The radial function can be calculated by using the relationship

Ryi(r) =Nrp' 22 (p)e ™12,

where Nr is normalization constant, p = 2Zr/nayg, z is nuclear charge, ag is Bohr radius,
0.529 A (52.9 pm), [ is polynomial (p*~!=1D — p*—=2) 4 constant).
Consider 1s orbital (n =1,/ =0)

2(Dr

Rio(r) = NpP(p!70"Dye=P/2 = Ne=P/2 = Ne77/% since p= o
0

For2sorbitaln=2,1=0

2(1
Rao(r) = Np%(p 70" Dye/2 = Npe™"/2®  gince p= é)r.
ag
For 2p orbitaln =2,/ =1
2(1
Ry 1(r) = Np' (p®~1=D)e=P/2 = Npe /240 gsince p= é)r‘
ao

The plots for hydrogen-like wave functions of radial function R(r) versus r, the distance
from the nucleus and the probability distribution function 4 r2[R(r)]? versus r are shown
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in the literature. It is to be noted that there is a node in the case of 2s orbital where there
is no electron density. The following are some rules for drawing radial wave functions:
(i) number of nodes =n — [ — 1; (ii) where / = 0 (i.¢.) for s orbital the wave function is
non-zero at r = 0 or origin; and, (iii) when [ # 0 the wave function starts at origin, (0.0).

2. Quantum numbers

In simple terms, the Schrodinger equation describes the energy levels and other properties
of electrons in atoms and molecules. The Schrodinger equation is

HY = EV,

where H is the Hamiltonian operator which contains derivatives that operate on the wave

function, E is the energy of the electron, W is the wave function that describes the

behaviour of the electron. In the case of the hydrogen atom we may write

H=—V" — —
2 r

where the first term and the second term on the right-hand side are kinetic energy and
potential energy operators, i = h /2. u the reduced mass is equal to M Myyc1/ Me + Myue.
V? is Laplacian which is the differential with respect to polar coordinates and Z is the
charge of the nucleus. In atoms, wave functions are known as orbitals.

Principal quantum number n gives the energy of an orbital.

RZ? 2712/L22€4 —R

F=——— where R=————=—, RisRydberg constant.
nEo)2he  n? yebelg

n2

The values of n are Klf_'jfl‘\)"m. The second or azimuthal quantum number / gives orbital
angular momentum (i.e., the rotation about the nucleus) which determines the shape of the

orbital.

L(M)=I(l+ 1h.

The value of / canbe 0, 1, 2, 3, ... (n — 1) for a given n value. The orbitals corresponding
to [ are s, p, d, f. The third quantum number M/ is the magnetic quantum number which
gives the Z-component of orbital angular momentum to determine the orientation of an
orbital

Ly(Mz)=Myh.

M can have values 0, &1, +2, £3, ... &/ for a given [ value.
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The three quantum numbers n, I, m together define an atomic orbital. The fourth
quantum number My is intrinsic or spin and can have two values:

1
mg E

B

Q+[\J|>—t

The orbitals are defined by n, [ and m; and are denoted in the case of n =2, =1, m; =0,
—1, +1 as (22,[1) ?0)’ (22’{’!*_‘1), (2%’1’,‘1). These orbitals which differ by m; only have the same
radial function but different angular functions.

We will now examine the angular dependence of the hydrogen-like orbitals. In terms of

spherical harmonics the solution to the Schrodinger equation may be written as

Y (6, 9) = Ot (9) Pt (9)

1 .
P () = || =™

Opm; (0) =Ny pllm” cosd, where Ny is normalization constant

dinl
and pllm’l cosf=(1— cos26)ml% mp,o(cose), where m; =0
cos
po(cos9) = —d—(00526 -1
! 2. 11 dcosH! '

During calculations substitute cos6 by Z.
In the case of s orbital / =0, m; = 0.

Yy = Nppg (cos ) - Do (p)

1 o 0
=Np-1-,/z—e" since py(cost) =1
2
/1
= Ng,/ —.
o 2w

For p orbitals I =1, m; =0, +1, —1 we have

Yy =Npp((cos8) - Do(p)

p?(cos 0) = (cos29 —1)=cosf

d
21 .1dcosé

1 z
Y{ =Ngcos,/ — ~ =(Pyz).
27 r
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When!/=1,m; =1
1 1
;" =Nopp; ' (cos) - @1(p)

p1+1(0059) = (1 — cos® 9)%

1 .
B(p) =/ —e'¢
() 72t
Y =Ny sin(;",/ie"‘p
! 2m
Y7 =Ny sine,liei‘”
! o2

It is to be noted that any linear combination of solutions is also a solution and imaginary
functions can be combined to give a real solution which is the case when m; # 0.
Now (YT 4+ Y7)and (Y — ¥ ™) are also solutions as shown below.

,o,o (cosB) =sinb

dcos®

1 1 ) )
ﬁ(yll + Yl_l) = ﬁ sin9(e'9 +€vle)
x
= —sinfcosyp ~ — .
7 ¢~ (px)
Since e*® = cos + i sina.

The second combination or solution is

1 . .
— (Y] =¥ = —=sind(? —e )

i2 i2
| . y
= ——sinf# 2ising — =(P,).
iv2 ro-
In the case of d orbitals / =2, m; =0, +1, -1, +2, =2
Y0=N9p0(cos0) Leo
2 2 27
d2
22 .2 dcosH?

1 [T z2—y?
Y20=§(300529—1) T (d2)

1 ..
v = Ng,ozil (cos ),/ —e*'?
< 2w

p3 (cosh) = (1 — cos? )z

pg(cos 0) =

1
(cos’0 — 1) = —2—(3cos29 -1

Gcosh pé’(cos@) =sind 3 cosf
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1 ..
Y2:H=3cos6’sin9 — et
2

The first real solution is
1 1 _1 1 . zX
— (¥, +Y;') = —=(3cosfsinb - 2cos9) ~ =5 (dxz).
r

NG NG

The second real solution is

1 1
— (Y} —¥;1) = ——(3cosHsin@ - 2i sin
A1) =50 ?)
1
= 5(30030 sinf 2 sin ) ~ %(dyz).

When!l =2, m; =+2, -2

1 .
Y2 = NgpF?(cosd v — gti®
2 005 ( ) o
2

pétz(cose) =(1- 00529)2

1 .
Y2 =3sin?g,) —et29.
2

The first real solution is

pg(cose) =(1-— 00520) .3=3sin’6

dcos6?

1 x2—y?
—35in*02c0s 20 ~ 2 (d,2_2).

L S N
ﬁ(Y2+Y2 )_ﬁ r

The second real solution is

1 1

_ . . xy
E(Yz2 ) fz(3 sin?@ - 2sin2¢) ~ r—z(dxy).

The shapes of s, px, py, p, d orbitals and f orbitals are given in Figs 2.2a and 2.2b.
We now consider spherical harmonic expressions for f orbitals. The derivation of the
expression for P3O is as follows.

d3 3
0/7y _ 2 3_ 6 4 2 _
RO =ggaz" ~V =gap'® 3 -D
1 &

1 d
=——(62°—12Z°+6Z) = ——(30Z* - 36722 +6

48dZ2( +62) 48d2( +6)
= Lz —nz=27_2z- 1(523—32)—1(5cos39—3cosa)
T 48 T2 2772 T2
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Fig. 2.2a. Atomic orbitals for the hydrogen atom, drawn as enclosure surfaces as described in the text. The lobes

are derived from W2 and must be everywhere positive. The lobes have been given the signs, however, of the

original wave function W, as this is information that becomes important when considering bonding via overlap of
such orbitals.

1 d (5 3 1 [15 3
Pf‘(Z):(l—zz)zE(Ez*—Ez)=(1—22)2(722—5>

15 3
= sin(?(? cos’ 6 — E)

2 d? /5 3 d /15 3

PEZy=(1-2%-—= (22" -ZZ)|=0-72H = =2>-=

3 () =( ) dz2\2 2 ( )dZ 2 2
=(1=Z% -15Z =sin’0 15 cosh.

For f orbitals{ =3, m; =0, £1, £2, £3.

1
P30(cos0) = 5(5 cos’ 6 — 3cosh)
P3il (cosf) = (Acos2 6 — B)sin8
P (cos8) = (Acos' "1 — Bcos' "2 4 Ccos' ™I~ g .. ) sinl™!

PENZ)=(1-2%)7 - 15=15sin’0.
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fz(x2-y2) fxyz

Fig. 2.2b. Representation of the seven real f orbitals. Pairs of functions in a given row are related by rotation
about the z-axis.

We may now write for the first orbital

[1 5 3 [1 7z z
0 0 0 3
Yy =Ny P3(cosb) —Zne =N9<§cos39—icose) - ~——r3 -7 ~Z.
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For the second and third orbitals

=Np Pil(cose),/ e*'¢ =Ny (cos’ 6sin0 — 5"‘9)\/ e

X

1

E(Y; +Y; ) ﬁ[(cos fsinf —sind) - 2005<p] r3cos¢ ; 2 ox7?
2

L(Yzl—Y*l)=L(coszesine—sin6’-2isin9)~ ZY _Z~yz2.

V2 } iv2 rising r

For m; =2 we can write

1 .
2 =Ng P (cosf)) ——e™2¥
27

P3:t2 = cosfsin> 8

1 .
+2 — Ny(cos @ sin? N — L2l
2

1 1
E(Y% + Y;Q) = 7§(c059 sin? 6 - 2cos2¢) ~ Z(x*> — y?)

1
e (Y2 YD) =
iﬁ(3 3 )

For m; = 3 we can write

1 .
;7 =No PP (cosh), [ e
: 2

since Pﬂ =sin> 6

= Np (sin’ 0),/ e3¢

since

1
——(cosO sin’ 6 4i sin2¢) ~ Z(xy).
iv2 4

— (v +y73 =—(sin39-2cos3 )~ x(x% —3y?)
ﬁ( 3 3 ) \/E % y

1 3 _3 1 .. 3 . . 2 2
—(¥; 7Y = ——(sin” @ - 4isin3¢p) ~ y(3x~ — y°).
A ) =R o

The f orbitals are shown in Fig. 2.2b.

3. Electron configurations and its consequences

Pauli’s exclusion principle states that in a single atom, no two electrons can have the
same values for the four quantum numbers », [, m; and m. The ground state electron
configuration in various periods is
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Period Electron configuration

1s2

252 2p6

352 3pb

452 310 4p®

552 4410 5p6

652 4f14 SdIO 6p6
7525714 6d

NN B WD =

During ionization, in general s electrons are removed before p electrons and some
exceptions to this rule are

Eale 152 252 2p6 352 3p6 45! 383

“Mo 1% 252 2p6 352 3p6 452 310 4p6 55! 443

2Cu 1% 252 2p© 352 3p6 45! 3410

YTAg 12 252 2p0 352 3p 452 310 4p 55! 4410

75 Au 152 252 2p0 352 3p0 452 310 4p 552 4410 5p° 65! 5410

Russell-Saunders terms (L, S) refer to energy states arising out of an electronic
configuration when electron repulsions are included. The terms are denoted as L, the
orbital angular momentum and S, the spin angular momentum. We will now summarize
the various attributes in one-electron and many electron systems.

Property One-electron system Many electron system
Orbital angular 1=10,1,2,3 L=0,1,23,...
momentum spd f SPDF
Z-component of orbital mp=10,1-1,0... =] Mp=LL—-1,...~L
angular momentum

Orbital degeneracy #my=21+1 #Mp =2L+1

Spin angular momentum s=1/2 §$=0,1/2,1,3/2...
Component of spin mg=+1/20r—1/2 Mg=S,8§-1,... =S
angular momentum

Spin degeneracy #mg =25 +1 #Mg=25+1

Total degeneracy 221+ 1) #Mg=QS+1)Q2L+1)
(orbital and spin)

Term notation 2L 85+,

Now consider an electron in a p orbital with [ = 1 and s = 1/2. The total degeneracy in
this case is (2L 4+ 1)(25 + 1) = 3 - 2 = 6. The possible combinations for one p electron
may be written as

spin + 4+ + - - -
my +1 0 -1 +1 0 -1
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Thus one obtains six possible combinations.

Degeneracy can also be obtained from the formula

x_(6)_ ~
"PENx ) T X6 =0
ndv\._(IO)_ !

S \x ) x1(10—x)

<14> _ !
x ) xW(14—x)

nf*

6!

10!

14!

[ X is the number of electrons
in orbitals of a given [ value

Microstates are the atomic states that result from interactions between electrons in a
many electron system (m; and m; values). The microstate table lists all the possible
microstates for a given electron configuration arranged according to the M; and My values.
In the case of a np? configuration the microstate table will be of the form

My Mg +1 0 -1
+ —
+2 (+1+1) Ip 1
+ o+ 'p °p °P
+1 (+1 0 *p + - - + - -
(+1 0) (+1 0 (+1 0
+ 4 'D p 's 3p
0 (+1-1) p + - -+ + - - -
+1-1) +1-1) (0 0) (+1 -1
+ + 'D p 3p
-1 (-1 0 3p + - + - - -
(=1 0) (-1 0) (=10
Ip
2 + -
—1-1)
The unique microstate is (j:l +_1)* with M; = 2, L = 2 (note that there are no higher

M values), M; =0, S = 0 (note that there no higher M values for given My ).

The term is denoted as 2°*! L = ID which means singlet D state. The total degeneracy
in this case is (2L + 1)(2S 4 1) = 5. Note that there are five microstates belonging to ID.
Hence the term is written as 'D(5). From gleaning the table of microstates, we see that
there are 1S(l) and 3P(9). The ground state from the three terms lS(l), 1D(S) and 3 P(9) is

chosen or assigned according to Hund’s rules.

Hund’s rules are: (i) the greater the spin multiplicity, the lower is the energy of the state;
(ii) among two states of the same spin multiplicity, the state with the higher L value will
be the lower energy state.
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The energy level diagram for the 2p? system will look like

A 'S(1)

'D(5)

2p%(15)

3P(9)

The splitting of energy levels is due to electron repulsions which is denoted by ) %

In the case of the 3d? system, the microstate table is as given below, consisting of a total
of 45 states.

Values of My, Mg for (3d)2 configuration

My Mg
1 0 -1
4 + -~
2,2

3 ++ Fa— — =

2,1 2, )2, 1) 2, 1)
2 + + + ==+ +- — =

2,0 2,02, 01, 1) 2,0
1 +++ + + - =+ - — = -

1,02, -1 (1,0)1,0) 1,02, -1

+ - - +
@, -2, -1

0 + + 4+ + + - - +
@ -2, -1 @, —2)2, -2)
+ j— —_ = = =
a, -1 @, -2)(1, -1)
(1, =1)(0, 0)
-1 + 4+ + + - -+ - —= =
(—1,0)(1, —2) (—1,0)(—1,0) (-1,001, -2)
+ - -+
(=2, 1)(=2, 1)
) + + + - -+ + = - -
(=2,0 (=2,00(=2,00-1,-1) (-2,0
-3 + o+ + - - 4+ - -
(=2,-1) (=2, —1)(=2, -1) (-2,-1)
—4 + -

(=2,-2
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We may now consider the 2p? configuration and draw the energy level diagram including
the spin-orbit levels as follows.

Consider

'S()

'Se(1)

D(5
2p(15) ©) 'Dy(5)

3sz 5)
3P(9) P,(3)

P

the two emission lines of sodium on excitation. The excited state configuration of sodium
is 38!3p! for which L + § =1+ 1/2=3/2, L — S = 1/2 and this may be represented as

*P3p(4)

3p'(6)

*P1n(2)

38'(1) i

The energy expression for spin-orbit levels can be obtained thus

JP=(L+58)?=L*+2LS = §*
LS=1/2(J> - L> - §%
E(LS)=1/2[J(J+ 1D —L(L+1)—SES+1)]

EWLS)=2r2[J(J+ D~ LL+1D~=SS+D]
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In the case of the 3d? system, the energy level diagram can be represented as

*Fy(9)

3d%(45)
*Fa(7)

3F(21)

Fy(5)

It is necessary that the centre of gravity principle is obeyed.

Z(degeneracy) (energy) =0.

The degeneracy of the nd? system is

10 10!
(19)-20 s

According to the table, there are 45 microstates. The unique microstates are

35 1
(@ (+22 G(9)
My =4 L=4(G)
Ms=0 S=0 25+1=1

Total degeneracy = 2S5 + 1)(2L + 1) =9
+ + 3
® (+21) F21)
M; =3 L=30F
Mg=1 S=1 285+1=3
Q2S+1HR2L+ 1) =21

+ +
(+20) Mo=2L=3(F)
3 g 1
© (+20) D(5)
My =2 L=2(D)
Ms=0  S=0 25 +1=1

QS+ DQRL+1)=5

3

89
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+ +
@ (+10) °PO®
Mp=1 L=1(®P)

QS+ 1HQRL+1)=9
+ —
© (+2-2) s
My =0 L=0(S)
Ms=0 $=0 25+1=1
@S+DHE2L+ D=1

Applying Hund’s rules we conclude that 3F to be the ground state. The orbital energy
diagram of the d? system along with the corresponding Racah parameters is given below.
Racah parameters (A, B and C) are energy expressions describing electron repulsions by
integrals designated by A, B and C.

'S(1)

A A+14B+7C
'D(5)
A-3B+2C
'G(9)
3d2(45) A+4BH2C
E 3p(9
©) A+7B
3F(21
21 A-8B

The case of excited electronic configuration is also treated similarly. For instance, a
configuration such as 2p' 3p! has Iy =1,l,b =1, L =2, 1,0 and S =1, 0 and gives
rise to 36 states with the possible terms >D(15), 3P(9), 3S(3), 'D(5), 'P(3) and 'S(1).

The procedure for the determination of ground state term without the tedious task
of obtaining all the terms consists of: (i) listing all possible M; and Mg values and
(ii) applying Hund’s rules. As an example, consider nd” configuration. We have

+ ++ + + - - - -
42410 -1-2 42410 —1-2
My =3 L=3(F)
Ms=1 254+1=3

Hence >F is the ground state.
Principle of hole formalism: according to this principle the equivalence

P* = Px—6. 4" =d1()—x, fx — f14—x
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holds good. Consider application of this principle to Co?*(3d’) using this hole formalism
3d7 =3d%.
For d? configuration we have

+ +4+ + + - - - =
42410 -1-2  +24+10—1-2

My =3 L=3(F

Ms=3/2 §=3/2 25+1=4.

Hence “F is the ground state.

It is to be noted that 25 + 1 of the ground state term corresponds to the sum of the
number of unpaired electrons and one. The terms discussed thus far arise due to electron
repulsions.

4. Spin-orbit coupling
Spin-orbit interactions give rise to spin-orbit levels characterized by J, the total angular
momentum. M is known as the component of total angular momentum and it is written

as

mJ=J,J—1...—J
Degeneracy =2J + 1.

J values are obtained by coupling L and §
J=L+8,(L+S—-1D...|L=S5|

Consider the three terms ' S(1), ! D(5) and *P(9) of p? configuration

Term notation

1s(1) L=0 $=0 J=0 QRI+D=1 sy (1)
Ips) L=2 $=0 J=2 QI+1)=5 Ip,(5)
3p(9) L=1 s=1 J=2 QI+ =5 3Py(5)
J=1 QRJI+1=3 3P3)
J=0 @J+h=1 3po(D)

It is to be noted in general that the lower the J value, the lower is the energy for half-
filled electron configurations and the trend is reversed for electron configurations that are
more than half-filled. Thus in the case of the two configurations 2p? and 2p* the energy
level diagram will be similar except in the placement of its spin-orbit levels (J levels).

The various terms and the number of J levels for rare earths of different electronic
configurations are given in Table 2.1.
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TABLE 2.1
Terms of f4 configurations of Lot free ions.
Configuration Lot Terms Number of Number of
terms levels with
different J
f[ , fl3 CC3+, Yb3+ ZF 1 2
e pr3t, Tm3*+  ISDGI 3PFH 7 13
30 Nd*+,Er*  2PDFGHIKL 4SDFGI 17 41
2222
4, 10 Pm3+ Ho3t !SDFGHIKLN 3PDFGHIKLM ’SDFGI 47 107
24 423 2 3243422
7.7 Sm3*, Dy3+  2PDFGHIKLMNO 4SPDFGHIKLM ®PFH 73 198
457675532 2344332

ISPDFGHI KLMNQ 3PDFGHI KLMNO
4 648473422 659796633

£o, r8 Eult, T3+  SSPDFGHIKL ’F 119 295
32322
17 Gd3t 2SPDF G HIKLMNOQ “SPDFGHIKLMN 119 327
257101099754 2 226575533
SPDFGHI 8S

Some properties of lanthanides along with scandium and yttrium are given in Table 2.2.

The most conventional ground-state electronic configuration based on emission spectral
data along with the terms are given in Table 2.3.

As seen from the table there is no gradual filling of f and the two configurations,
4 f=15d'6s% and 4 f"6s* appear as ground states. Relative energy relationships between
these two configurations for lanthanides are shown in Fig. 2.3.

Itis clear from Fig. 2.3 that half-filled ( f7) and filled ( f'#) orbitals show greater stability
than elements with other f”-configuration [1]. This is also true for monopositive (Ln™) and
dipositive (Ln’*) ions but does not hold good in the case of Ln** ions which have regularly
increasing f" configuration.

The ground state configuration of lanthanides, 4 /"~ 15d'6s? or 4 f"6s? does not
determine the chemical behaviour of these elements. In forming Ln>* ions, an f electron
is removed. Lanthanides differ from transition elements in that 4 f orbitals are shielded and
are not available for reactions. Thus lanthanides resemble more closely alkaline earths and
the scandium group than transition elements in their chemistry.

The anomalous position of lanthanum and lutetium in the conventional periodic table has
been recognized and the debate as to the placement of lanthanum and actinium or lutetium
and lawrencium in group III B along with scandium and yttrium has received considerable
attention [2]. Early spectroscopic work indicated ground state electronic configurations of
[Xeld £135d'6s? for ytterbium and [Xe]4 f'#5d'6s? for lutetium with Iutetium as the last
member of the lanthanide series. The ground state configurations of La, Sc and Y were
assigned as [Xe]5d'6s?, [Ar]3d'4s? and [Kr]4d!5s? respectively in group ITI B. Based on
further spectroscopic work, all the rare earths have been assigned (Xe)4 f76s2 with the
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TABLE 2.2
Some properties of scandium, yttrium, and the lanthanides.
z Name Symbol  Electron configuration Valences M3t radius M3 colour
&)
21 Scandium Sc [Ar]3d!4s2 3 0.68 Colourless
39 Yttrium Y [Kr]4d! 552 3 0.88 Colourless
57  Lanthanum La [Xel5d!6s2 3 1.06 Colourless
58  Cerium Ce [Xel4 f15d! 652 3,4 1.03 Colourless
59  Praseodymium  Pr [Xeld f3652 3,4 1.01 Green
60 Neodymium Nd [Xeldf 4652 3 0.99 Lilac
61  Promethium Pm [Xel4 f36s2 3 0.98 Pink
62  Samarium Sm [Xel4 fO6s2 2,3 0.96 Yellow
63  Europium Eu [Xel4f 7652 2,3 0.95 Pale pink
64  Gadolinium Gd [Xeld f75d6s2 3 0.94 Colourless
65  Terbium Tb [Xeld f26s2 3,4 0.92 Pale pink
66  Dysprosium Dy [Xe}d f 10652 3 0.91 Yellow
67  Holmium Ho [Xel4 1652 3 0.89 Yellow
68  Erbium Er [Xeld f 12652 3 0.88 Lilac
69  Thulium Tm [Xelf136s2 3 0.87 Green
70 Ytterbium Yb [Xeld f 14652 2,3 0.86 Colourless
71 Lutetium Lu [Xeld f 1454652 3 0.85 Colourless
TABLE 2.3
Ground-state “outer” electronic configurations.
Atomic Symbol Configuration (spectroscopic term)
number Ln? Lot Ln?* L3t
57 La 5d16s2(>D3pp) 5d2(3Fy) 5d1(2D3p) 4£9('sg))
58 Ce afi5d'6s2(1Gy) 4f15dl6sCGrp)  4£2CHy) 411 (Fsp)
59 Pr 41365*(19/) 4136s' C1y) 4f3¢*1o)2) 412(3Hy)
60 Nd 41%6s°C1y) 414651 (C17,) 44 C1L) 43¢y
61 Pm 4£36s*(*Hsp) 4£56s! (THy) 4£5(Hsp) 41461y
62 Sm 41%6s*("Fo) 4£%6s! (BFy ) 415( Fy) 4£3CHsp)
63 Eu 4£7652(3S7)) 4£76s'(0S4) 4£73S71) 4£5(7Fy)
64 Gd 417541652 (°Dy) 4175d16s'(10Dsp)  4£75d1ODy)  4f7(8Syp)
65" Tb 4£%6s>(®Hys1) 41%6s! ("Hg) 4f%CHisp)  4r8(Fe)
66 Dy 4£1%6s2 (S 13) 4£106s! ®17/) 4r19C 1) 4£°(%Hys12)
67 Ho 41652 115.) 4fMes! OIg) afflénsp  4r9CH)
68 Er 412652(3H) 412651 (*Hy3p0) 4112(3H,) 414 ns)
69 Tm 41136522 Fy ) 4£136s! O Fy) 4f13CF;)  4f12(Hg)
70 Yb 4f16s2 (1) 4f16s1 28110 4r1(lsg) 4f13CF)
71 Lu 4145d1652(2Dsp)  4f1%6s2(1Sg) artesi sy 4F14(8y)

*Ground states of Tb? and Tb™ may be 48541652 and 4 785d16s!, respectively.
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40
30 4
Lanthanides
20 -
i 46 N15d652
5EN16d7s2
+ 10 s .
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Fig. 2.3. Relative energy relationships between f”s2 and £~ !d!s? ground-state electronic configurations.
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exception of La, Gd, and Lu which have ground state configuration of [Xe]4 f"~15d'6s.
Thus [Xel4 f 6s% and not [Xel4 f n-15416s? is the ideal ground state configuration of
lanthanides. Thus ytterbium and lutetium have [Xe]4 f146s? and [Xel4 f!45d'6s? ground
state configurations respectively. Thus Yb and Lu differ by a d electron and Lu becomes
the first member of 6d block elements.

Although thorium has the configuration [Rn]6d?7s? it is considered as an f block
element with an irregular configuration. This lends support to the supposition that La and
Ac should be considered as f block elements with irregular configurations derived from
the ideal configurations [Xe]4 f!6s? and [Rn]S f!7s? respectively. Thus La and Ac should
be considered as the first member of the f-block rather than Ce and Th. By the same token
Yb and No can be considered as the last members of the f block and not Lu and Lr and not
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TABLE 2.4
Periodic trends in various properties for the first part of the d-block [2].
Sum of the First
Atomic Two lonization Melting Electronegativity ®
Radii® Potentials® Point? (Alired-Rochow)
A ev) °K) Scale
/La Se Se Y Sc
/Y 1.915 19-45\Y 1812 1803\ 120 T~y
1.693 La 111
Se 1861y, 1193 \La
1570 17.04 1.08
versus versus versus versus
Y Se Lu Lu Se Lu
/.SQN 1945 >~ 20.85 /1925 120 /44
Sc Lu Y Se Y Y
1.570 1.553 18.61 1812 1803 1.11
Zr T Hf HE Ti e
/.593\ 20.40\ _~"20.40 " 2495 1.32\ /Aza
Ti Hi Zr Zr Zr
1477 1476 19.76 " 2130 1.22
L
Nb v Ta 1940 v Ta
/1.58‘.\ 20.94\ 2390 1.45\ 13
v Ta Nb /T‘ Nb
1.401 1413 20.78 Nb 3253 1.23
Mo or w " ma o w
v
/1.52«\ 228 s Y s 156 140
Cr w Mo Mo
1.453 1.360 22.86 w 1.30
_—" 3653
Te Mn Re Mo Mn Re
_"1301 23.07 24.47 2893 170 146
Mn N Re \Tc ~ o — \ Te /
1.278 1.310 22.10 2173 1.36
Re
Ru Fe Os Fe Os
/.410\ 24.08\ 2510 Tc/3453 1464\ /,52
Fe Os Ru Ru
1.227 1.266 23.96 Mn/ 2473 1.42
1517
Co Ir
Os 1.70 1.55
" a290 N Rh 1
Ru 1.45
/ 2700
Ni Pt
Fé 1.75 /1.44
1809 \ Pd
Ir 1.35
/ 2727
Rh
/ 2233
Co’
1768
Pt
/ 2042
pd
/ 1825
Ni
1728

La and Ac as the first members of d blocks in periods 6 and 7. Thus Lu and Lr are placed
in group III B along with Sc and Y.

The electronic configurations of La and Ac considering core plus valence electron are
similar to those of Sc and Y and not that of Lu and L, is an argument that fails in the light
of intraperiod and intragroup similarities discussed below.

The nine d-block elements of period 6 viz. Hf to Hg have [Xel4 f 14 core like lutetium
and not just the [Xe] core of the lanthanum. Similarly, in passing down the columns of the
d-block from Ti to Zn, the addition of 4 f subshell is encountered in moving from period 5
to 6. The periodic trends in atomic radii, sum of the first two ionization potentials, melting
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TABLE 2.5
A comparison of various properties of Sc and Y versus those of Lu and La [2].

Property Sc Y Lu La

Highest common oxidation state 3+ 3+ 34 3+

Precipitation of sulfate in fractional Y group Y group Y group Ce group

crystallization

Structure of metal at room temperature  hcp hep hep special double hep

Structure of oxide (M2 03) 3.[ABgalc 3. [ABejsle  2,[ABgsle  special hex. CN-7
A-M; 03 struct.

Structure of chloride (MX3) 21ABoplm L [ABeplm  [ABgjlm 3, [ABgylh

Presence of low-lying No No No Yes

nonhydrogenic f-orbitals

d-Block-like structure for Yes Yes Yes No

conduction band

Superconductivity No No No Yes (4.9 K)

point and electronegativity for the first part of the d-block are summarized in Table 2.4. All
the properties show that Lu resembles Sc and Y more closely than La.

A comparison of some properties of Sc and Y with those of Lu and La is given in
Table 2.5. All these properties favour the placement of lutetium and lawrencium, rather
than lanthanum and actinium in group III B.

The revised form of the medium-length form of the periodic table is given in Table 2.6.

5. Oxidation states

In general, the most common and stable oxidation state of lanthanides is +3. Examples of
lanthanides in +2 oxidation state are LnCl; (Ln = Nd, Sm, Eu, Dy, Tm and Yb), LnBr;
(Ln = Sm, Yb, Eu), Lnl> (Ln = Nd, Sm, Eu, Dy, Tm, Yb, La, Ce, Pr, Gd), LnF> (Ln =
Sm, Eu, Yb), LnS, LnSe and LnTe (Ln = Sm, Eu, Tm and Yb), LnSO4 (Ln = Sm, Eu),
LnCO3 (Ln = Sm, Eu and Yb), EuC,04, LnD», LnH> (Ln = Eu, Yb). Tetrapositive state
containing compounds involving Ce, Pr, Nd, Tb and Dy have been characterized. Some
examples are LnF4 (Ln = Ce, Pr, Tb), LnO; (Ln = Ce, Pr, Tb).

The electron configurations of the various oxidation states of lanthanides are given in
Table 2.7.

Among the divalent lanthanides Eu(ll) is the most stable in aqueous solutions. The +4
oxidation state is relatively stable in the case of Ce, Pr and Tb and the Ce** chemistry is
extensive in this group. The ionization of lanthanum can be written as

La® — Lat +e I} =5577eV

Lat — La’t +e L =11.06eV

La>" - La*t 4+e¢ K =19.175¢eV
S I=3581eV
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TABLE 2.6
Revised version of the currently popular medium-length block form of the periodic table.
1 2
H He
1A HA 1008 WA IVA VA VIA VILA| o0y
o] 3 4 S5 6 7 8 ] [[]
Ll | B BICINJO]F |Ne
2 Jeanlsorn 10.811] 12,011} 14.007}15.999] 16 958§ 20.183
" 131 ]15]16]17 |18
Na | Mg vt Al Si | P 5 [Ci|aAr
2 lazssnzans2{liB VB VB VIB ViiB r’"’*'_'l I8 UB 26,982} 28085133 974] 32 p6a]3s 133] 29.948
P 19 120121 122123242526 |27 ]28129 |30 3113233 34§35/} 236
K j{CalSc|Ti VIiCriMn|Fe |[CojNi |[CulZn]CalGe | As |5 |Br]|Kr
h )!:_lil_i 40.08 1449561 47.50]150.942{59.996{54.936 {55 847{58.933] $8 73 | 63.54 § 65.37 § 60,72 72.59 |74 922] 78.55 {79 909] 931 80
erioo] 37 | 38 [ 39 140 41 {42143 14414546 |47 [ 48 (49 150 S | 52 {531 %4
Rb | Sri{ Y [ZFr{Nb[Mo| T RUjRh |Pd | AQ{Cd! In|[Sn| Sb| Te i Xe
3 85.47 1 87.62]08.905] 91.22 [92.906] 95.94 | {99] {101.071102.91} 106.4 [107.670{ 112,408 (14821178 6212178 'é?iO 126 93113430
S5(sefl | 7213|4567 78| 7@ 80 8l|62]83184][85]86
Cs |Bojilv ftfF | Ta | WIRe|Os |ir | PH | AU]HG] TI|Pb|Bi {Po”]At" R0
¢ 132 911137.3:0174.979178.491180.95 [ 583.85] 186.2 | 190.2 | 192.2 1195.05] +95.97§200.59; 204 37{207.19{208.98] 219 210} | 222
perco] 87 | 881 103 | 1ee
Fre | Ra™]f Lr x| mo*
T {izast L2zs. 1 tassl} 160l
HAN 57 68159 [ 60| 61 | 62]63]64]65]66 16716816170
WTSER:DE LalCae{Pr {MNS[PM*ISmM]EU | Gd | Tb|Dy [Ho | Er | T} (b
E§|”-" a0 a2frao 93] vanga] f1a71 [ 190,351 151,961 157.25] 158. 921162 sofna 43147 271 148020473 L
ACTINIDE BITS0[91 19253 [ 9419595 (97 {98 |99 100} 1% 102
series] A | Th*| Por| U | Np*| Py |amx [Cmx B |Co* [Ea | Fm¥ Md™ | No*
227 [232.03] 231 23m.03] 2371 | tze21 | 23t} (a7} } treyl | Tasef | fanes ¢ fanrl ] i2s6] | i2esi
TABLE 2.7
Distinguishing electronic configurations describing best characterized oxidation states.
Symbol Configuration
0 +2 +3 +4
La 5d! 652 49 Lat)
Ce 45! 5d! 652 af' (Ce¥) 450
Pr 4f3 6s? 4f2 (P’ 4f!
Nd a5t 652 af4 43 (N> H) 452
Pm 455 652 4f* Pm>h)
Sm 456 652 456 455 Sm3h)
Eu 457 652 457 456 E*h)
Gd af7 5d! 6s2 47 (Ga3t)
Tb 459 652 4f8 (To*+) 4f7
Dy 4f10 652 4f9 (Dy3+) 4f8
Ho 4f]l 682 4f10 (H03+)
Er 4512 652 451 @)
Tm 453 6s2 4513 412 (Tm3+)
Yb 414 652 4f14 4f13 (Tm*h)
Lu 4f14 5d! 652 41 @ty
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The total ionization energy ) [ = 35.81 eV to be compensated by A Hpyqr which is
—784 K cal/mole and that La(IIl) aquo ions are stabilized. Further ionization producing
La(IV)

La’t - La*t +e I, =4595eV

involves 14 of 45.95 eV and cannot be compensated by the additional hydration energy and
hence La(IV) is not favoured. As a general rule one can write

La*" — La®+tDt per

and that such a process is not favoured when I, > z - 12 eV in the case of lanthanides.
Using the empirical rule, /4 of cerium is 36 eV to 39 eV depending on whether z - 12 or
z- 13 is used. This value is close to the experimental value of I3 = 36.76 eV. In the case of
transition metals, the empirical rule may be written as

M* > MY e L=z-15=3.15=45eV
Ti*T - Titt +e L1 =4327eV
Instead of considering the total hydration energy of the M*™ ion, it is possible to consider

the difference in hydration energy of M&~D+ and M*T ions to compare them with /.
Then we may write {3]

Iwn=E’+45ev=1I — 2z -k,

where k = 5.3 eV for 3d elements and 4.3 eV for lanthanides.
Using the empirical equations in the case of Ti(1II) and Ce(III) we have

Ti(N): EY=4327-7x53-45=+1.7V
Ce(lll): EY=36.76 —7x43—45=+422V

In the case of europium we have
Eu(l): E=247-5%x43-45=-13V (expt. —04YV)

The ionization energies of lanthanides to yield Ln(III) and Ln(IV) are given in Table 2.8.
It is seen from the data that all the ions have a ground state configuration of [Xe]4 f with
the exception of La’>* and Gd**.

There is a regular increase in I3 and I values with f” forn =1 to 7 and then forn =8
to 14. The highest values of I3 correspond to the existence of Eu(II) and Yb(II) and lowest
value of /4 corresponding to the stability of Ce(IV).

Using E° values of —0.4 V for Eu(Il) and —1.1 V for Yb(II), k values maybe calculated
from the equation

k= (I3 - E°—4.5)/5.
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TABLE 2.8
Ionization energies (in V) of monoatomic 4 f 4 systems M*2, M*3 and M (the ground states of Lat?2 and
Gd+2 would show I3, 0.89 and 0.295 eV higher, respectively).

q R+2 I RH3 n r+4 Is
1 La 18.28 Ce 36.76 Pr 57.53
2 Ce 20.20 Pr 38.98 Nd 60.0
3 Pr 21.62 Nd 40.41 Pm 61.7
4 Nd 22.14 Pm 41.1 Sm 62.7
5 Pm 223 Sm 41.37 Eu 63.2
6 Sm 23.43 Eu 42.65 Gd 64.8
7 Eu 24.70 Gd 44.01 Tb 66.5
8 Gd 20.34 Tb 39.79 Dy 62.1
9 Tb 21.91 Dy 41.47 Ho 63.9
10 Dy 22.79 Ho 42.48 Er 65.1
11 Ho 22.84 Er 42.65 Tm 65.4
12 Er 22.74 Tm 42.69 Yb 65.6
13 Tm 23.68 Yb 43.74 Lu 66.8
14 Yb 25.03 Lu 45.19 Hf 68.36

The calculated values of 4.01 and 4.33 eV for Eu(II) and Yb(II) differ by 0.32 eV which
can be attributed to decreasing ionic radius. The variation of I3 along the series is depicted
in Fig. 2.4. The variation of I3 shows irregularities at half-filled shell ( f 7), three-quarter
filled shell and quarter-filled shell. These irregularities are due to discontinuities in the
changes in the 4 f electron repulsion energy [4]. The AG? values refer to

MCl, — 1/3M(s) + 2/3MCls(s)
MF +Hf, — M+ 1/2Ha(g)

The type of variation of I3 or AG® observed is not seen in the case of reactions such
as complex formation between rare earths and EDTA and the enthalpy of formation of
trichlorides because in the latter reactions, 4 f electrons are conserved.

Deviations from regular smooth variation of properties of lanthanides occur at quarter-,
half- and three-quarter filled 4 f configurations which have been attributed to tetrad effect.
This effect has been attributed to small changes in Racah parameters when the ligands
around the metal change during the reactions. The half-filled shell effect and the quarter-
and three-quarter shell effects are caused by changes in E! and E? in the theoretical
ionization potential expressions for f* ions [4].

n E n E n E

1 U 6 U-5E9—9E! 11 U —10E% - 9E!

2 U-E%+9E3 7 U —6E? 12 U—-11E9—9g! —12E3
3 U-2E%+12E3 8 U—7E% —9E! 13 U~-12E0—9E! —9f3
4 U-3EY 9 U—8EY—9El +9E2 14 U-13E9—9E!

5 U—4E%—12E3 10 U-—9E% — 9!l 4 12E2
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Fig. 2.4. Variations in the energies of various lanthanide processes [4].

The ionization energy E is the sum of U the coulombic energy of an f electron and E°,
E', E? and E? are the Racah parameters which represent repulsion energy. When n = 8§,
we have aterm —9E! and E” at three-quarter shell and these terms are responsible for the
observed effects. For configurations f! to f7 exchange energy loss, which is proportional
to the number of parallel spin interactions that are destroyed, increases from 0 to 6. In f®
configuration the spin of the eighth electron is opposed to the other seven electrons and
when f3 ionizes no parallel spin interactions are destroyed. The 0—6 pattern repeats for
f8to £'* and this accounts for the half-filled shell effect. Thus the variation of I3 can be
understood in terms of increasing nuclear charge and exchange energy losses.

In lanthanide compounds such as LnBr; the absorption spectra contain bands in the
charge transfer region involving electron transfer from ligand to metal. From energies of
electron transfer bands it is possible to relate the redox potential with the electron transfer
bands. This type of relationship leads to E/[Tm3t/Tm?t] = —2.5 V, E[Pr*t/Pr3t] =
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TABLE 2.9
Values of EO[M>+ /M2%] estimated by spectroscopic correlation.
M EO[M3+/M2+] vy M EO[M3+/M2+] (V)2
La (3.1 Gd (-3.9
Ce (-3.2) Tb (=3.7D
Pr (-2.7) Dy (=2.6)
Nd (—2.6) Ho (-2.9)
Pm (—2.6) Er (-3.1)
Sm —1.55 Tm (—2.3)
Eu —0.35 Yb —1.15

3Estimated values are in parentheses.

TABLE 2.10
Thermodynamic properties lanthanide redox processes [4].

M AGO EO[M3+/M2+]/ EO[M3+/M2+]
(kcal mole™ 1) \%) V)

La (-73) (-5.8) (—3.8)

Ce (=33 (—4.2) (-3.5)

Pr (—6) (-3.0) (-3.0)

Nd 04 (-2.8) (-2.8)

Pm @) (-2.5) (-2.5)

Sm 3245 ~1.50£0.2 ~-1.50£0.2

Eu (48£3) —-0.35+0.03 ~1.50+0.03

Gd (—50) (4.9 (—3.6)

Tb (—17) (-3.5) (-3.5)

Dy 6 (—2.6) (=2.6)

Ho 48] (-2.9) (-2.9)

Er (—6) (3.0 (=3.0)

Tm (15) (=2.1) (2.1

Yb 38%5 ~1.1040.1 -1.10£0.1

3.2 V and E[Tb*" /Tb**] = 3.1 V. The important point involved in this method is the
linear relationship between charge transfer band energies and redox potentials. Some data
obtained in this way are given in Table 2.9.

An alternate approach involving thermodynamic calculation for the reaction

LnCly(s) = 1/3Ln(s) + 2/3LnCl3(s)
leads to AG® and E[M>*/M?27] values given in Table 2.10.

5.1. Ocxidation states of the lanthanides

It is clear that both the thermodynamic and spectroscopic approaches agree well with
respect to the estimation of redox potentials and stabilities of lanthanides in different
oxidation states.
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6. Size variation in lanthanides

The variation of atomic and crystal radii of Lanthanides along with those of Sc and Y is
obvious from the data in Table 2.11 and Fig. 2.5.

There is a regular increase in both atomic radius and crystal radius with an increase in
atomic number as exemplified by Sc(21), Y(39) and La(57). As one progresses further,
both atomic and crystal radii decrease with increasing atomic number with the exception
of atomic radii of Eu and Yb. The observed decrease in size is known as the lanthanide
contraction. The lanthanide contraction is attributed to imperfect shielding of one f
electron by another f electron. As the nuclear charge and 4 f electron population increase,
imperfect shielding due to the directional nature of the orbitals results in each 4 f electron
being pulled towards the nucleus. This results in contraction of the 4 f” disposition and
hence a decrease in the size of atoms and ions. The contraction is evident in Ln** ions with
the exception of Gd** ion which has a half-filled shell f7. A similar trend is observed with
Ln?* and Ln** ions although the data are limited. Anomalous positions of Eu and Yb in
the atomic radii are worth noting.

TABLE 2.11
Atomic and crystal radii.

Atomic number Symbol Atomic radius? Crystal radius (A)
A) +2° +3° +4b
21 Sc 1.641 (a) 0.68"
39 Y 1.801 (a) 0.88>
57 La 1.877 (2) 1.061
58 Ce 1.824 y 1.034 0.92
59 Pr 1.828 (a) 1.013 0.90
60 Nd 1.821 0.995
61 Pm (1.810)¢ 0.979)4
62 Sm 1.802 (a) 1.11 0.964
63 Eu 2.042 1.09 0.950
64 Gd 1.802 (a) 0.938
65 Tb 1.782 (a) 0.923 0.84
66 Dy 1.773 0.908
67 Ho 1.766 0.894
68 Er 1.757 0.881
69 Tm 1.746 0.94 0.869
70 Yb 1.940 (a) 0.93 0.858
71 Lu 1.734 0.848
89 Ac 1.878 1.11b

3For coordination number = 12 and modification listed. Non-hexagonal crystal structures = y-Ce, fcc; a-Sm,
rhomb; Eu, bec; a-Yb, fee; Ac, fee. Data from A H. Daane, in: The Rare Earths, John Wiley, New York (1961),
Ch. 13; K.A. Gschneider, ibid, Ch. 14 (see Table 22).

bwH. Zachariasen, in: The Actinide Elements, McGraw-Hill, New York (1954), p. 775.

°D.H. Templeton and C.H. Dauben, J. Am. Chem. Soc. 76 (1954) 5237.

9dEstimated.
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Fig. 2.5. Variations in atomic and crystal radii. The Chemistry of the Lanthanides, Reinhold Book Corporation,
New York (1963), pp. 21, 22.

The implications [6] of the explanation of the lanthanide contraction given above are
(i) the size of the lanthanide atoms or ions is determined by the 4 f subshell and (ii)
the contraction of the size is due to the angular part of the 4 f wave functions. These
implications have recently been questioned and it is useful to examine the problem in some
detail.

The decrease in radius in moving from La3* to Lu®* is 117.2 to 100.1 pm which is less
than 114-88 pm for elements Ca* to Zn?". In the case of Sc3* to Ga’*, the radius
decreases from 88.5 to 76 pm. This comparison shows that the percent contraction is
greater in the case of Sc3t to Ga3t and Ca?* to Zn?" series than lanthanides series. The
fact is that the magnitude of the lanthanide contraction is small and the usual interpretation
of magnetic and spectroscopic properties of the lanthanides are inconsistent with the idea
of considerable shielding of 4 f electrons from the chemical environment of the ion by
the 5s%5p® configuration. Thus the implication that the size of lanthanide atoms or ions is
determined by the 4 /" subshell must be incorrect.

In the third transition series the 4 f shell is complete and has spherical symmetry and
angular effect. Any effect must be due to the radial part of the appropriate wave functions.
Thus so far as the effects on the third series of transition elements are concerned the second
implication that the contraction is due to the angular part of the 4 f wave functions does
not appear to be convincing.
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Using Slater’s rules the radius R, of the maximum is a spherical charge density function
which can be calculated using the formula

Rm=n"2Z""1x52.9 pm,

where Z* and n* are the effective nuclear charge and effective quantum number,
respectively. In the case of Gd*t, Ry, = (5p®) 69 pm and (4 f7) 24 pm which means 4 f’
is located deep inside the ions. R, for 4 f" is slightly more than one-third of that of 5p®.
The radius of f shell falls by the 32 percent in going from Ce** to Ln*(35.6 to 24.4 pm)
which is greater than 21% in the case of 5p®(80.0 to 63.2 pm). From this it is clear that the
f shell contracts rapidly well inside the outermost core electrons.

For Gd the ratio of the electron densities of 4 f7/(5p® + 55%) 4+ 0.21 at Ry, (5p%)
decreases to 0.07 at the ionic radius of Gd. Thus 4 7 contributes 10% to the electron
density in the outer regions which is not a negligible contribution to the size. Although
this is the case 5s°5p® configurations is a radius-determining configuration with minor
contribution from 4 f which increases along the series. As the f shell occupancy increases
more rapidly than f orbital density and the ionic radius decreases from the contraction, the
small effects of f electrons act in opposition to the contraction.

Having shown the angular part of the 4f wave functions to be insignificant, the
explanation for the contractions may be sought in the radial part of the wave function.
There is only one radial maximum for 4 f, and within R, (4 f) there will be small shielding
of other electrons by 4 f electrons. The third radial maximum of 5p® and the fourth radial
maximum of 5s orbitals lie inside the maximum of 4 f. Thus there is penetration of 5s
and Sp orbitals into 4 f and consequent dependence of size on nuclear charge. Thus the
lanthanide contraction may be viewed as penetration effects on size and orbital energies
of polyelectronic atoms. In terms of shielding, the significant shielding is for 5525p®
configuration and not for 4 f electrons.

7. Interconfigurational fluctuations and their consequences [7]

In the case of normal rare earth intermetallic compounds, it is quite plausible to assume
that the rare earth has well-defined 4 f" configuration with an oxidation state of +3.
Thus the behaviour of the rare earth ion in a metallic system is similar to insulators. The
4 f electrons are strongly correlated in atomic type configurations characterized by total
angular momentum quantum levels, J in accordance with Hund’s rules.

Rare earth ions interact with conduction electrons giving rise to spin density oscillations
in the conduction electron cloud which is responsible for the magnetic ordering of rare
earth metals. The interaction, however, does not result in appreciable width of the energy
levels of the ion. As a first approximation, the rare earth metallic system can be considered
as an assembly of rare earth ions with a well-defined magnetic moment interacting among
themselves through the conduction electrons.

The above description of intermetallics has proved to be inadequate in the case of some
intermetallic compounds of Ce, Sm, Eu, Tm and Yb. The experimental data in these
systems suggest that the rare earth ions fluctuate between two electronic configurations
of 4f" and 4 f"~! but appear identical in time average. An important consequence of
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the fluctuation of configuration is the demagnetization of the 4 f shell with TmSe as an
exception. This phenomenon exhibited by rare earth ions is referred to in the literature
in many ways, namely valence fluctuations, interconfiguration fluctuation, mixed valence
and intermediate valence. On an average, the rare earth ion in such a context has a non-
integral 4 f electron occupancy which reflects itself in many physical properties such as
lattice parameters, magnetic susceptibility, Mossbauer isomeric shift and Hall coefficient.
Ce metal and SmS are the two best studied systems exemplifying interconfiguration
fluctuations.

Many models have been postulated to account for the interconfiguration fluctuations
(ICF) in rare earth intermetallic compounds. We will consider Hirst’s model which assumes
thatthe 4 f electrons are highly correlated and preserve their atomic-like features during the
valence fluctuation. Both the X-ray photoelectron spectra and the magnetic susceptibility
of rare earth intermetallic compounds can be successfully explained on the basis of Hirst’s
model [8,11].

8. Hirst’s model
The Hamiltonian of the 4 f rare earth ions may be written as
H =Hion + Hintra + Hinter

and
Hion= =V + Up(n — 1)/2,

where Hinra represents the energy involving interactions giving rise to metal-like L, §
terms and crystal field splittings of J levels, Hiner is the energy of interaction between
conduction electrons and the localized 4 f electrons, —V;, is the attractive potential energy
of n 4 f electrons on the rare earth ion and U, (n — 1)/2 is the coulomb repulsion among
the 4 f electrons taken as pairs.

Let us consider an assembly of rare earth ions placed in a sea of nearly free conduction
electrons. Let E ¢4 be the energy required for the process

4f"—>4fn_l+e

and the released electron be placed at the Fermi level Er of the conduction band. This
process is shown in Fig. 2.6.

The figure shows both 4 f" — 4 f*~! and 4 f" — 4 f"*! transitions and the energies
involved in the transitions may be written as

Ee=(Eyn—1 —Eq) + EF
Ee_:')_(c = (En+1 —E;)— Er

where E,_i, E,+1 and E, are the energies of ground states of 4 f*~!, 4 f"*+! and 4 "
configurations, respectively. The particular 4 f configuration is stable when the energies
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Principai
f-like band

Fig. 2.6. Configuration-based energy levels of a rare earth ion with stable configuration 4 f. The 4 f* — 4 f n—1
transitions are the XPS transitions whereas the 4 f — 4 f#~ ! wransitions are BIS transitions.

. _ N - _ 4
are favourable (i.e.) when E_ . and E_ are positive. When E_ . or E_, . approaches zero

the rare earth ion is considered to be at ‘configuration crossover’ and the transitions

4" > 4f e (electron emission)

4f" 4 e— 4] (electron absorption)

are favoured with the electron emission or absorption in the sea of conduction electrons
and EZ;. and EJ_ varies between a positive value and negative value.

We now turn to the interaction between the conduction electrons and the 4 f electrons
of the rare earth ions. The strength of the interaction, A is of the order of 0.1 eV. This
interaction results in introduction of a small width to the energy levels of localized
and highly correlated 4 f electrons. However when the rare earth ion is at the point
of configuration crossover, this interaction produces a strong mixing between 4 /" and
4f"1 or4f" and 4" as the case may be. The main criterion for the stability of 4 f"
configuration against fluctuations may be stated as

EL.>A andnot U > A.

Although U is of the order of 10 eV, the rare earth ion experiences rapid inter-
configurational fluctuations if EL. ~ A. The large value of U (10 eV) in comparison
to 0.1 eV for A is responsible for preserving the atomic-like features of the rare earth
ion during the interconfigurational fluctuations. Hneer causes strong mixing between the
two configurations which gives rise to a narrow f-like band at the Fermi level, named by
Hirst as the principal band. This band is due to the fact that the rare earth ion is at the
point of configuration crossover and is typical of systems undergoing interconfiguration
fluctuations. The density of states p(E) of such a system would appear like Fig. 2.6,
namely a smooth function superimposed with a pronounced peak maximum at energy,
E = EFf, where EF refers to Fermi level.
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According to the model the period t of the interconfigurational fluctuation is given by
the width, dE (= ht) of the principal band. The average valence V is given by

tv=nt,+n—- D11,

where 1, and t,_; are the residence times of the rare earth ion in 4 /" and 4 f n—1
configurations.

Rare earth compounds exhibiting intermediate valence are common in the case Ce, Sm,
Eu, Tm and Yb. Ce and Yb form compounds which exhibit intermediate valence more
often than other rare earths. Typical examples of Ce compounds are CePd3, CeSn3, CeAls,
CeN and CeB4. Some of the compounds exhibiting intermediate valence are [9] YbAl,,
YbCu;,Sip, YbsSbs; EuCusSip, EuRhy, SmS, TmSe. There are two methods by which
a rare earths ion attains the interconfiguration fluctuation state namely: (i) by varying
temperature and pressure and (ii) alloying with other material. Ce metal and SmS are
examples where ICF occurs by alloying with another material as well as by varying
conditions such as variation of temperature and pressure.

In the case of Sm metal, the Sm atoms on the surface are in +2 state and the Sm atoms
in the interior in +3 state. This observation shows that the energy E. which stabilizes
the +3 state in the bulk and prevents it in going to +2 state, experience a reduction at the
surface thereby placing the Sm atoms at the configuration crossover. A similar phenomenon
has also been observed in the case of Yb ions in YbAu,.

Fine particles of metallic Eu and Yb have been shown to exhibit valence transition with
critical particle sizes of 50 A for Eu and 35 A for Yb. At these critical particle sizes, there is
areduction in the lattice constant with no change in the critical fcc structure. There appears
to be a change in valence from +2 to +3. This effect may be due to a shift in the position
of Fermi level, EF such that E_, . approaches zero resulting in the ions at the configuration
crossover. ICF state can in general result in lattice constant anomaly due to the fractional
occupation of the 4 f shells. Thus once ICF is identified in a system, valence fluctuation
can be studied by many techniques.

The methods by which the phenomenon of interconfiguration fluctuations may be
studied are: (i) determination of lattice constant, (ii) magnetic susceptibility measurements,
(iii) Mossbauer spectroscopy, (iv) measurement of electrical resistivity, (v) Hall effect,
(vi) X-ray absorption spectroscopy and (vii) X-ray photoelectron emission spectroscopy.
It is useful to note that a suite of techniques must be used to detect ICF phenomenon
in a system. Nuclear magnetic resonance is sparingly used because not all the systems
exhibiting ICF contain magnetically active nuclei.

The utility of some of the methods in the study of materials exhibiting ICF can be
illustrated by considering the well-known compounds EuCu,Si> and YbCusSiz. The
average valence of Eu in EuCu,Siz depends upon temperature and pressure while that of
Yb in YbCu»Si; is nearly independent of temperature and pressure. These compounds are
tetragonal with a space group Dyp, and resembie ThCr,Sis structure and have two chemical
formulae per unit cell. The four copper atoms in the unit cell are equivalent and results in
one resonance signal for each copper nucleus in the nuclear magnetic spectrum (NMR).
Quadruple interaction in SmCu,Si;, EuCu;Si; and YbCusSi; compounds [10] has been
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Fig. 2.7. Temperature dependence of quadrupole coupling constant ezq Q of 63Cu; O, SmCusSiy; @, EuCuy Siy;
®, YbCu;Sis.

studied. The NMR signal splits into 21 components and the interaction frequency is given
by

wq = 3e’qQ/21(21 — 1A
and the Larmor precision frequency by
wL =y Hy.

When the interaction frequency wq is not small in comparison to the Larmor precision
frequency, wr, the resonance transitions other than the principal one, ¥2 < —%2 are
generally difficult to observe. In such a situation the value of ¢ is obtained from
the splitting of the principal transition. The values of e?gQ obtained as a function of
temperature are plotted in Fig. 2.7.

From NMR Spectra obtained as a function of temperature and applied field, the values
of electric field gradient (EFG) represented as g Q in MHz are obtained. EFG values
plotted as a function of temperature in Fig. 2.7 for EuCu,Sip show strong temperature
dependence while YbCu;Si; and SmCu;Si; show a slight temperature dependence. The
electric field gradient fluctuations are due to rare earth charge fluctuations which have a
frequency of about ~ 10!?/s. The NMR signal is due to the average EFG at the Cu nuclide.
The average valence in YbCu,Si; is independent of temperature while EuCu,Siy exhibits
strong dependence on temperature. The anomalous temperature dependence of EuCu;Si;
is due to the dependence of average valence on temperature although both Eu and Yb
compounds are ICF Systems.
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Fig. 2.8. The X-ray absorption spectrum of the mixed valance system EuCu;Sij at 300 and 77 K. The peaks (a)
and (b) of the deconvoluted profiles refer to Fu?' and Eu3™, respectively. EuCu,Ge; has been chosen as the
reference for divalent europium [9].

In the case of the single phase alloy Smg 5 Ybg sCuzGe> the NMR signal due to copper
was not detected and the resonance line broadening beyond the point of detection due
to spatial fluctuation of EFG at the copper nuclei explains the reason why rare earths in
EuCu,Sis and YbCu;Siy ‘appear’ identical to the copper nuclei.

Knight shifts (K.S.) also provide useful information on the magnetic state of the rare
earths ion in compounds of the type CePt;_, Rh,. Cerium is trivalent in CePt and
nearly tetravalent in CeRh;. In mixed alloys CePty—xRh, cerium is expected to be in an
intermediate valence state (i.e.) between 3 and 4. With alloys 0 < x < 0.75, the knight shift
of 193Pt has been found to be the same as in CePt,, with a positive value and temperature
dependent. This signifies with alloys, 0 < x < 0.75 cerium is in the trivalent state. When
the alloys with 1.25 < x < 1.75 the Knight shift was small and independent of temperature
signifying the presence of tetravalent cerium.

X-ray absorption edge studies [9] on EuCu;Siz, YbCu;Siz and SmyBi3 show in general
absorption profiles consisting of two peaks which can be further resolved into two
absorption edges belonging to two valence states of the rare earth under consideration.
The X-ray absorption spectrum of the mixed valence systems EuCu»Si; at 300 and 77 K
is shown in Fig. 2.8. For comparison, the reference spectrum of EuCu;Ge; is also shown.
The peaks (a) and (b) of the deconvoluted profiles correspond to Eu>* and Eu’* states,
respectively. As is obvious the +3 state peak intensity increases and the 42 state peak
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intensity decreases when the temperature decreases from 300 to 77 K. In the case of
SmyBis the ratio of peak intensities of +2 to +3, states of 3:1 was observed showing

the formula of SmyBi3 to be Sm§+Sm3+Bi3 rather than Smi“zLSm? TBig.
3 3

9. Ionic radii and coordination number N

In the chemistry of rare earths one frequently encounters statistically disordered, non-
stoichiometric compounds, even of cubic symmetry [3]. It is obvious that many inorganic
compounds do not contain distinct molecules. Considering NaCl as an example, each
Na™ ion is surrounded by six CI~ ions in an octahedral disposition and each Cl1~ ion
is surrounded by an octahedron of six Na™ ions. Thus the coordination number is 6 for
both the cation and anion. In CsCl both cation and anion have N = 8. In a way Cak;
can be considered as a super-structure of CsCl lacking half the cations but retaining cubic
symmetry. In CaF,, Ca’* has N = 8 with 8F~ ions forming a cube and F~ ions have N = 4
with 4 Ca®* ions forming a tetrahedron. Many CaF,-type minerals are non-stoichiometric
and yttrofluorite is an example (Caj_, Y Fy1,). In this mineral x = 0.3 and the excess
fluoride is situated on the empty cation positions. Normally anion deficiency is observed
as in the case of thorianite, Th|_,R,0»_g s, where R = lanthanides. Disordered fluorite
structure occurs in ErgsZrgs0) 75 which lacks an eighth of an oxide. The compound
Dy>Zr,07 has a cubic superstructure of fluorite, pyrochlore where Dy(III) has N =8 in a
distorted cube and Zr(IV) has N = 6 in a distorted octahedron. The pyrochlore structure
of ErTioO7 has Ti(IV) pulling oxide anions away from Er(III). Some disordered mixed
oxide structures have epitaxial layer structures.

Considerations of crystal structures of compounds of rare earths show small and
systematic deviations from high symmetries. Perovskites of the formula RMO3z when
R(III) is large and M(III) is small have non-cubic symmetry. LaRO3, where R = Er, Tm,
YD belong to perovskite group but decompose above 650°C giving rise to mixed oxides.
Perovskites of the type La;_,Eu,AlO3 have low local symmetry and N = 12 does not
mean roughly equal La-O distances.

The thee types of oxides are: (i) hexagonal A-type R203, where R has N =7 with two
triangles in planes perpendicular on the axis containing the seventh neighbour atom; the
oxides readily dissolve in acids; (ii) complicated low-symmetry B-type and (iii) cubic C-
type with N = 6 also exemplified by Sc,O3 do not dissolve in acids readily. A quarter of M
{metal) in C-type is surrounded similar to Ti in pyrochlore Er; TiO; while the remaining
metal has six oxide neighbours very far from forming a regular octahedron. These irregular
structures are much more regular when seen from the point of view of the oxygen atom.
Actually these oxides have to a good approximation four atoms of M in a circumscribing
regular tetrahedron as is the case in basic beryllium acetate Be4O(CH3COO)¢ which has
a hexagonal structure. In the case of Cr,O3, Fe;O3 and Ga; 03, we have N = 4 for oxide,
N = 6 for M(III) which is closer to octahedron than in the case of C-type rare earth oxides.
In general, in a compound M, X}, where all M atoms and X atoms are equivalent.

N (number of M—X contacts) for M = b/aN,.
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It should be noted the coordination number, N for trivalent lanthanides does not bear the
same relevance and context as the transition elements, Fe(3d), Pd(4d) and Pt(5d). The 4 f”
electron population does not influence N in moving along the lanthanides series while
the d electron population has considerable influence on N in the transition metals. Taking
nickel as an example we have compounds of Ni(I'V), Ni(IlI), Ni(II) and Ni(0). The majority
of the compounds are of Ni(Il) such as Ni(HzO)éJ’, Ni(NH3)éJr which have N = 6 and
an octahedral disposition. The compound KNiF;3 is a cubic perovskite with N = 6 and
also paramagnetic. When Ni(II) forms diamagnetic complexes N = 4 with a square planar
disposition. Tetrahedral NiCIf;_ with N = 4 tetragonal-pyramidal Ni(CN);~ with N =35
are also known.

Unlike d transition elements, 4 f orbitals in rare earths hardly have any influence on
bonding in trivalent lanthanide compounds. This does not mean that covalent bonding
does not play a role, but it is difficult to obtain evidence for such a situation. Consider the
dissolution of strongly calcined CeO; and ThO; in boiling sulphuric acid. The dissolution
process is slow and it may be due to the large Madelung potential in the fluorite-type
crystals which leads to a high Arrhenius activation energy for dissolution but in part also
due to covalent bonding in CeO; and ThO;. The X-ray emission spectra of CeO; and ThO;
show evidence of covalent bonding in these oxides involving oxygen 2p orbitals with Ce
4 f and Th 5 f orbitals. It should be pointed out that it is very difficult to obtain evidence
for covalent bonding because in the linear combination of the atomic orbitals (LCAO)
model it is due to the five empty 5d orbitals and the empty 6s orbital. Similar difficulty is
encountered in explaining covalent bonding in Cu(I), Zn(II) and Ga(IlI) compounds which
may in part be due to empty 4s orbitals and to a lesser extent to the three empty 4p orbitals.

Many models are available to explain the covalent nature of compounds. Molecular
orbital (MO) calculations in molecules based on LCAO are not quite satisfactory because
they relate to weak effects compared with the binding energy of a nucleus with +Z
charge surrounded by Z electrons. The binding energies are not much greater than bond
disassociation energies and MO approach based on LCAO is not quite satisfactory in
explaining the extent of the covalent nature. Valence shell electron-pair repulsion (VSEPR)
theory not based on LCAO is quite satisfactory in explaining the behaviour of non-
transitional group elements. This theory requires the spherical region of valence shells
to be divided between bulky lone-pairs and bonding electron pairs having smaller angular
requirements when the other atom has a higher electronegativity. The weakness of this
theory is that it is an empirical fact that elements boron to fluorine have four electron
pairs while the subsequent elements have six pairs of electrons. This can be rationalized
by Kimball’s concept of non-overlapping spheres each containing a pair of electrons
giving rise to tetrahedral and octahedral distribution of spheres. Kimball’s model results
in unusually high values of kinetic energy of electrons in the spheres. Changes in kinetic
energy have been thought to be the driving force behind covalent bonding. Kinetic operator
and the Virial theorem which states that the electronic kinetic energy in any stationary state
cancels exactly half the potential energy determine the average radius of 1s electron in a
hydrogen atom. The main difficulty in describing in terms of electron pairs is that we are
not certain that all chemical bonds can be assigned two electrons in a significant way.
According to the 18-electron rule, N of d” systems is ¥2(18 — n) when #n is even. This
rule has enjoyed some success in organometallic complexes but there are many exceptions
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like square planar d® Ni(CN);~ and linear d'® Cu(CN);. And there are difficulties in
assigning 2N electrons to covalent bonding resulting in NaCl-type oxides, nitrides and
carbides (NiQO, LaN, HfC) which have N = 6 in excess of 4 valence orbitals and in CaF,-
type Be,C with N = 8 for carbon.

The coordination number, N of lanthanides varies significantly and no intrinsic property
of 4 f group atoms predetermines a high propensity for a given N value and symmetry as
is common with transition elements like 3d> Cr(III), 3d°® Co(III), 3d® Ni(II), 4d® Rh(III),
and 5d° Ir(II) and Pt(IV). In the case of lanthanides, N takes on values from 3 to 16 as
shown by examples given below.

RBI‘3 s RI3 s RN3
LuC4Er(II)S,
RCI, ™, RBr; ™, RI; ", Cs;NaEuClg

22222
i

I
- AW

2 [Mg(H,0)5* 1, [R(0,NO) " 1o-6H,0
NdIIDO» icosahedron

16 Ce(Cg Hg );

(C2Hs)3YbCNCgH|

4
I

The electronic densities as determined by X-ray diffraction appear to be superposition
of atomic quantities with the exception of the hydrogen atom. Spectroscope techniques
give the instantaneous picture although atoms are in motion. Rotational spectra give a
time-average picture. Electron diffraction gives time-average interatomic distances like X-
ray diffraction but is lacking in anisotropic information derived from spatial orientation in
the crystal. No matter which technique is used, it will be difficult to define N when one
obtains a distribution of non-equivalent distances between atoms. As an example, LaF3
may be considered. La has eleven fluorine neighbouring atoms with two fluorines at long
distances with the effective N =9.

10. Chemical polarizability and soft character [12]

According to the geochemical classification of elements, the two major categories are:

o lithophilic elements: alkali, alkaline-earth metals, Al, Ti, Si Y, Zr, Nb, lanthanides, Hf,
Ta, Th, U occur as silicates, mixed oxides,

o chalcophilic elements: Cu, Zn, As, Se, Ag, Cd, Sb, Te, Hg, Tl, Pb, Bi occur as sulphur
bearing minerals,

¢ intermediate elements: Ni, Ge, In, Sn occur both as silicates and sulphides.

From the study of complexes, Ahrland Chatt and Davies arrived at a classification
scheme comprising A-type and B-type central atoms corresponding to lithophilic and
chalcophilic elements.

o A-type (lithophilic): high affinity for fluoride and oxygen-bearing ligands,
o B-type (chalcophilic): affinity for I, Br~, S bearing ligands, PH3, NH3, —NH,.
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According to Abegg and Bodlinder, noble materials with positive E? (relative to
hydrogen) preferentially form complexes with I, $>~ and CN~ corresponding to B-type
classification. Seen from the point of view of classical methods of qualitative analysis,
metal ions precipitated by HS are chalcophilic or B-type and metals precipitated as
hydroxides are in general lithophilic or A-type elements. Trends of this nature have
also been observed in complex formation constants with multidentate ligands. All these
observations led to Pearson’s hard and soft acid base principle (HSAB). According to
HSAB classification, we have:

A-type atoms and other antibases—hard acids.

Fluoride, oxygen containing ligands—hard bases.

B-type metals (antibases)—soft acids.

Iodide, cyanide, phosphine, sulphur-bearing ligands—soft bases.

According to the HSAB principle, hard acids react preferentially with hard bases and
soft acids react preferentially with soft bases. It is clear from the above description of
the various factors leading to the enunciation of the HSAB principle that the general
concepts underlying the HSAB principle are not new. To a good approximation, hardness is
synonymous with electrovalent bonding while softness is not the same as covalent bonding.

Consider the halides and the properties associated with them, such as electronegativity.
The electronegativities for F~, C1~, Br~ and I are 3.9, 3.0, 2.8 and 2.5, respectively, and
the orderis F~ > CI™ > Br™ > I~ which is also the hardness order. The electronegativities
obtained from electron transfer spectra and from ionization energies in photoelectron
spectra are not necessarily associated with the hard or soft behaviour. Viewed from the
optical electronegativities of central atoms, there is some correlation between softness
and oxidizing character with some exceptions like TI(IIT) and Hg(II). TIIII) has higher
ionization energy, I than Mn(l), although the chemical shift of I of inner shells contains a
substantial contribution from the interatomic relaxation effect corresponding to chemical
polarization. This observation shows less correlation with the softness of the central atom.
When considering the increase in polarizability from F~ to I™ it is necessary to bear in
mind: (i) that the electric dipolar polarizability « for weak field strengths are much smaller
for species like hydride (—I) and fluoride (—I) than gaseous H™ and F~ and (ii) that «
values of cations have very little to do with softness. Some o values in A3 and given
below.

F(-I) 0.8 Cl(-T) 3.0 Br(—I) 42 K- 6.3
Ne 0.39 Ar 1.63 Kr 2.46 Xe 40
Na(l) 0.3 K@D 1.2 Rb() 1.9 Cs(D) 29
Mgdh) 0.1 Ca(Il) 0.9 S 1.4 Ba(Il) 24
AI(II) 0.0 Sc(IID) 1.1 Y L5 La(IIl) 22
Zn(Il) 0.9 Mn(ID) 1.3 Ag(D) 23 Ce(IV) 4.0
Cu(Il 1.0 Cd(1 1.7 Cddn 1.7 Hf(IV) 1.7

In(IID) 1.6 Th(IV) 2.7

The value of « is larger for isoelectronic halide than noble gas and smaller for
isoelectronic cations. The « values do not show dramatic decrease as a function of
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oxidation state as expected for gaseous ions. On the other hand the « values reach a
minimum between M(II) and M(III). In normal circumstances, « is proportional to the
summation over all excited states of the oscillator strength divided by the square of the
wave number of the transition. This approach leads to high values of « for Py(IV), 4 to
5 A% for Ti(IV), 2.2 A3 for Fe(III). The o values increase from 2.2 A3 for La(Ill) to 2.4 A3
for Ce(III) and then decrease to 1.6 A3 for Yb(III). Further from a comparison of « values
of Ca(II) with Cu(Il), Ag(I) with Cs(I) and Cd(II) with Ba(Il) it becomes increasingly clear
o appears to have little to do with polarization.

Many attempts have been made to define physical quantities that relate to softness and
the parameter o o of Ahrland as the energy of the process

2+ _ -
Mgas — Maq = Z€yys

divided by Z appears to be somewhat relevant as seen from the values given below [3].

HD 23 K() 1.0 Fe(ll) 3.1 Sr(Il) 0.8 La(IIl) 0.6
L) 00 Ca(Ily 0.7 Ni(ID) 2.0 Y(II) 0.6 Ce(IV) 2.0
Be(Il) 12 Sc(lD) 1.2 Cu(I 3.1 cd(m 3.6 He(ID 5.1
Na@) 09 Cr(ID) 2.1 Zn(Il) 3.1 In(IIT) 33 TIT) 27
Mg 14 Mn(ID) 2.0 Ga(IlD) 2.9 Cs) 1.2 TI(T) 43
AN 1.6 Fe(Il) 2.0 Rb(T) 1.0 Ba(l) 0.9 Pb(ID) 36

These values reflect more closely softness defined by the HSAB principle. There are
some discrepancies and the main drawback is that this approach tends to overestimate the
softness to an extent proportional to Z. Neglecting the distinction between enthalpy and
free energy o A can be written as

on = (E° +4.5) — (AHyon/Z),

where EY is the standard oxidation potential of the metal, AHom is the heat of
atomization and Z the charge. It is useful to note that the hydrogen electrode constant
4.5 produces a constant shift in o o and the monoatomic I,, values are not necessary. Thus
one gets 1.29 for Mg(Il), 0.64 for Y(III) and 0.71 for La(Ill} in fair agreement with the
values quoted earlier. The following values for o o are obtained by this approach.

Cr(IID) 2.6 PA(ID) 35

CoIIN 34 AgD 2.35

Cu( 1.55 Bi(IIT) 4.1

Ce(III) 0.72 Pr(II) 0.93 Nd(IID) 1.05 Sm(IIT) 1.51
GdaI) 085 Dy(II) 1.18 Ex(Il) 1.07 Tm(IIT) 1.45

The values of o for Sm and Tm are high and these elements have low heats of ionization.
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Klopman developed a theory [13] applied to chemical reactivity based on the quantum
mechanical perturbation method. This method emphasizes the importance of charge and
frontier orbital-controlled effects. The frontier orbitals are the highest occupied molecular
orbitals (HOMO) of the donor base atom and the lowest unoccupied molecular orbital
(LUMO) of the acceptor atom in the acid molecule. When the difference in energy
between HOMO and LUMO (Enomo — ELumo) is large, no electron transfer occurs and
charge controlled interaction or ionic forces dominate in the resulting compound. When
Enomo — ELumo is small there results electron transfer from donor to acceptor and the
resulting compound is covalent in nature. Hard-hard interactions are charge-controlled and
soft—soft interactions are frontier-controlled. By considering ionization potentials, electron,
affinities, ionic sizes and solvation energies, Klopman calculated a set of characteristic
numbers E+ for many cations which are presented in Table 2.12.

The data show good correlation with hard and soft behaviour of the ions as a Lewis acid
or base. The E¥ values consist of the energies of the frontier orbitals and the changes in
solvation energy after the electron transfer or covalent bond formation. In the case of AP,
it is the de-solvation energy that makes it a hard acid. It is to be noted that all cations would
become softer in less polar solvents. In the gas phase they would become softest. Similarly
soft anions in solution would become hard in the gas phase.

Consider the application of the quantum mechanical perturbation method to the analysis
of interaction of systems R and S. The total perturbation energy from such an interaction
is comprised of contributions from neighbouring effects resulting in ion-pair formation
without electron transfer and partial charge transfer due to covalent bonding. This approach
also takes into account solvation effects.

When the perturbation is small, the total perturbation energy, AE, is given by

I 2(Cm)2(cn)2ﬂ2
AEwal = —qrgs — + Asolv + 2 : z : l: R* S* ’
& m n Em - En

0CC unocc

where gr and g5 are total initial charges on atoms R and S, respectively. I is the coulomb
repulsion term between R and S, ¢ is the local dielectric constant of the solvent E and Ef
are energies of the highest occupied molecular orbital of the donor and lowest unoccupied
molecular orbital of the acceptor respectively.

When |E} — EX| > 48 2 very little charge transfer takes place, and A Eqoral total reduces
to

r
AEotal = _QRqS; + Asolv +2 Z(Clr{n)z Z (Cg)zy’
oce unoce

where y = B2/(E% — EJ) average.

In this case the charges on the atoms R and S are dominant factors and the resulting
interaction is charge-controlled. This type of reaction occurs when the donor atom is
difficult to ionize or polarize (i.e.) E}, is of low value and the acceptor atom exhibits a
slight tendency to accept electrons (i.e.) E is large and when both atoms are small and
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TABLE 2.12
Calculated softness character (empty frontier orbital energy) of cations and donors [13].

Ton Orbital energy De-solvation energy EL

(eV) (eV) (eV)
ARt 26.04 32.05 6.01 Hard
La't 17.24 21.75 4.51 Hard
Titt 39.46 4381 435 Hard
BeZt 15.98 19.73 3.75 Hard
Mg+ 13.18 15.60 2.42 Hard
Ca?t 10.43 12.76 233 Hard
Fe3+ 26.97 29.19 2.22 Hard
Szt 9.69 11.90 2.21 Hard
cot 27.33 29.39 2.06 Hard
BaZ* 8.80 10.69 1.89 Hard
Gadt 28.15 29.60 1.45 Hard
crt 13.08 13.99 0.91 Hard
Fe?+ 14.11 14.80 0.69 Borderline
Lit 4.25 4.74 0.49 Borderline
HF 10.38 10.8 0.42 Borderline
NiZ+ 15.00 15.29 0.29 Borderline
Nat 3.97 3.97 0 Borderline
Cut 15.44 14.99 —0.55 Soft
T+ 5.08 3.20 —1.88 Soft
Ccd?+ 14.93 12.89 —2.04 Soft
Cut 6.29 3.99 —2.30 Soft
Agt 6.23 3.41 —2.82 Soft
T3+ 27.45 24.08 —3.37 Soft
Aut 7.59 3.24 —4.35 Soft
Hg?t 16.67 12.03 —4.64 Soft

E;;

F- 6.96 5.22 ~12.18 Hard
H,O 15.8 (=5.07) —(10.73) Hard
OH™ 5.38 5.07 —~10.45 Hard
- 6.02 3.92 —9.94 Hard
Br~ 5.58 3.64 —9.22 Hard
CN™ 6.05 2.73 —8.78
SH™ 473 3.86 —8.59 Soft
I~ 5.02 3.29 —8.31 Soft
H™- 3.96 3.41 -7.37 Soft

strongly solvated. Charge-controlled reaction is hard-hard interaction in terms of HSAB
theory.

When [E} — E}] = 0 interaction between frontier orbitals (HOMO and LUMO) is
important and a frontier-controlled reaction involving electron transfer occurs. A Eiqa may
then be written as

AE =2CJCLB,
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TABLE 2.13

Type and rate of reaction between hard and soft reagents.
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Donor E, Acceptor E} — E} r B Reactivity
Eg
High (soft) High (hard) Medium Small Very small Undefined Low
Large orbital Small orbital
Low (soft) Small Very small Large Frontier High
Large orbital controlled
Low (hard) High (hard) Large Large Small Charge High
Small orbital Small orbital controlled
Low (soft) Medium Small Very small Undefined Low
Large orbital

which depends on the frontier orbital electron density, Cg, C g’ Such an interaction
Involves polarizability of the reactants and low solvation energies. This type of interaction
is called soft—soft interaction in terms of HSAB theory. Table 2.13 given below summarizes

the different types of reactions.

11. Some recent developments

Using density functional theory, the electronic chemical potential, x« and absolute hardness,
n have been introduced by Pearson [14]. A chemical system is characterized by its
electronic chemical potential, ¢, and by its absolute hardness, 7. These are exactly defined

as
B BE)
I'L_ 8N v9

_Lfon
T=2\sn ),

where N is the number of electrons and v is the potential due to the nuclei and any external
potential. The operational and approximate definitions given by Pearson are

—u=I+4)/2=7,
n=(-A)2,

where I and A are the ionization potential and electron affinity, respectively. The softness

o, is the inverse of hardness,

oc=1/n.

Some values of o, due to Pearson are given for selected ions in Table 2.14.
The op values do not show a well-defined and discernible trend and not even to the

extent of o o of Ahrland as discussed earlier.
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TABLE 2.14
op values of some selected ions.

Lit 0.029 Kt 0.073 Fedt 0.083 Sr2t 0.061 La3* 0.065

Be2t 0015 Ca2t 0.051 Ni2+ 0.118 Y3+ 0.049 Hg2* 0.130

Nat 0.047 Sc3t 0.041 Cu?t 0.121 ca3t 0.097 TIt 0.140

Mgt 0.031 Cr2t 0.138 Zn2t 0.092 I3+ 0.077 TI?+ 0.096

ARt 0.022 Mn?+ 0.111 Ga3t 0.059 Cst 0.094 pPb2+ 0.118
FeZt 0.138 Rbt 0.087

It is worthwhile to point out some obvious anomalies in HSAB theory. Some ligands do
not show definite hard or soft behaviour. Consider OH™ which reacts with most central
atoms in M(II) and M(III) with the exceptions of Ca, Sr, Ba, Eu and Ra irrespective
of the softness of the central atom. This behaviour is probably due to the consecutive
deprotonation of ligated water molecules to hydroxy and then to oxo complexes which is
pH dependent and due to increase in ionic potential Z /rio.

Many consider H" as a hard acid when compared with the small Li* ion. This in fact is
not the observed trend because qu has great affinity for H~, CH?~ and CN~ and hence
can be regarded as a soft acid. This argument can be countered by the observation of pH
3 of aqueous HF solution which is 10 times higher than the expected value. This may be
explained by the strong hydrogen bonding present in aqueous solutions of HF and also
the fact that hard complexes are formed endothermally in aqueous solution with positive
AH and negative AG. On the other hand the reactions between soft central atoms of soft
ligands have negative AH and AG values with a more moderate change in entropy. Thus
the entropy of fluoride and some oxygen-containing ligands coupled with high stability of
aquo ions leads to difficulties in explanations based on simple models.

It is useful to note A Huya/Z? value 3.37 eV for Ba®* is lower than 3.75 of Sr?* and
4.12 for Ca’*;4.75 eV for Hg?t, 4.82 eV for TI’* and 3.82 ¢V for Pb2™ in spite of higher
ionic radii than Cd?*, In®* and Sr?*, respectively. Thus we lack a detailed understanding
of hydration energy although rough proportionality to Z? supports electrostatic arguments.
However one can argue that since /. of MT<~! tends to be proportional to Z with a total
energy of k (Z% + Z) relative to ground state of neutral atom, the hydration energy must
compensate more or less for the quadratic dependence on Z.

It is useful to note that the process

MY — Mt + ne

is generally endothermic although in the case of Ca?* the heat of formation is positive and
this paradox can be explained by the fact that electrons with zero energy relative to vacuo
are not available in aqueous solutions. The condition for thermodynamics equilibrium at
25°C with 1 atm of H, is E9 = 0.059 pH or Ichem = 4.5-0.059 pH and in the case of
oxidizing solution with 0.2 atm O; as found in air I.pem = 5.7-0.059 pH. Thus reactions
producing electrons with an energy of —4 eV proceed by evolution of hydrogen. In
the case of complexes like Hg(CN),™ with log 8y = 41.5, AH = —63 kcal/mole, the
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covalent bond compensates or pays back 2.8 eV of the 204 = 10.2 eV lacking when the
reaction

Hg, — ng; +2e
takes place.

In conclusion it can be stated that Klopman’s E¥ parameters describe the softness of ions
better than Pearson’s o = 1/n parameter. It can also be said that one of the shortcomings
of Pearson’s HSAB principle is that it cannot predict AH or AG as an explicit function
such as the sum of two products of two parameters, one characterizing the acid and the
other the base. In spite of the limitations, the HSAB principle is useful in rationalizing and
understanding the behaviour of metal ions.

12. Electronic configuration and multiplet structure [3]

As pointed out before the 5d group can conveniently start with lutetium followed by Hf,
Ta, W. There is no particular reason to place 4 f rare earths elements as an inclusion in
the 5d group. Lanthanides are not trivalent simply because their neutral atoms contain
(Z — 57) 4 f electrons but because eleven of the fourteen rare earths resemble barium
with ¢ = (Z — 56) and 6s® configuration. There is no profound difference between the
chemistry of four lanthanum-like ground states, La, Ce, Gd, and Lu and the remaining
eleven rare earths. The reasons for trivalence are: (i) I for M>* — M3t + e~ is small
compared with 5k (k = 4.3 eV for rare earths), that M%&F ions have negative E 0 values and

evolve Hy, (ii) Iy for M>* — M** + e~ is large compared with 7k and that E° for M3q+ is
positive to evolve oxygen. The value of I3 — I3 for rare earth is high and this is not due to
crossing a closed shell configuration as in the case of AI’t whose I3 = 24.45 eV in losing
3s electron and Iy = 120 eV for depleting Ne core. In the case of lanthanides /4 is higher
than /3 by 20 eV even though the 4 f electron is removed. In short, the electron affinity of
a partly filled 4 f shell is smaller than the corresponding ionization energy, I.

Hartree—Fock calculations in solving the Schrodinger equation for many electron atoms
yield negative eigen values E which are not in keeping with the actual chemistry. An
approximate relation for the binding energy of Z electrons to the nucleus of charge Z is
—Z%4 rydberg where a rydberg is equal to 13.6 eV. This relationship deviates considerably
for Z = 90 due to relativistic reasons. Considering the atomic core consisting of strongly
bound, closed shells as the zero-point of energy, and an electron bound to the core can
alleviate the deviation problem. When the ionic charge is +Z, Rydberg’s relation for
binding energy maybe written as

—en = —(Z + Drydberg(n — d)?,

where d the Rydberg defect decreases in the order s > p > d > f electrons and varies very
little with the principal quantum number, n.

Consider the baricentre of the relativistic effect of spin-orbit coupling. The two j values
are (I + 1/2), (I — 1/2) for positive [ values corresponding to (2! + 2) and 2/ states and
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separated by (I + ¥2) ¢y where ¢ is the Lande parameter. The baricentre is located Y2/(¢
below the higher of the two j levels. It may be noted that

tu < (Z +1)*Z2
and under identical conditions ¢,; varies in the order
External p electrons > d electrons > f electrons.

In typical cases ¢, is about a few percent of €, .

In the case of two electrons in two different shells outside the atomic core, many energy
levels characterized by a quantum number, J are observed, each corresponding to (2 4 1)
states. In terms of Russell-Saunders coupling one has quantum numbers § and L and each
containing (25 4+ 1)(2L + 1) states when one of the electrons has / = 0, the terms with
S =0 (singlet) and S =1 (triplet) are obtained if | = of the other electron. The triplet at
lower energy has three times the states of a singlet and the baricentre of this configuration
is located a quarter of the S — T distance above the triplet energy.

In the case of two electrons (n/) and (#'l’) many terms arise from L = (I +1"), ((+1'—1),
(d+0I'=2)..(4I =l'|+ D]l —I'| with S =0 and S = 1. When the two electrons are in (nl),
we have (21 + 1) (4 + 1) states occurring with terms 'S, *P, ID, 3F, 'G, 3H, '1... 3(2L - 1),
Y(2L). In the case of f3, f!! configurations we get

48, 4D, *F, %G, 1, ?P, a?D, b?D, a°F, b’F, a2G, b2G, a%H, b2H, 21, %K, 2L.

The number of states, J-levels and terms are

q
0.14 1.13 2.12 311 410 59 638 7
States 1 14 91 364 1001 2002 3003 3432
J-levels I 2 13 41 107 195 205 327
S,Lterms 1 1 7 17 47 73 119 119
Hund Is 2p 3H 41 51 5H TF 8s
Highest L 1S 2F I 2L N 20 Q 2Q

In order to understand the properties of lanthanide compounds of 4 f”* configuration with
the high number of energy levels and the ionization energies for

Mn+ s M(n+1)++e—

itis useful to evaluate the baricentre of each configuration by weighting the energies of each
J-level with the number (2J + 1) states and when needed supplementing the observed
J-levels with the calculated positions of missing J-levels. The baricentre obtained this
way refers to the actual J-levels belonging to a given configuration including conceivable
differences of correlation energy in the monoatomic entities. Interelectronic repulsion
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TABLE 2.15
One and two electron parameters [3].

£4d €55 esp A*(4d4d)  A*(4d5s) A*(4dSp)  A*(5s5s)  A*(5s5p)
Rb 174 422 260
Srt 9.18 11.03 806 Sr 7.19 5.83 4.34 5.58 434
Y2+ 2046 1959 1525 Yt 9.68 7.44 6.45 6.32 5.70
7t 3422 2951 2405 72t 11.78 9.30 8.06 6.45 6.45

£4f £5q 265 AX(4fAf)  A*(4f5d)  A*(4f5s)  A*(5d5d)  A*(5d6s)
Cs 087 211 3.8 Ba - - 3.10 6.32 533
Bat 3.97 9.30 10.04 LaT 12.89 9.30 6.94 8.06 6.45
LaZ2t  18.10 18.97 1748 Ce2* 17.23 11.16 8.31 9.55 7.81
Ce’t  36.57 3038 2604 PrT 19.34 12.15 8.80 7.93 -

Pt 57.16 4290 35.21

parameter A*(nl, n’l’) is defined for the energy of the baricentre of (n,1)'(n'l’)’ [or (nl)?
giving A*(nl, nl)] of M®~2+ outside the closed shells of ground state of M"* using the
latter ground state as the zero-point energy

—&y — &gy + ATl n'l).
The two one-electron energies are obtained from the Rydberg relation
—&n = (Z — 1)*rydberg/(n — d)°.

The baricentres of (4] + 2)n(4l’ + 2) or (21 + 1)(4l + 1) states are known with
good precision. One and two electron parameters for some selected monoatomic entities
containing one electron (Cs, Ba™, La?t, Ce3*, Pr*t) and two electrons (Ba, Lat, Ce?t,
Pr3+) outside the xenon closed shells are given in Table 2.15. The values of ¢, for Rb, Srt,
Y2+ and Zr3* and interelectronic repulsion parameter A*(nl, n'l") for Sr, Y+ and Zr** are
also given for 4d, 5s, 5p electrons outside the krypton closed shells.

The important conclusion that can be drawn from the data is that 4 f electrons are
distinctly external before barium and are located inside closed shells after cerium. The
Rydberg defect d increases from 0.31 in Ba® to 1.40 in La’>*and the interelectronic
repulsion parameter A*(4f,4f) is 13 eV in La™ and 19.3 eV in Pr>* in comparison to
A*(5s.5s) value of 6.3 eV for YT. The interelectronic repulsion parameters A* bear a
close relationship with the reciprocal average radius of the orbital involved. We can define
a generalized baricentre polynomial involving A* for any element containing x electrons
in the s/ shell and y electrons in the n’1’ shell as

1 1
—XEpl — YE1 + Ex(x —~ DA*(nl, nl) +xyA*(nl,n'1") + Ey(y —DA*@H'V, n'1).

The above equation can be applied to three or more partly filled shells as well with
coefficients of A* being Y2q(q — 1) for g electrons in the same shell and g;q> for q;
electrons in one shell repelling ¢» electrons in another shell.
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In general a linear dependence of the baricentre energies on the occupation numbers
of the two shells is expected but in reality the dependence is non-linear. The non-linear
dependence becomes clear when it is noted that A*(nl, n'1’) is considerably smaller than
the arithmetic average value of A*(nl,nl) and A*(n’'1’,n’1l") when the average radii of
nl and n'l" are different. This is illustrated by a comparison of d or f orbital with s
orbital. Sc* has the configuration [Ar]3d4s at equal distance below [Ar]3d? and [Ar]4s2.
Similarly La®™ with the configuration [Xe]5d6s is below [Xe]5d? and [Xe]6s2. The two
configurations [Xe]4 f? and [Xe]4f5d almost coincide in Ce?* but the baricentre of
[Xe]5d? occurs 5 eV higher. The hypothetical configuration [Xel4 f 4 of neutral cerium
is expected to give Ce™ with configuration [Xe]4 f5d?.

In the case of praseodymium we have

pr0 [Xeld f36s>  excited state  [Xeld f*6s
prt [Xeld f36s
PrXt  [Xeldf?

In the case of Pr’* with the configuration [Xe]4 f25d it is 1.6 eV higher in energy. The
baricentre of [Xe]4 f 3 is about 2.4 eV above the ground state Pr2* 3.2 eV above that
of [Xe]4 f25d and 4.7 eV above that of [Xe]4 f%6s. This observed inconsistency in the
baricentre of energy states may be compared with the observed ground state energy of Pr2t
relative to Pro* is —952 and of the baricentre of [Xe]4 f3 at 933 which may be considered
to be in reasonable agreement. From this discussion it can be concluded that the value of
A*(4 f,4 f) is not constant.

13. Spin-pairing energy

The overall separation between [Xe]4 f¢ of M"t and [Xel4 f7~! of M"~D7 js primarily
determined by the interelectronic repulsion parameter A*(4f,4 f) since the coefficient
changes by (g — 1). The value of A*(4 f, 4 ) varies with ¢ in a non-uniform manner which
may be explained by the fact that the baricentre of all the states having the maximum §
value is located below, the baricentre of the configuration of 4 f¢ for g between 2 and 12.
In practice the fraction of all having Spax decreases sharply near the half-filled shell.

q Smax
2.12 7/13

3.11 5/13

4.10 25/143
5.9 9/143
6.8 7/429
7 1/429

The baricentre of all the states of L? of a given value of S and the baricentre at
higher energy of all states of (S — 1) are separated by 2DS where D is a definite linear
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combination of Slater—Condon-Shortley parameters or of Racah parameters. It is well-
known that the singlet and triplet baricentres of a two-electron system are separated by
2D. The same linear combination of interelectronic repulsion parameters can be used for
all ¢ with same ! and can be used for f*, £, f0 and f’ with three or four alternate values
of S. The separation 2DS is the difference quotient of —DS(S + 1) and the deviation of
the baricentre of all the states with a given S value from baricentre of all the states of 17
may be written as

D[(S(S+ D) - S(S+ D],

where the average value of (S(S + 1)) for the whole configuration

1 20421 ,
(SS+D)= Zq(qy +2)— ‘”—qu(q —1)  (Racah’s theory)
3 3 1 a+1n (Pauli’s exclusion principle)
= -4 — ———== uli
47 g1y 221 princip
_3q@4l+2—-9)

(Pauli’s hole-equivalence).
16/ +4

In Racah’s formalism, Syx for ¢ < (21 4+ 1) is 1/2¢q and the coefficient for 1/2g(g — 1)
indicates what multiple of D might be added to A* if desired. According to Pauli’s
exclusion principle {(S(S + 1)) decreases from the value of 3/4q as for non-equivalent
electrons in which case it is multiplied by a factor 1 — (g — 1)/(4/ + 1). In the hole
formalism ({4/ + 2 — ¢) and ¢ electrons are symmetric. The values of the coefficients
in the equation

D[(S(S+ 1) - S(S+ D]

are reported and tabulated in the literature.

When a partly filled f shell is considered, Spax corresponds to a spin-pairing
stabilization reaching a minimum of —168D/13 at ¢ = 7 and the general value of
—8D/13[1/2q(q — 1)] for g below 7.

Although D can be written as

2043 9,
D=oryy K3k
for f electrons, where K, is the average value of the exchange integral of the two-electron
operator, it is not strictly appropriate to relate 2DS with the multiple of K,,. When there
are several terms with Spax of differing energy, the lowest has a lower energy than the
baricentre of all states with Sy,x. In the case of 4 f¢ L value of the ground term is the
determining factor. We have further stabilization in terms of E> values as given below.

g=2,12 3H —9E3
g=5,9 b4 —9E3
g=3, 11 | —24E3
g=4,10 I —24E3
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It is useful to note that E3 ~ +1/10E’.

Refined spin-pairing energy theory introduced by Jorgensen involves adding coefficients
to E> and spin-orbit coupling stabilization values to the lowest J-levels by —Ya(L + 1)¢4¢
for g <7 and —1/2L¢& 45 for g > 7, with V as the zero-point energy and (E — A) as a
parameter due to the stabilization of 4 f electrons from one element to another. For g = 1
to 14 we have the expressions for the spin-pairing

g=1 V +2z4

g=2 V4 (E—A)+8/13D+9E> + ¢4

g=3 V4+2(E—A)+16/13D + 12E3 4+ 1/2¢4¢
g=4 V +3(E — A)+24/13D

g=>5 V4+4(E—A)+32/13D — 12E3 — 1/2¢4¢
g==6 V4 5(E—A)+40/13D —9E> — ¢4
qg=7 V +6(E—A)+48/13D — 24

q=3 V+T7(E—A)—48/13D +3/2¢ 4

g=9 V4+8(E—A)—40/13D+9E3 + 45
g=10  V4+9YE —A)—32/13D+ 12E> +1/2¢ 4
g=11  V+10(E — A)—24/13D

g=12  V+I11(E—A)—16/13D — 12E> — 1/2¢4
g=13 V4 I12(E—A)—8/13D —9E% — ¢4
g=14  V+13(E - A)—3/2¢4

energy for the removal of an electron from 4 f9 to from 4 f9~!. It is experimentally known
that the ionization energy for ¢ = 7 is marginally larger than ¢ = 14 in condensed matter
which means 7(E — A) = 48D/13. Thus the ionization energies are comparable for g and
for (7 + ¢) electrons. In the absence of definite answers to problems such as assuming
invariant parameters for a given oxidation state or making allowance for smooth variation
from one element to the other, (E — A) is evaluated as a parameter from the experimental
data, a typical value being 3000 cm™!. D is fixed as 6500 cm ™' because of its divisibility
by 13. A fixed value of 500 cm~! for E? is assumed or allowed to vary from known value
of 460 cm™! in Pr(IIl) g = 2 to 630 cm~' for ¢ = 2 in Tm(III). Spin-orbit coupling is
known to increase smoothly from ¢4 = 650 em~! for ¢ = 1 in Ce(IID) to 2950 cm™~!
for g = 13 in Yb(III). When (E — A) = 3200 cm™', D = 6500 cm~!, E3 =500 cm™!,
empirical values of ¢4 5 are

g=1 1300 g=2 12500 ¢=3 20900
g=4 21600 g=5 22200 g=6 30200
g=7 40300 g=38 800 g=9 11900
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qg=10 19800 g=11 20000 g=12 20000
qg=13 27200 qg=14 37200

From g =1 to 3 the values increase, followed by a plateau between g = 3 to 5 followed
by an increase from ¢ = 5 to 7. This behaviour is repeated between ¢ = 8 to 14. This
observation is known as the double zig-zag curve. The data from ionization energies of
gaseous jons suggest (E — A) values higher than the values that are cited above. When
D =6500cm™!, E3 =500cm™!, I3 of M2" gives a value of (E — A) =4200cm~! and a
still larger value for Iy. It should be noted that the mean value of I for ¢ = 7 and 8 should
be close to the mean value of I for g = 1 and 14 at equal distance.

Mean value of I; for Gd3>F and Tb3* is higher than Iy or Ce>t but only 3.29 eV
below I of Lu3™. Is of Pr*+ is 6.74 eV below the mean value of Is for Tb*t and Dy*+
which is 4.1 eV below I5 of Hf*T. Thus it is clear that definite values cannot be given to
the two distances, although it should be 13(E — A)/2. This can probably be explained
by assuming (E — A) decreases with Z since (E — A) is the difference between two
large parameters and A includes interelectronic repulsion parameter, A*. The value of
A*(4f,4f)is 19.34 eV (or 156000 cm~") for Pr3* may be assumed to increase just as E3
to the same extent. In this case the increase would be 5000 cm ™' per unit Z. This argument
does not explain the observation in the gaseous ions. Thus the baricentre polynomial model
is useful in explaining the vast changes in A* in going from one configuration to another.
The refined spin-pairing energy theory can also explain the spectra of M(II) in CaF;
matrix, M(III) in CaF, matrix, variation of energy difference between the lowest J-level of
[Xe]4f?~15d and the lowest J level of [Xe]4f? with g, difference between lowest J-level
of [Xe]4f9—15d6s and [Xel4f46s in gaseous MT and the difference between the lowest
J-level of [Xe]4f?~!5d6s? and [Xe]476s in neutral MO atoms.
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Stability constants of complexes may be determined by: (i) kinetic and (ii) equilibrium
methods. In the present discussion, attention will be focused on mononuclear complexes
and the fact that the activity coefficients of all the species can be held effectively constant
by using suitable ionic media. The kinetic approach is applicable when: (i) the rates
of formation and dissociation of a complex are sufficiently slow and (ii) accessible to
experimental measurement by suitable techniques. Using the law of mass equation

rate constant of forward reaction

equilibrium constant K = =k/k!

rate constant of reverse reaction

the above gives the stability constant provided: (i) there is only one species in solution
and (ii) there is only one rate-determining step involved. The ratio of forward and reverse
reaction rate constants of a general nature may be written as [1]

k
M+ nA ﬁl MA,, ... Bn (overall stability constant)
k
and similarly we may write
k
MA,1 + A:I‘ MA,, ... K, (stepwise stability constant)
k

The kinetic approach is of restricted utility because it is applicable to: (i) slow reactions,
(i1) some transition metal ions, (iii) the role played by the electronic structure of the central
metal ion. The equilibrium approach is more convenient than the kinetic approach and
hence discussed here in a detailed manner. In general when a metal M complexes with a
ligand A and forms complexes of the type MA, MA; ... MAy we may write for the total
concentrations of M and A as

N
M=[M] + [MA] + [MAy] + ...+ [MAy]=m ) _ Ba” (3.1
0
N
A=[A]+[MA]+2[MA;]+...+ N[MAxl=a+m Znﬂna” (3.2)

1

provided mononuclear complexes are formed and the terms ‘m’ and ‘a’ represent the free
concentrations of metal ion and ligand, respectively.

When the system is inert or made inert, the equilibrium concentrations of some or all
the species in solution can be determined analytically and hence the stability constants

129
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evaluated. In labile systems, free concentrations of metal ions may be determined by
potentiometry or polarography and hydrogen ions and many anions by potentiometry.
When there is a distinct difference in colors of the solutions, such as complexes with
chromophores, UV-vis spectroscopy may be used in the determination of the equilibrium
concentration of one of the species. Competitive reaction technique may also be used to
determine free concentrations of metal (m) and ligand (a). Knowledge of the values of ‘m’
and ‘a’ coupled with values of either [M] or [A] can be used to determine the stability
constants.

Usually the common situation is such that values of either ‘m’ or ‘a’ as a function of [A]
and [M] are obtained. Sometimes it is necessary to use secondary concentration variables
to calculate the stability constants. Suppose we have values of [M] and [MA.] = m and
¢ =0, we can define the fraction a, of total M in the form of MA..

We may then write

[MA(] MA.] Bea¢

ac= = = (3.3)

M] M1+ [MAJ+[MAR]+... Y g,an
The number of ligands bound to the metal is given by [1]

_ A-—a

R=—0 3.4

S_ IMAJ4OMAGL 4. SV nBua” 3.35)
MI+ [MA]+ MAzT + .. S0 Ban '

where a, represents the degree of formation of the complex MA, and # the ligand number.
Plot of i1 vs. loga results in the formation curve [1].

It is useful to note that a, and 71 are functions of ‘a’ only provided the system consists
of a mononuclear complex. In the case of polynuclear complexes a. and 7 are dependent
on both ‘a’ and the concentration of M. When mixed complexes MA,L,, are formed, a.
and 7 are functions of concentrations of both ligands A and L. Thus it is necessary in any
system to confirm that the experimental values of a. and 71 are functions of ‘a’ only before
calculating the stability constants. Once this condition is satisfied, N sets of values n, a or
a. should be sufficient for the determination of N values of B,.

From equations (3.3) and (3.5) we obtain

dloga,

=c—n 3.6
dloga - (3.6

and the value of /i can be obtained from the slope of the plot of loga, vs. loga. Integration
of equation (3.6) gives

loga, = /(c —n)dloga + constant 3.7
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from which the value of a, is calculated knowing a, i and the integration constant. When
c=0we get

M a
log — =/ ndloga (3.8)
m 0

Since M is known, the value of m can be obtained by integrating the curve involving 7 vs.
loga. The free ligand concentration ‘a’ can be calculated from the values of # and a. using
the relationship

1
loga = / —— dloga, + constant (3.9)
c—n

The distribution of M among various mononuclear complexes as a function of free ligand
concentration may appear as curves [2] shown in Fig. 3.1.

The ligand number, 7 can be determined by four methods. The values of n can be
calculated from equation (3.4) provided M and A are known and that ‘a’ can be measured.
When very strong complexes are involved, A 3> a in the concentration range where
A < NM and the value of i1 can be obtained from the relationship

- A
n~—
M

without the knowledge of ‘a’.

Note that this method is not applicable in the case of weak complexes or when tracer
concentrations of M are present because the term A — a in equation (3.4) does not differ
from zero.

Using equation (3.4) we may write

A=nM+a (3.10)

Thus for a series of “corresponding” solutions having the same unknown values of n
and ‘a’ but containing different total concentrations of A and M, a plot of A vs. M yields
a straight line whose slope is # and intercept ‘a’. Alternatively the equations (3.4) and
(3.5) may be solved algebraically to obtain values of 7 and ‘a’. Then the “correspondence”
between two or more solutions may be established using a property which is a function of
‘a’ only, provided large concentrations of M can be used. The equation (3.6) can be written
as

dlogx,

el 3.11
dloga ¢ " @-11)

where x. is a property proportional to a.. The most commonly used property is xg = 10€
where E is the potential of a cell reversible to metal ions and x.(-.gy = Dm, where Dy is the
distribution ratio of M between two immiscible solvents. Equation (3.11) is in particular
applicable when A — a ~ 0 and tracer concentrations of M are involved.
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Colligative properties of solutions measure the sums of all the species in solution.

N
S:Z[MAH]+a:M+a (3.12)
Q0
and hence
A+M-S§
Ao tTM=5 (3.13)

M

The procedures used when free ligand concentration ‘a’ is not measured are outlined
below. The simplest approach is to assume a ~ A and obtain the value of ‘a’ by successive
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approximation. In case x. or «, is determined as a function of A, approximate values of i
may be obtained graphically using the relationship

dlogxe = - (3.14)
dloga

The resulting values of  are used in equation (3.4) to obtain preliminary values of ‘a’ and
subsequent plot of log x. vs. loga gives better values of 7.

When the value of ‘m’ is obtained experimentally by a technique such as potentiometry,
the calculation of free ligand concentration can be done by using the concept of average
number of ligands per complex [3] (v)

b= Q:"; (3.15)
N n

b= %'gﬁ (3.16)
1 Bna”

Initial values of 71 are obtained from equation (3.14) and the values of vare estimated using
the relationships

v~1 intherange O<n<1.5

v~n intherange 15<n <N

Approximate values of free ligand concentration ‘a’ may be obtained from equation (3.15),
using the values of v and the experimentally obtained values of M, m and A. Another
procedure for determining free ligand concentration involves the relationship between a
property X and the total ligand concentration A for a number of values of M. Plots of X
vs. Ap are made followed by lines parallel to x-axis to obtain the relationship between A
and M at different values of X. At the point M = 0, the free ligand concentration equals
the total ligand concentration (i.e) a = A and extrapolation of the functions A(M), to cut
the A axis gives the corresponding pairs of values Xy—o and ‘a’. Although this method
necessitates a vast amount of experimental data, its advantage is that the method is devoid
of successive approximation. This procedure is of little utility when complexes of high
stability are considered. In such cases, alternate procedures may be used. In one such
procedure, the equation (3.6) is modified to give

Folaz) 1
log 2 =f dlog Fo, (3.17)
ai Folap) M

where Fy = 1/ap. When pairs of values ag and 7 are known experimentally, the plot of
1/n vs. log Fy can be integrated between the limits of Fy of known a; value and unknown
a; value of ligand concentration. The value of 7 may be obtained as a slope from the
plot of M vs. A, for corresponding solutions and the free ligand concentration a; as the
intercept of a line from a plot of M vs. A, for which 7 = N and A > NM. Fj is measured
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potentiometrically and the free ligand concentration a; corresponding to each value of n
can be calculated from equation (3.17).

It is well known that a cyanide ligand is involved in the formation of extremely strong
metal cyanide complexes, in which case equation (3.9) can be used to obtain # valid in
the range 0 < A < NM. In this system, a; can be calculated by preparing solutions with
excess ligand such that all M is in the form of the highest complex MAy. In such a case
n=N,[MAy]=M and a = A — NM. Since ‘m’ is experimentally measured, the overall
stability constant 8, = M/ma" could be calculated for a number of solutions. Taking the
average value of §,, measured value of ‘m’ the value of ‘a’ is calculated for the solution
in which MA y is completely formed and a negligible amount of ligand is left. In such a
solution, n = A/M = N. The free ligand concentration in all other solutions may then be
calculated from the experimental values of n and Fy using equation (3.17).

1. Methods

In this section it will be useful to discuss some common experimental methods used in the
determination of stability constants of rare earth complexes. Ethylenediamine tetraacetate
anion (EDTA) is a hexadentate and forms complexes with trivalent rare earth ion readily.
The pioneering studies of Schwarzenbach [4] on the determination of stability constants
of rare earth EDTA complexes by potentiometry and polarography can be considered to
illustrate the principles involved in the determination of stability constants.

Denoting the rare earth metal as M and EDTA by Y we may write

M+Y=MY
oo _ IMY]
MY = MY

The approach used makes use of the reaction
CuY?™ + Hstren + M*™ = MY~ + Cutren®" + 3H* (3.18)

where ‘tren’ stands for trihydrochloride of 8, 8, 8”-triaminotriethylene. The above
reaction produces three protons which can be neutralized by three moles of NaOH in the
buffer region of pH 4 to 5.5. The equilibrium constant for the above reaction may be written
as

_ [MY][CUtren][H+]3 o Kecutren - KMy
[CuY][Hj3tren][M] I?Hﬂren - Kcuy

(3.19)

where Kcuren = 10'%], Koy = 10"838) Kipyyren = 102844,

The mixture is mixed with a known volume and concentration of NaOH, equilibrated
and the resulting pH measured. Representing NaOH by “a” the following equations are
used in the calculation of K.

[Cul; = 1073 = [CuY] + «[Cutren]
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TABLE 3.1
Values of Kyjy for rare earth ions [4].

Metal ion log Kmy
La3+ 14.72
Ce3t 15.39
Pt 15.75
Nd3+ 16.06
Sm3t 16.55
Eudt 16.69
Ga3t 16.70
b3+ 17.25
Dy3* 17.57
Ho3+ 17.67
Er3t 17.98
Tm3+ 18.59
Yb3+ 18.68
Lu3t 19.06
Y3+ 17.38

M), = 1073 = [MY] + [M]

[Y]; = 1073 = [CuY] + [MY]

[tren], = 1073 = [Cutren] + [Hstren]
[H]; = (3 — a) x 1073 = [H] + 3[Hztren]

o= [H]3 x KHtren
[Hztren] K cutren
From the knowledge of the values of I?Hmen, Kcuy, Kcutren and combining with the
calculated values of K, the values of Ky are obtained. The resulting values of Kmy
for the rare earth ions are given in Table 3.1.

An alternative method consisting of polarography was applied to the reaction.

CuY?™ + Mt & MY~ + Cu?t

and the stability constants for the formation of MY~ were evaluated. The method is based
on the fact that free Cu?>" and complexed Cu?" ion can be measured polarographically
because the polarogram consists of two distinct waves due to the reaction

Cu’t +2¢—>Cd®  Ej;=0.04Vvs. SCE.

and reduction of CuY?~ with E 172 of —0.32 V. Between the two waves the diffusion
current, ig remains constant which is proportional to the concentration of free uncomplexed

Cu®* ion present in solution. The stability constants obtained by this method are given in
the Table 3.2.
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TABLE 3.2
Stability constants of rare earths by polarography.

Rare earth (M) log Kmy [4]
Ce 156
Pr 158
Nd 16.0
Sm 163
Eu 16.5
Gd 16.6
Tb 17.38
Dy 17.75
Ho 18.31
Er 18.55
Tm 19.07
Yb 19.39
Lu 19.65
Y 17.56

The values of stability constants obtained for rare earth metal ions by the two methods
are shown in Fig. 3.2. The agreement between the values obtained by the two methods is
quite good for Ce, Pr and Nd extending up to Gd. The differences in the values is more
prominent in the case of heavy rare earths (i.e.) from Dy to Lu. The large increase in the
stability constant Ky from La’* to Ce** is paralleled by a rapid decrease in ionic radius
from La to Ce.

Another example of the potentiometric technique as applied to the reaction of hydroxy
napthoic acids with M(III) ions, where M = Y, La, Ce, Pr, Nd and Sm may be considered
to illustrate the Bjerrum method of analysis in the determination of stability constants [5].
The approach consists of potentiometric titration of (i) complexing agent with NaOH and
(i) mixture of metal and complexing agent with NaOH at constant ionic strength by using
I M (NaClOg4). Formation curves for the ligand are shown in Fig. 3.3 and the formation
number, n14 is calculated by the equation (3.20)

_ W —v)(N+EY

A= (3.20)
T T e

where y is the number of replaceable hydrogen ions (y = 2 in this case), E® and T]? are the
initial concentrations of HC104 and napthoic acid, respectively, vi and v, are the volumes
of base of normality N required for titrations at a given pH, and V? is the initial volume
of the solution. Accurate values of pK are obtained from the equation (3.21) in the range
1 <np <2.0.

nA~1

log =pK;-pH (3.21)

—ia
The formation of metal complexes is indicated by the considerable shift along the volume
axis of the metal-ligand titration curve as compared to the ligand titration curve. The study
assumes a negligible extent of hydrolysis of M(III), and the formation of polynuclear
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complexes. Under these conditions 7, the metal-ligand formation n is obtained from
equation (3.22)

(v3 = V)N + E+ T (y —7ip)
(0 + 1) T 7ia

) (3.22)

n=

where v3 and v4 are the volumes of the base consumed in the titration of the metal complex
and ligand, respectively, and TISI is the initial concentration of M(III) ions. The other
quantities are the same as in equation (3.20). The method of Irving and Rossotti was used in
calculating 7 values and the 71 values in B values (i.e. pH meter readings) range of 3 to 5.5
were continuous and the maximum value of 5.5 indicated the formation of 1:1 complex.
The n values at different B values showed an irregular trend above B value of 5.5 and up
to 7.0. These abrupt changes may be attributed to the dissociation of the complex MLH
and also the hydrolysis of the metal ion.
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The values of pL = —log[L], where [L] is free ligand concentration have been calculated

using equation (3.23)

_ 1+ (H"]/K)) + ((H"]/K | K>2) y VO 4 s

L
P T — T v

(3.23)

The pL. values at various 71 values were evaluated and log K| determined by pointwise
calculations. Typical formation curves of 71 vs. pL are shown in Fig. 3.4. log K| obtained
from the curves by noting the pL values at 7 = (.5. Pointwise calculations were used to
obtain accurate values of log K ). The formation function used in these calculations is given
by equation (3.24)

log - L —logKj—pL (3.24)
—n

By using the least squares method, equation (3.24) was solved and the resulting log K| are
presented in Table 3.3.

The ionic nature of these complexes is illustrated by the correlation of the stability of
M(III), where M = Ce, Pr, Nd and Sm with hydroxy napthoic acids versus &2 /r as shown
in Fig. 3.5.
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TABLE 3.3
log K1 of lanthanide(III) complexes [5].
Ligand Y(II) La(IIl) Ce(III) Pr(1ID Nd(IIT) Sm(IID)
2-hydroxy-1-naphthoic acid 5.28 5.37 5.08 5.49 5.06 5.31
2-hydroxy-1-naphthoic acid 4.72 6.00 4.97 5.48 5.56 5.90
1-hydroxy-2-naphthoic acid 4.97 5.55 4,73 4.96 4.07 5.22

The spectrophotometric method applied to the determination of the composition and
stability constant of the complex formed between Sc(IT), Y(III) and La(III) with the chro-
mogenic agent Alizarin Red S (ARS) shows the utility of the method when distinct dif-
ferences in absorption spectra are present. Some of the conditions that must be satisfied
for this method to be valid are: (i) the complexing agent (ARS) and the metal complex to
have distinct absorption spectra so that the concentrations of the ligand, free metal ion and
the metal complex in solution can be determined experimentally, (ii) the metal complex
should be stable in a given pH range, (iii) composition of the complex can be established
by different methods such as the method of continuous variations, slope ratio method and
mole ratio method. In the case of the La(II)-ARS system, the complex has absorption
maximum at 520 nm compared to the ligand which has its maximum at 420 nm [6,7].
The continuous variation method for the La(III)-ARS system is illustrated in Fig. 3.6. The
curves show a maximum at the ratio of La/La + ARS of 0.3 to give the complex com-
position of La(ARS);. The second approach used in determining the composition of the
complex, namely, mole ratio method, consisted of determining the absorbance at 530 nm
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of a series of solutions containing different mole ratios of La/ARS. The resulting data are
plotted as measured absorbance vs. mole ratio of La/ARS. Fig. 3.7 illustrates this method
and it is obvious from the figure that La:ARS is in the ratio 1:2 indicating the formation of
La(ARS), complex in solution.

The third approach in establishing the composition of the complex consists of measuring
the absorbance of two sets of solutions at two suitable wavelengths. The solutions consist
of a fixed metal ion but variable ARS concentration in one and fixed ARS but variable
metal ion in another. The measured absorbance at a chosen wavelength is plotted against
the amount of variable component. The ratio of the slopes of the resulting lines at the
two wavelengths gives the number of ligand molecules in the complex. This approach is
illustrated in Fig. 3.8 for the system La—~ARS.

Having established the composition of the complex, the stability constant of the complex
was determined by (i) mole ratio method and (ii) continuous variations method. In the
former method, the equilibrium considered is

M(ARS); —> M + 2ARS

whose initial concentrations are M(ARS); = ¢, M and 2B = 0 with «, the degree of
dissociation, equilibrium concentrations of M(ARS); = ¢(1 — &), A = «ac, B =2ac. In
such a case, the dissociation constant may be written as

_ (@0)Qac)?
T oc(l-0a)
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and « is obtained from the relation

En—E

o =
Ex

where Ep, is the maximum extinction when all the reagent is in the form of complex and

E is the extinction at the stoichiometry.
In the continuous variations method for the reaction

M 4 2ARS — M(ARS);

the formation constant K is given by

_ M(ARS); _ X ’ (3.25)
M(ARS)2 ~ (a —x)(b — 2x)?
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TABLE 3.4
Stability constant of La(ARS), at 25°C [6].
Method pH log K AGO (keal)
Mole ratio 40 8.6+0.2 —-11.94+02
Continuous variations 4.0 83+0.1 —11.5+0.1

where x is the complex concentration at equilibrium, a and b are initial concentrations of
metal ion and ARS. Taking two different initial concentrations but with same value of x

X _ X
(@a—x)(b—2x)2 " (a' —x)(b! —2x)2

(3.26)

The value of x the extent of complex formation can be calculated and hence the value K.
The resulting data are given in Table 3.4.

The data in the table summarized above show good agreement thus showing the
relevance of different approaches as a necessary condition in obtaining information on the
stability constant. The structure has been suggested for the complex based on experiments
involving ion exchange retention on IR-45.

The solvent extraction method involves the distribution of metal into two different
phases such as aqueous and organic phases. Knowledge of the distribution constants can be
used in the determination of stability constants of chloro and nitrato complexes of rare earth
metal ions. This method has been successfully applied to the determination of stability
constants of MC1?t and MNO§+, where M = La, Ce, Pr, Eu, Tm, Yb and Lu. The method
consists of equilibrating an aqueous solution of metal ion [8] 1 M in H and 1 M in
perchlorate and chloride in the case of chloride and 1 M in perchlorate and nitrate in the
case of nitrate complexes with dioctyl phenyl phosphoric acid (HDOOP) in toluene as the
organic phase. The distribution coefficient or constant is obtained by determining the metal
ion concentration in both aqueous and organic phase after equilibration. The extraction of
the lanthanide ion into the organic phase from the aqueous phase may be represented by
the reaction

M./ + 3(HDOOP);0rg = M{H(DOOP), J30rg + 3H],
The distribution ratio K for M3+ may be written as
K =k [H(DOOP),]3 . /[H' T3, (3.27)

In order to establish the absence of anions ClO,, C17, or NO;3 in the metal M3+ extracted
the inverse third power dependence on HY ion is proved by a plot of log K vs. log[H']
whose slope is —3.0 (Fig. 3.9).

Similar dependence on [HT] is also established in the medium of HNO3 and NaNO;
to show the absence of extraction of MNO%+ into the organic phase. The succeeding step
is to show the variation of K with the concentration of X~ = CI—, NO; by extraction
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TABLE 3.5
Stability constants for MX2+, w=1.00,22%1°C.
M) K. for MX2+
X— =Cl- X~ =NO;
La 09+03 1.3+03
Ce 09403 13403
Pr 0.9+03 1.7+£03
Eu 09+03 20403
Tm 0.8+03 0.7+02
Yb 06+02 0.6+02
Lu 0402 0.6£0.2

Am 09402 1.8+03
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into HDOOP at a fixed amount of toluene. The experimentally determined K values as a
function of varying concentration of X~ = CI~, NOJ  at constant ionic strength, u = 1.0
are plotted with 1/K as ordinate and the anion concentration on the abscissa. A typical
plot in the case of rare earth ions M3+ (M = Eu, Tm, Pr) is shown in Fig. 3.10 for the
chloride medium containing HCI and HC104. From the slope and zero intercept values of
the straight lines in Fig. 3.10, the stability constant of the complex MCI1>* was calculated.
A similar procedure in the case of nitrate was adopted to determine the stability constants
of MNO%Jr complexes, where M = Pr, Eu, Tm. The resulting values obtained by this
technique are summarized in Table 3.5,

Comparative values obtained for CeCI1?t obtained bzy other techniques are 1.25 and 1.73
at u = 0.6 and 1.0, respectively. In the case of Cf:NO3Jr complex, the value of 1.4 at p =
0.9 obtained by other techniques shows good agreement with the value of 1.3 at u = 1.0.

The ion exchange method of determination of stability constants can be illustrated by
the complex formation of Ho and Yb with acetyl acetone as the ligand. It is necessary
to elucidate some principles involved in the ion exchange method in the determination
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of stability constants of complexes [9]. Consider a metal ion M** and MA™ complex,
the sodium form of the ion exchange resin in equilibrium. Then we have the exchange
reactions

M?* + 2NaR = MR, + 2Na™
MAT + NaR = MAR + Nat

We may then write

MR, (NaR)2
TV e RRTYSAE o
(MAR)  (NaR) (3.29)

[MA*] "' [Na™]

ko and k| are constant at a fixed value of Cyir = MR») + (MAR), where MR>, MAR are
moles of M>* and MA™, respectively, contained in one unit weight of ion exchanger at
equilibrium.

_ (NaR)? _ . (NaR)
Let lo—kom, l[ —klm (330)

When Cyy, the total concentration of M>™ in the ion exchange resin is low in comparison
with ionic strength, then [Na™] is constant in all the solutions. We may then write for
(NaR):
(NaR) =a — 2(MR3) — (MAR) 3.3D)
(NaR) =a —2(2 —ng)Cmr (3.32)

where ‘a’ is the exchange capacity and ng = (MAR)/Cmr. Using the definition of Cvgr
and equations (3.28)—(3.30)

Cwr = [p[M* 141, [MAT] (3.33)

Combining the expressions [MAT] = 8 [MZT][A™], Cm = [M2T][A™], Cm = [M>F1x
with equation (3.33) and defining [, 8,/ lp = lp we get

Ow (3.34)

X

o =1

From equations (3.30) and (3.31) and (3.32) at constant ‘a’ value (or pH), Cmr is very
small, that the term (2 — nr)Cmr in equation (3.32) becomes negligible and /o, /| and [ are
constants. Thus we have

ITA™]

R=ToAS (3.35)
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It is necessary Cyr should be low and kept constant so that equation (3.34) with constant
[ and Iy can be used within a concentration range of [A™] that is large enough for the
calculation of stability constants of complexes. In order to calculate Cmr and ¢ the
following equation is used

Cur = n%(ch — Cwd), (3.36)

where v is initial volume of the solution, m = the weight of the resin, v the volume at
equilibrium and C}, is the initial concentration of M in solution and Cf;, Cym and § are
experimentally obtained. Because of swelling of the resin and § < 1 and is the quotient
between the initial and final concentrations of the ligand in solutions at Cy = 0, the value
of § is independent of Cx at constant ionic strength.

As an approximation of 7, the following relationship can be used

ﬁ:—ﬁ(a—qb> (3.37)
© \9Ca/ o\

and this relationship is obtained from equation (3.34) by letting [ ~ 0 and Ca >~ [A7].
Then the [A™] values are calculated from the relationship [A~™] = Ca — 1. C and this
approximation is satisfactory since Cy is small. Having determined ¢ as a function of
[A™] when [ and ly are constants, we now turn to calculate 8; stability constants. The
product ¢x is differentiated twice with respect to [A™] and from equation (3.34) we get

¢//x +2¢/JC/ +¢/X// =0
where

d¢

" __ d2¢
BT

¢ T d[AT)?

N
x=1+Y BiIATV,  xj=(xj1—Bi-)/IA]

J=l

Substituting for x, x’, x” we can write

N
¢// + Zaj.gj =0 (3.38)

j=1

By graphically plotting ¢ as a function of {A~] one can determine ¢’ and similarly ¢” from
aplotof ¢’ vs. [A7]¢" and «; are obtained at N values of [A~] in the concentration range
used. Thus there are N equations from which the stability constants 8; can be evaluated.
The quotient ¢ between the total concentration of the central group adsorbed on the resin
(Cmr) and in solution, Cy at equilibrium is written as

_lo+Upi[AT]
- X

¢ (3.39)
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The function ¢ on graphical extrapolation to [A™] = 0 leads to the relation

lp= lim ¢ (3.40)
[A7]—0

Thus knowing lp the function ¢ can be written as
¢1=(¢~" = DIAT]! (3.41)

By letting [ =11 811, I'=1 and using it, and extrapolation of ¢; to [A7] =0 leads to the
expression

p-l= lim g (3.42)

A new function f containing /o and B; — [ is defined as

_log (B =DIA )~ 1} +1

343
! AT G4
It is also possible to rewrite equation (3.39) as
N .
f=ppr—)y Bjla"y? (3.44)

j=2

Using the approach and methodology of Fronaeas, the ion exchange method has been
successfully applied for the complex formation Ho and Yb with acetyl acetone. Dowex 50
in the sodium form and '®Ho '7>Yb radio tracers were used. The fundamental relations
used are [10]

¢1=op™" — D[AT] lim ¢ =1l (3.45)
[A=]—>0
lo¢ (K1 —DIAT] -1} + 1 .
= =K - 4
f AP [Al—’?io‘m K1 -1 (3.46)
koK 1(NaR)? .
= = .47
1= = Nap am S = o @47

The significance of all the quantities are the same as in the previous equation, except for K|
and K, which represent the stability constant of M(AcAc) and equilibrium ion exchange
constant, respectively.

The least squares method was used in the calculation of (K —[), fo and K. Experi-
mentally, values of ¢, f, A¢i/[A"]and Af/[A™] at different values of [A™] in the range
3.12 x 107 to 1.32 x 1073 M for Ho and 1.6 x 107™* to 1.06 x 10~ M for Yb were
obtained. The resulting data are given in Table 3.6. The table also gives data on the sta-
bility constants obtained by the potentiometric method. The values of log Ky and log K>
obtained by the two methods show fair agreement considering the limitations inherent in
the two methods.
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TABLE 3.6
Step-wise complexity constants K, determined by ion exchange method and by potentiometric method [1].

Method log K log K, log K3
Ho Yb Ho Yb Ho Yb
Ion exchange 5.65 57 4.76 4.45 - -
Potentiometric 6.05 6.18 4.68 4.86 3.40 3.60
o ¥ 1] 1 i H
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Fig. 3.11.

Chronopotentiometry and polarography were used in studying Eu(IlI) formate com-
plexes [11]. At constant ionic strength of 1 M by means of NaClO4 and a pH 4.3 for-
mate concentration is varied from 0.01 to 1.0 M keeping Eu at 1.60 x 10~* M. In for-
mate medium, the polarographic reduction of Eu(IIl) at the dropping mercury electrode is
irreversible as evidenced by a plot of E the potential vs. [,i/iqg — i a value of 0.5 for
n. The chronopotentiometric reduction of Eu(IIl) was reversible and the plot of E vs.
In(r1/2 — ¢1/2y /4172 gave a value of 0.9 for n. This difference in reversibility is attributed
In part to the adsorption of formic acid on the electrode surface and the longer contact time
between the electrode and solution in the chronopotentiometric process. The polarographic
approach consisted of defining a function

0.43nF
RT

Fo(x) = ant log{ [(E12)s — (E1p2)s — (El/z)c]} (3.48)

and then plotting F;, (x) vs. formate concentration as shown in Fig. 3.11.
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A least squares plot of Fj(x) vs. formate concentration gave a value of 16.3 for the
intercept K; and a slope of 197 which is in good agreement with the value of 192 for
K> derived from F>(x). The slope of F>(x) is zero and thus the major species present in
solution are Eu(HCOO)S, Eu(HCOO)*" and Eu’*.

In the chronopotentiometric method, the quarter wave potentials are used and the
corresponding function may be written as

43nF
T

. 0.
Fo(x) = anti log{ “RT [(E1/a)s — (E1/4)c]},

where subscripts for Ey/4, s and c refer to aquo ion and complex ion, respectively. The
uncertainty in E| /4 is about +0.5 mV with a consequent scatter in calculated points. F1(x)
is assumed to be linear and the Fy(x), Fj{(x) and F>(x) values are given in the table below.

Chronopotentiometric data for Eu(IIl) formate system.

[HCOO™ 1 (M) Ey/ Fy(x) Fi(x) Fr(x)

0.00 —0.535 1.00

0.10 —0.557 236 13.6

0.316 —0.605 15.4 455

0.562 —0.613 21.0 35.6 229

1.00 —0.642 6.2 64.2 414 K, =454
Reverse

0.00 —-0.535 1.00

0.01 —0.532 1.00

0.10 —0.567 349 24.9

0.178 —0.594 10.00 50.6 106

0.316 —0.624 323 98.9 238

0.562 —0.627 36.3 62.8 71.3

1.00 —0.655 117 116 93.2 Ky =127

From the data, it is evident the scatter in chronopotentiometric data is large and that the
polarographic method gives fairly reliable data for K| and K».

Eu’t + HCOO™ = Eu(HCOO)*t  K; =20
Eu(HCOO)** + HCOO™ = Eu(HCOO); K> =1205

The distribution diagram for Eu(IIl) among the various complexes in the presence of
formate is shown in Fig. 3.12.

2. Stability of rare earth complexes in solution

Some of the important techniques used in the determination of stability constants have
already been discussed together with some examples. The values for the formation
constants of rare earth complexes with inorganic and organic ligands are given in
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Tables 3.10 and 3.11, respectively (see Appendix). These tables of data are by no means
encyclopedic in nature. In general, it is difficult to ascertain the absolute accuracy of a
given set of data and hence several sets of data are given for some ligands. In general, the
values obtained by the ion exchange method tend to be less precise and accurate than those
obtained by potentiometric titration.

Stability constant data have been obtained both from the practical point of view of
developing new and improved techniques of separation of individual rare earths and the
more fundamental view of obtaining a deeper insight into the structure and bonding in the
complexes. Thus comparisons of the data are useful and require care because significant
variations in the reported data can result from small changes in conditions such as ionic
strength and temperature. In general, the reported data are based on concentration rather
than activity.

Although a large number of ligands have been studied, data are not available for all the
elements in some cases and also many ligands are substituted molecules of the same parent
molecule. Thus the complexing behaviour of a parent ligand (PL) and substituted parent
ligand (SPL) will not differ drastically as far as the trend in the stability constant values
is concerned. The available data for ligands that have been studied with all the rare earths
completely indicate that it is not easy to interpolate or extrapolate in other systems where
data are available for only a few rare earth metal ions. Thus although there is a large body
of data on the stability constants (Table 3.11, see Appendix) it is difficult to rationalize the
data in general terms. Hence some salient features will be mentioned.
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The crystal radii of the rare earth metal ions decrease in a regular manner along the
series. There is vast data suggestive of the formation of predominantly ionic complexes in
the case of rare earth ions. Based on electrostatic theory, a direct relationship between the
stability constant values and the atomic number of the rare earth metal ion is predicted [12].
In most of the complexes, this correlation of log K| with Z holds good for La to
Eu although in some cases the europium complexes are less stable than the samarium
complexes. Further, this simple relationship is not valid when the heavy rare earth ions Tb
to Lu are considered.

Thus there is a need for alternate considerations when the data for elements following
gadolinium are considered. According to Moeller [13] the trends in the formation constant
data for rare earths past gadolinium may qualitatively be divided into three groups. The
first group consists of ligands which show a regular increase in formation constants along
the series. This does not imply that the ligands follow the simple electrostatic model since
the slope of the plot of log K| vs. 1/r, where r is the ionic radius is not the same as in the
case of elements preceding gadolinium. Some typical ligands belonging to this group are
glycolic acid, lactic acid, iminodiacetic acid «-hydroxyisobutyric acid, nitrolotriacetic acid
(NTA), ethylenediamine N,N’-diacetic acid, and ethylenediamine N,N,N', N'-tetraacetic
acid (EDTA).

The second group of ligands have complex formation constants for the elements past
gadolinium which are very nearly the same.

The ligands showing this behaviour are acetic acid, mercaptoacetic acid, methoxyacetic
acid, acetylacetone, dipicolinic acid and N’-(2-hydroxyethyl)ethylenediamine N,N,N’-
triacetic acid.

The third group behaviour is typified by 2,2’-bis[di(carboxymethyl)amino]diethyl ether
and diethylenetriamine N,N,N’,N’,N’-pentaacetic acid. The formation constants for
elements after gadolinium show a slight increase initially followed by a decrease. The
manner in which the formation constants vary across the series as a function of 1/r is
shown in the Fig. 3.13.

In the case of a majority of ligands, the gadolinium complex is less stable than one would
expect based on the simple electrostatic model. This has been known as the “gadolinium
break” which cannot be explained in terms of steric hindrance since this anomaly is present
even with ligands which offer no steric hindrance.

The position of yttrium in rare earth chemistry has always been interesting and this
is also the case with respect to complex formation. The electrostatic model suggests
placement of yttrium between holmium and thulium. It has been shown that it is not the
case [14]. When one considers the stability constant data of group 1 ligands, yttrium is
similar to the heavy rare earths. When the second group of ligands is considered, yttrium
exhibits a behaviour similar to the lighter rare earth elements.

The trends in the stability constants of 2:1 and higher complexes are difficult to
analyze because of the onset of steric effects and the magnitude of errors involved in the
measurements. The group classification of the ligand remains unaltered in the case of data
that are reliable and accurate.

The position of yttrium in 2:1 complexes shifts totally from the 1:1 complexes. With
ligands of the second group such as mercapto acetic acid, yttrium resembles the heavy
rare earths. In the case of iminodiacetic acid, yttrium forms a complex whose formation
constant is more in keeping with the light rare earths.
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There are three main considerations involved in explaining the trends in the formation
constants. The three considerations are: (i) crystal field effects, (ii) increase in coordination
number and (iii) steric factors. The possible involvement of crystal field effects is useful
in explaining the trends in the stability constant for ligands in the first group, since
the change in log K; values with increasing atomic number is similar to the trend in d
transition elements. The break in gadolinium is easily explained since f’, a half-filled
configuration, should have no crystal field stabilization. Yttrium also does not have any
crystal field stabilization and this explains the reason why yttrium complexes do not occupy
the expected place when the plot is based on the radius of the yttrium ion. Crystal field
stabilization in holmium and dysprosium complexes with a-hydroxyisobutyric acid has
been postulated on this basis [15]. Ligand field effects have been applied by Yatsimirskii
successfully in explaining the trends in stability of aminocarboxylic acid and carboxylic
acid complexes of rare earths [16]. Schwarzenbach [17] showed that many properties of
rare earths such as ionic radii, heats of dissolution of halides, molar volumes of basic
sulphates, some basic properties of hydroxides and stability constants of some complexes
exhibit a discontinuity at gadolinium known as “gadolinium break”. The change in some
properties of rare earth compounds is illustrated in Fig. 3.14. The stability constants of the
complexes are related to the heat of formation and the deviation from the linear relationship
shown by the change in the properties can be attributed to the extrastabilization energy. The
ionic radii, molar volumes, and basic properties are determined by the effective charge of
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the atomic core (i.e.) basic properties decrease with increase in the effective charge. The
effective charge of the core in rare earth series increases due to the incomplete screening of
the nucleus by the f electrons. If the screening effect of the f electrons in different orbitals
were the same, the effective charge, and hence related properties, would change with an
increase in the number of electrons. In a Jigand field the f electrons become non-equivalent.
The electrons in orbitals whose axes are directed away from the ligands, namely, fiyz.
frv2—22)s fu2—x2)» fox2—y2) inthe case of an octahedral environment screen the positive
charge of the nucleus to a lesser extent than the electrons in orbitals whose axes are directed
towards the ligands. Hence the effective charge of the core should increase more sharply
as orbitals of low energy are filled (i.e.) fryz, fr(y2—22) fy2—x2) fr(x2—y2y- Since La is
not an f system and in gadolinium and lutetium the f electrons are distributed regularly
throughout all the orbitals there should be no ligand field effect for these elements.

Thus the energy of formation of complexes in the rare earth series should vary in the
same manner as the molar volumes and basic properties of hydroxides should vary in the
opposite manner. It is clear from Fig. 3.14 that the ionic radii, molar volumes and the basic
properties of hydroxides show negative deviations. The central members of the cerium
subgroup show maximum deviations. The deviations shown by the yttrium subgroup are
smaller than the cerium subgroup. This situation is analogous to the behaviour of transition
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elements. The deviation from the linear relationship with respect to ionic radii, hydration
energies, heats of formation are greater for d'—d* elements than d®~d° elements.

The data on the stability constants with some organic ligands have been classified
into five groups depending on the manner in which they vary with atomic number. The
five types of variation are illustrated in Fig. 3.15. In the first group (a) the variation of
log K vs. atomic number shows a convex curve with a maximum in the region of Tb and
Er. This group consists of diethylenetriamine pentaacetate and bispicolinato complexes
of rare earths. In the second group the deviations are positive in both subgroups of
rare earths. The ligands showing the behaviour are ethylenediamine tetraacetic acid and
cyclohexanediamine tetraacetate.

The third group (curve c) shows positive deviations in the cerium subgroup with no
deviations in the yttrium subgroup. Some typical ligands showing this behaviour are
nitrilo triacetic acid and 8-hydroxyquinoline-5-sulphonic acid. In the fourth group, positive
deviations in the cerium subgroup and negative deviations in the yttrium subgroup are
exhibited (curve d). Ligands exhibiting this trend are acetates, glycolates, gluconates
and N-hydroxyethyl ethylenediamine tetraacetate. Acetylacetonates belonging to the fifth
group show no deviations in the cerium subgroup and negative deviations for elements in
the yttrium subgroup (curve ).

Assuming that the interaction between the metal and ligands to be predominantly
electrostatic, the energy of formation of the complex (E) consists of: (i) U, the energy
of interaction of the spherically symmetrical core of the central metal ion with ligands and
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(i1) the extrastabilization energy, A E. The change in the stability constants for complexes
of La, Gd and Lu gives an idea of the manner in which U varies for the rare earth elements
since AE =0 for La, Gd and Lu. If logK vs. Z is a straight line then this gives the
dependence of the magnitude of U on atomic number. However, in practice, the plot of
log K vs. Z for complexes of La, Gd and Lu gives a convex curve with a maximum lying
in the yttrium group in the case of bulky ligands. This has been explained [16] by analysing
the dependence of the energies of formation of the complexes on the radius of the ligands.
For complex formation, the following equilibrium may be written

M(H;0)3" +mA~ = MA,, + nH,0,

where M3+ is a rare earth ion. We see that six water molecules are replaced by six ligands
(m =n = 6) and then the energy of formation of an octahedral complex is given by the
equation

U=—6(Z—Sy)e/(ri +1a) +6Zep/(ri +ry)> = C,

where U is the energy of formation of complex, e the charge on electron, r;, ra, and ry, radii
of rare earth, ligand and water, respectively, S, the coefficient of mutual repulsion of the
ligands, p the dipole moment of water and Z the charge on the rare earth ion. The constant
C consists of heats of hydration of ions and ligands and heat of vaporization of six water
molecules. The foregoing equation gives the dependence of the energy of formation of the
complex on the radius of anion or ligand A. The calculations of A~ = F~ (ry- = 1.33 A)
showed an increase in U with a decrease in the radius of the rare earth ion. For larger
anions the dependence is different and a flat portion is obtained near the end of the rare
earth series. For anions of r ~ 2.0 A the curve for energy of formation of complexes shows
a maximum which is displaced from elements of yttrium group to cerium group elements
with increasing radius of the anion. For anions of r > 2.0 A the curve for the energy of
formation of complexes decreases with decreasing radius.

An analogous explanation may be given for the variation of energies of formation of rare
earth complexes with multidentate ligands. The observed change in the stability constants
of complexes of La, Gd and Lu (either straight line or convex curve) has been attributed
to change in the electrostatic interaction with change in the ratio of the radii of the central
metal ion and the ligands. The extent of deviation of the observed log K from the straight
line or curve is attributed to the extrastabilization energy of the complexes.

In the complex formation reaction where water molecules are replaced by ligand A

MH,0)>" + mA~ 2 MA,, + ntH,O m=n=6
the reaction involves the replacement of field due to water molecules by the field due to
ligand A. Thus the extrastabilization energy A E’ is the difference in the extrastabilization

energies for water and ligand. We may write

AE = p14D,
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Fig. 3.16.

where

p=6/Tny+3/7ny —3/Tns for an octahedron and
p=3/Tn; —1/Tny —6/Tn3 for a tetrahedron and cube

where pa and pp, 0o are factors which depend on the electronic structure of the central metal
ion and the geometric configuration of the complex, Dya and Dgn,0 are field strengths for
ligand and water, respectively.

If the configuration of the complex is preserved in the reaction where water is replaced
by ligand A, pa and pn,0 are equal and the gain or loss of energy is determined by Dy
since the value of D, depends on the radius of the central metal ion, the ratio of Dy values
for water and ligand must be based on the fact that this quantity changes in the rare earth
series. It should also be recognized that the decrease in extrastabilization in crystals with a
decrease in the radius of the rare earth metal ion has been established [18].

If the changes in Dq for water and the ligand are the same, then the difference
Dga — Dgn,0 = ADq remains constant and AE’ should vary as shown in Fig. 3.16. A
similar change has been observed for the variation of the stability constants of rare earth
ethylenediamine tetraacetate and cyclohexanediamine tetraacetato complexes (Fig. 3.15).

In the case of most of the complexes, the extrastabilization energy in aqueous solutions,
AE’ decreases for the elements in the yttrium group elements and in some cases becomes
negative or zero (Fig. 3.15, curves c, d and e). This change in AE ” can be attributed to
the fact that Dyqs and Dgp,0 change in a different manner with a change in the radius of
the rare earth ion. The dependence of Dy on the average nucleus—electron distance for the
metal ion (7), the metal-ligand distance (R) and the charge and deformability of the ligand
for transition metals with Oy, symmetry are given by the equations

10Dq=5/3Ze(r*/R%)
for ionic ligands and

10Dg =5(uo + pi)e(F*/RY)
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for the dipole ligands, where Ze is the charge of the ligand and p and p; are the moments
of the permanent and induced dipoles.

In the case of rare earths r changes more sharply than R, and D, value decreases in the
series. This change should be less marked for water because the metal-ligand distance is
smaller and appears to a higher power than in the case of an ionic ligand.

The following cases of changes in Dgn,0 and Dya are possible, depending upon the
strength of the ligand field: (i) the ligand field strength of A™ is greater than the ligand
field strength of water. This case refers to curve ‘a’ in Fig. 3.17. The difference in changes
in Dya and Dgy,0 leads to a decrease in ADy and a decrease in the extrastabilization
energy for the yttrium group, (ii) the second is when the ligand field strengths of A~ and
H>O are similar. In this case, the strength of the field due to water when encountering the
yttrium group may be either equal (curve b in Fig. 3.17) or greater (curve ¢ Fig. 3.17) than
the strength of the ligand field. In the former case AE’ = 0 for the yttrium group and AE’
will be negative in the latter case. If for the cerium group of elements Dyga = Dyn,0, Dga
will become smaller than Dgyjy,0 in going to the yttrium group of elements as shown by
curve ‘d’ in Fig. 3.17.

Thus crystal field theory can in principle explain all the trends of variation of stability
constants shown in Fig. 3.15.

The extrastabilization energy for complex formation in solution may be written as

AE' =2.30RT (log Kap — log Kp)s
where Ky is the experimentally determined value of the stability constant of the complex

and K, is the value obtained by interpolation from a straight line joining points of values
for La, Gd and Lu.
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TABLE 3.7
Calculated A Dy values for EDTA complexes.

Metal log Ko, — log K, AE 0 14ADq
La 0 ] 0 0
Ce 0.4 530 12/14 620
Pr 0.44 585 14/14 585
Nd 0.50 663 16/14 580
Pm 0.50 663 18/14 520
Sm 0.37 490 12/14 575
Eu 0.20 266 6/14 620
Gd 0 0 0 0
Tb 0.30 410 12/14 480
Dy 0.40 544 14/14 544
Ho 0.40 544 16/14 475
Er 0.33 450 18/14 350
Tm 0.25 340 12/14 400
Yb 0.12 163 6/14 380
Lu 0 0 0 0

Assuming o remains constant on formation of the complex, we have
AE'=p14D,

Knowing the value of p one can determine A Dy.

Ethylenediaminetetraacetate, a sexadentate ligand is assumed to form an octahedral
complex with rare earth ions. Thus p was calculated for different electronic configurations
using the equation

p=6/Tn+3/Tny —3/Tn3

The values of pfor aregular octahedron, A E and 14 A Dy for the case of complex formation
between rare earth ions and ethylenediaminetetraacetate obtained by calculations [16]
are given in Table 3.7. The data show that the calculated values of 14A Dy are fairly
constant for the cerium group of elements, followed by a decrease for the yttrium group of
elements.

For elements of the cerium group, the values of maximum extrastabilization energy for
a given ligand has been used to compare the field strengths for different ligands. Based on
the deviations for complexes of the same type (MA) the ligands have been arranged in the
following order of increasing field strength:

H;0 < CH;COO™, CH>(OH)COO™, CH,OH(CHOH)4COO™ < N(CH,COO)3
< bipicolinate < diaminocyclohexanetetraacetate < EDTA

< diethylenetriaminepentaacetate
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The above order pertains to the cerium group of elements. The order changes for the
yttrium group of elements and appears to be as shown below:

carboxylic acids < water ~ nitrolotriacetate

This approach is interesting but appears to be of limited utility because it has not been
pursued further and cannot explain all the observations.

The increase in coordination number is another way of explaining the gadolinium
discontinuity. This can occur when the ligand has more than six donor atoms in
the molecule. The stability constants of rare earth complexes of rare earths with
diethylenetriamine pentaacetic acids are greater than the ethylenediamine tetraacetic acid
which is suggestive of a coordination number greater than six in the former complexes.
The increase in a coordination number is also likely in rare earth complexes (2:1) with
nitrolotriacetic acid (2:1 complexes) and ethylenediamine N,N’-diacetic acid [19] (2:1
complexes). Coordination number 7 has been suggested for rare earth complexes of EDTA
with a water molecule occupying the seventh position [20].

The third interpretation invokes steric effects. This consideration has been used with the
assumption that the larger coordination number and octahedral configuration are involved.
Steric factors are certainly important in explaining the trends in the stability constants of
nitrolotriacetic acid complexes, as well as complexes with diethylenetriaminepentaacetic
acid and dipicolinic acid [13].

3. Thermodynamic considerations

From earlier discussions, it is obvious that the stability constant data cannot be rationalized
in terms of known specific factors. Naturally this leads to a close examination of
thermodynamic data for the formation of complexes in solution. The stability constant
is directly related to free energy change (AG) and is a reflection of the enthalpy AH
and entropy AS associated with the formation of the complex. Since most of the systems
studied are in aqueous medium, the change in enthalpy upon complexation reflects the
bond energy toward the lanthanide ion (Ln3*) between the ligand and the coordinated
water molecules. The coordinated water molecules may include water molecules outside
the primary coordination sphere and it is best called as “hydration sphere”. Hence the
measured enthalpy change includes the energy necessary for rearranging the hydrogen
bonds in the vicinity of the complex compound. The entropy change is related to both the
changes in the number of particles in the system and to changes in the modes of motion
of the particles. Chelation is favoured by entropy change in terms of initially coordinated
water molecules. The majority of the rare earth chelate complexes are entropy stabilized.
The enthalpy and entropy data for the formation of some rare earth complexes are
given in Table 3.12 (see Appendix). The data given are not extensive and also very few
systems have been studied calorimetrically. The variation in the enthalpy values for most
of the ligands are not regular in the rare earth series. Maximum and minimum values
occur at various points in the series. This behaviour cannot be properly explained by
invoking ligand-field effects. The sinusoidal type of variation of AH for some ligands
may require destabilization if the ligand field is significant. Ligand field effects may also



STABILITY OF COMPLEXES 161

be less significant because of the screening of 4f electrons. It is also reasonable to expect
that complexes containing Ln—O bonds to behave similar to the Ln—H>O bond as far as the
ligand field is concerned. It is not totally correct to discard ligand field effects in explaining
the thermodynamic data. This is suggested by an earlier discussion of stability constants
and by the thermochemical studies of lanthanide complexes [21]. For 1:3 complexes, a plot
of AHj3 vs. atomic number shows a regular variation and a ligand field stabilization of
a few hundred calories between La*t and Gd*tand Gd>* and Lu**. Six coordination,
lack of hydration and octahedral configuration are suggested for the 1:3 complexes with
dipicolinate and diglycolate ligands.

In the case of nitriloacetate complexes, the changes in enthalpy have been explained
in terms of the consequences of lanthanide contraction: (i) increasingly exothermic
complexation with decreasing crystal radius and (ii) decreasing exothermic complexation
with decreasing hydration of the cation [22]. In the case of dipicolinates and diglycolates
these effects become small as the coordination sphere loses water molecules. Thus A H3
and A S5 vary more regularly than A H] and AS;.

Conductance measurements of lanthanides at infinite dilution give three size ranges,
namely La**-Nd**, Pm*T-Tb** and Dy>*+-Lu>* which is the order of increasing size.
The smaller the hydration sphere, the less exothermic is the complexation reaction. Thus
there is a corresponding decrease in the AS value since fewer water molecules are released
in this reaction.

Roughly there are three groups: (i) La>™—Eu®*, (ii) Ho>T-Eu’* and (iii) Gd**—
Dy3*. The third group Gd**—Dy3+ belongs to a borderline goup, having constant but
different A S. Other complications which come into play are steric hindrance due to bulky
ligands, hydration numbers of Ln3* ions. These complications cause difficulties in the
interpretation of the data. Change in coordination number is certainly a significant factor
and in general, the more negative A H value, the more positive the value of AS.

Choppin [24] examined some aspects of lanthanide-organic ligand interaction in
aqueous solutions. An interpretation of thermodynamic parameters (AG, AH and AS) of
complexation have been given in terms of hydration, inner versus outer sphere character,
stability vs. chelate ring size and ligand charge polarization.

Itis important to recognize that in solution as well as in crystals, the coordination number
of lanthanides is often 8 or 9. Radial distribution functions [24] and neutron scattering [25]
have been interpreted to show a coordination number of 9 for lighter lanthanides and
8 for the heavier lanthanides with the transition occurring between Nd** and Tb3*.
Luminescence decay rates [26] of Tb>* and Eu?t in D,0O-H,0 mixtures yielded a value
of 9 for Tb and 9.6 for Eu. Raman studies [27] of Ew(III) and Gd(IIT) in chloride solutions
showed the primary hydration sphere to increase with decrease in water fraction content.
It appears that coordination numbers of 8 and 9 appear to be present in other solvents as
well. Some examples worth noting are Ln(TTA)3 - (TBP); (TTA: theonyl trifluoroacetone,
TBP: tributyl phosphate), where the coordination number is 8; Eu(ClO4)3 in acetonitrile
has a coordination number of 9 which becomes 8 in dimethylformamide [28]. This large
variable coordination numbers of lanthanides are probably due to the combined effects
of the ionic nature of bonds and steric effects. The non-linear nature of the variation of
the energy of formation of complex formation, AG g, or log Bjo, (where n = number of
ligands) with Z atomic number has already been noted. Free energy variation is more
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regular while the enthalpy and entropy variation is irregular as seen in Fig. 3.18. In
general a linear relationship exists between enthalpy and entropy values for complex
formation for the same ligand for different lanthanides. Thus the relationship suggests
a compensational effect in which the enthalpy and entropy changes reflect hydrational
changes on complexation. The free energy expression is

AG1o1 = AGR+AGu=AGr+ AHy—T(ASR + ASH)
also
|AHu| > |AHR| and |ASy| > |ASR]

The subscript R stands for cation—anion interaction and H for hydration energy changes
on complexation. If upon complexation the net hydration decreases, both A Hy and A Hg
will be positive. Because A Hyg; and ASjg; are found to be positive for organic ligands in
solutions, the hydration terms are larger than the reaction terms. When the hydration terms
cancel then

AHy~TASy; AGy=~0

In such a case AGjg; >~ AGr. This means that the free energy of complex formation is
reflective of lanthanide—ligand interaction. Thus the value of AHjp; and ASjg; can be
interpreted to a first approximation in terms of hydrational changes [29].
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TABLE 3.8
Calculated percentages of inner sphere LnNO§+ complexation.

Ln(III) Ionic strength Method Innersphere Ref.
(%)
La ca.0.5 NMR 27 [31]
Pr 4 spec 32 [32}
Sm 4 spec 35 [32]
Eu 0.1 spec 18 [33]
Eu 0.5 spec 58 [34]
Dy ca.0.5 NMR 44 [35]
Er 4 spec 70 [32]
Er fn,0 = 0.16 (in DMSO}) ultrasonic 50 [36}

Lanthanide complexes with inorganic ligands such as C1~, Br™, I", SCN™, NO;
and sulphate can be either inner sphere LnX** or outer sphere or solvent separated
complexes, Ln(H20)3+X_ In the case of halides the complexes are thought to be outer
sphere Ln(H,0), X%, although there is evidence for the existence of anionic complexes
like LnCl, . Similarly EuSCNZ2~ is supposed to have both inner sphere and outer sphere
character [23].

Based on the stability constants for overall complexation, ﬂle which can be separated
into two parts, namely inner sphere, ﬂil o1 and outer sphere, B}, at different ionic strengths,
the values of inner and outer sphere percentages have been calculated (Table 3.8).

The inner sphere and outer sphere character was also ascertained in the case of
halates and chloroacetates of lanthanides by calorimetry and solvent extraction techniques.
Another aspect of the study is to ascertain the relationship between pK, and inner and
outer sphere character [30].

EuClO%+ pKa—2.7 outer sphere
EuBrO§+ pKa—23 both inner and outer sphere
EuIO%+ pKa=0.7 inner sphere

For organic ligands the data are as follows:

Ligand pKa Percent innersphere in LnAc2t
Acetate 4.8 100
Trichloroacetate —-0.5 0
Dichloroacetate 1.1 22
Chloroacetate 2.7 50

The relationship between log 8101 and pK; of the ligand for the haloacetate complexes
is as shown in Fig. 3.19.
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Another aspect to be considered is the stability of chelate rings as a function of the ring
size. Carboxylic acids of the formula (CH»),,COOH, where n = 0 to 4 form complexes
with lanthanides with different sizes of the chelate ring [23]. A plot of log 101 for Sm>*
versus »_ pK, of the ligands is shown in Fig. 3.20.
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The figure shows that the oxalate which forms a five-membered ring has the highest sta-
bility followed by malonate (6-membered ring). Succinate, glutarate and adipate form 7,
8 and 9 membered rings and are less stable. The Sm(II) CHCDA probably has a “boat”
structure and hence more stable than the 9-membered adipate complex. The boat structure
involves less entropy loss upon complexation. In all these complexes, the log B191 values
are greater than 3.0 for succinate, glutarate and adipate suggesting bidentate character of
the ligands.

As the size of the chelate ring increases, the increase in strain should reflect in the
entropy ASjg; with ring size. Hence the entropy ASio1 value of the reaction

Sm’ + HoL — SmL* +2H*

may be appropriate to use for the correlation of entropy with the chelate ring size in the
lanthanide complexes. Thus a correlation of ASjg; and AS {01 With ring size for complexes
with ligands of the formula (CH;),,COO ™, where n = 0 to 4 (for oxalate through adipate)
has been made. Such a correlation is shown in Fig. 3.21. The correlation of ASjg; is not
as good as that of ASY;. The values for 1,4-CHCDA indicate a loss of 40 J K~! mol~!
upon chelation with probably a boat structure than with an alkyl chain structure.

As far as A Hjg; values are concerned they are expected to be more exothermic and
increase with increase in ) pK,. The values on complexation become more positive

contrary to the expectation.

Oxalate +4.8kImol~! Glutarate +9.2 kJmol~!
Malonate +11.2kJmol~!  Adipate  +3.6 kJmol™!
Succinate +18.2kJmol~!
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Succinate, glutarate and adipate have ) pK, ~ 9.2 and the observed trend could be due to
shorter Ln—O bond distances.

Rare earth aminopolycarboxylate complexes have been studied extensively because of
their utility in the preparation of highly pure rare earths. Studies are still continuing on these
complexes and efforts are being made on understanding the factors that contribute to their
stability. The AS)g; values for an individual lanthanide and a series of these ligands appear
to be a function of the number of carboxyl groups in the ligand [37]. For Eu(III) complexes
AS)o1 values are about 70 JK~2 m~' per carboxyl group which are similar to the acetate
system. This observation means that the dominant entropy effect is the dehydration of the
carboxyl group. The endothermic enthalpy values were less than the values expected for the
interaction with four carboxylate groups indicating a strong exothermic Ln-N interaction.
This interpretation is strongly supported by NMR data on the Ln—EDTA system. Thus
compensation of hydration effects appear to be applicable as with simpler ligands. This
leads to a linear relationship between log 8101 and > pK, of the ligand as shown in
Fig. 3.22. The ligands that fit the linear relationship are five-membered rings containing

the rings O-Ln-N or @\I TMDTA and TMEDTA form 6 and 7-membered N-La-N
rings, respectively. EDPDA forms two six and two five-membered rings. The complexes
which have larger rings are less stable. The difference between the experimental value of
log 8 and the value expected from the line denoted as A log B appears to indicate the extent
of Ln—N bonding.
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TMDTA 6-membered ring Alog ~ 2.4 N-Ln-N
TMEDTA 7-membered ring Alog g ~4.6 N-Ln-N
EDPDA 6-membered ring Alog 8 ~2.0 O-Ln-N

Nuclear magnetic resonance (NMR) has provided useful information on the structure and
nature of bonding in the lanthanide aminocarboxylate complexes [39]. The splitting of 'H
spectra refiect the lifetimes of Ln—O and Ln-N bonds and the differences in the shifts of
similar protons (the four acetate groups in EDTA) yield information on the structure of the
complex. The symmetric ligand structure of LnEDTA is indicated by the same extent of
shift of the protons of the four acetate groups. The Ln—O bonds were shortlived while the
Ln-N bonds were long lived relative to the NMR time scale of ~ 10™~1077 s. The Ln-N
bond lifetime increased in moving along the La—Lu series. The EDPDA complexes showed
similar asymmetry and bond lifetimes like HEDTA and MEDTA. The spectra of TMDTA

and TMEDTA complexes showed increase in the size of I\m ring [40].

Intraligand charge polarization is one of the factors involved in explaining the variation
of log Bio1 values with pK, of substituted carboxylic acids. Inductive and resonance
effects in the ligands may oppose or reinforce each other and will be enhanced by highly
charged cations. Conjugated n ligand systems should exhibit intraligand polarization
more readily than saturated ligands because resonance effects are stronger than inductive
effects.

Studies on the fumarate and isophthalate complexes yielded log 8101 values greater than
the values expected from the > pK, of the ligands [41,42]. This discrepancy was explained
in terms of stabilization due to polarization of the ligand charge by the lanthanide cation.
Further studies with the following ligands involving substituted benzoates (Fig. 3.23)
showed stability constants for 1:1 complex to be in the order

p-MB > o-MB>~m-MB >B and p-MB ~i-Ph~Fum
From the pK , values the expected order of stability is
i-Ph > p-MB > Fum > B ~ 0-MB ~ m-MB

The disagreement can be explained by the resonance and inductive charge polarization
present in p-MB and fumarate complexes.

The relationship between pK, and log 8101 from the correlation of pK, with log Bi01
of the complexes is shown in Fig. 3.23. From the correlation of pK, with log 101 the
intraligand polarization effects are small in acetate and maleate and the pk; value of 5.5
for fumarate and isophthalate represents charge saturation of the carboxylates. In the case
of 0-MB and m-MB only inductive polarization is possible and has a pk}z of 4.7. From
this correlation one can define the maximum value of log 8 which in the case of Eu
is~2.8(—AG101 =~ 16 kI mol™1).
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4. Stability of macrocyclic complexes

Stability constants of rare earths with a variety of macrocyclic ligands are presented in
Tables 3.13 to 3.19 (see Appendix) and the associated references are given at the bottom
of the tables. As is the case with noncyclic ligands, stability constants are determined
by several different techniques. One should be careful when comparing the values, since
different conditions and techniques might have been applied. Stability constants for the
complexes of cations with macrocyclic compounds are often influenced by the relative
sizes of the cations and the cavities of the macrocycles, and hence the macrocycles have
specific selectivities to various cations. It is naturally expected that macrocyclic compounds
also exhibit unique selectivities to lanthanides.

The stabilities of lanthanide complexes with 18C6 were systematically [44-46]
investigated in methanol and in propylene carbonate. This stability decreases with increase
in the atomic number of the lanthanide (Tables 3.13 and 3.14, see Appendix). This stability
trend is opposite to those for most of the complexes with noncyclic ligands. A similar trend
is observed for complexes with butylbenzo substitutes {48]. The stability of the complex
of the cyclohexano-substituted crown ether has also a similar trend, though the number of
elements investigated is small. On the other hand, the 1:1 complexes of 12C4 and of 15C5
have nearly the same stabilities over the lanthanide series, although the 15C5 complex
seems to be slightly more stable for the lighter lanthanides. These results are in agreement
with the structures of the complexes. The stabilities of the lanthanide complexes with 12C4
and with 15C5 are only slightly influenced by the relative sizes of the ligand cavity and the
cation, because the metal ions are located slightly apart form the crown ether rings due
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to the larger sizes of the cations relative to the cavities. On the other hand, lanthanide
ions are located in the center of the polyether ring in the 18C6 complexes though the ring
size is larger than the size of La, which is the largest element of the lanthanide series.
With an increase in the atomic number of the lanthanide, or a decrease in the ionic size,
the difference in size between the lanthanide and the hole of the macrocycle increases.
The distortion in the polyether increases in order to maintain the distance between the
coordinating oxygens and the metal at the lengths suitable for coordination. Consequently,
the stability of the complex decreases with increasing atomic number of the lanthanide.
The stability trends of the 1:2 complexes with 12C4 and 15CS5 are similar to those of the
1:1 18C6 complexes, though the data are limited [49]. The behavior is at least partly due to
a structural effect. The two crown ethers of the 1:2 complexes (considered to be sandwich
type) are brought closer together with a decrease in ionic diameter of the lanthanide, and
the steric interactions become more significant in decreasing the stability of the complexes.

The stability constants of lanthanide complexes with ¢-butylbenzo-15C5 and -18C6 are
3 and 3 to 5 orders of magnitude lower than those of complexes with unsubstituted 15C5
and 18C6, respectively. The decrease is attributed to the decrease in the charge density
on the oxygen atoms due to the withdrawing effect of the phenyl ring. The increase in the
rigidity of the ligand caused by the substitution also yields destabilization. The effect of the
rigidity is more significant and the decrease in stability caused by the substitution is larger
in the case of complexes of 18C6 and the substituted 18C6. The larger rigidity improves
the selectivity between lanthanides. The La(III)/Yb(II) selectivity, log 81, is 2.57 with ¢-
butyl-benzo-18C6 (for trifluormethane sulfonate complex in propylene carbonate [48]),
while Alog 8 is 1.25 with 18C6.

DB30C10 forms 1:1 complexes though the original cavity size is quite large, as
previously stated. The stabilities of the complexes exhibit an unusual [49] trend in that
a maximum is observed at Gd(1II). Massaux and Desreux attributed this behavior to the
structural change at Gd. The polyether experiences deformation in order to wrap around
the lanthanides. The deformation causes intramolecular repulsions and strains leading to
destabilization of the complexes. The contraction of cavity size accompanying the decrease
in ionic radius progressively decreases the stability from La to Gd. It seems likely that a
structural change occurs after Gd because the macrocycle is no longer able to reduce the
cavity size.

The macrocycles containing amine groups in the ring, diaza-15CS5 and diaza-18C6 [(2.1)
and (2.2)] give more stable complexes than those of the corresponding crown ethers
(Table 3.15).The values of logp for the two diazacrown ethers are 8 to 9.9 log units
and 7.5 to 9.2 log units larger, respectively. The increase in stability is due to the higher
polarization of NH groups, at least to some extent. The stability constants of complexes
with diazacrown ether (2.1) are smaller than those of complexes with cryptand (2.2.1),
and the difference, A log 81, is about 4, being likely to indicate a so-called macrobicyclic
effect. However, such a difference is not observed between (2.2) and (2.2.2) or between
(2.1) and (2.1.1). It seems that the difference observed between (2.1) and (2.2.1) may
not be simply attributable to the macrobicyclic effect. The complexes of the cryptands
(2.1.1), (2.2.1), and (2.2.2) are much more stable than those of crown ethers, and the
stability constants are measured even in the strongly coordinating solvents such as water
and DMSO (Tables 3.16, 3.17). The difference in stability of complexes with N-containing
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macrocycles between individual lanthanides is small in any solvent. The stability constants
of the lanthanide complexes are in the order (2.2.1) > (2.2.2) > (2.1.1) in propylene
carbonate, but are nearly the same with the three cryptands in water and DMSO. The
interaction of these solvents with the lanthanide through the holes between the aliphatic
chains of the ligands is considered to decrease the specificities of the metal ions. The acetic
acid substitutes of the diazacrown ethers, 1,7-diaza-4, 10, 13-trioxacyclopentadecane-
N,N!-diacetic acid [DACDA, (2.2)DA], form very stable complexes in aqueous solution
(log B > 10) (Table 3.16). The stability of the complex with DACDA exhibits a similar
trend with that of the complexes with the corresponding crown ether, 18C6, decreasing with
the increase in atomic number from La (log 8 = 12.2) to Lu (log 81 = 10.8). On the other
hand, the complexes of DAPDA have a different stability trend, with a maximum around
Eu, and the selectivity is poor [51]. The complexes of the polyazamacrocycle polyacetic
acids with no ether bonds, 1,4,7,10-tetraazacyclododecane-N,N,N”,N" -tetraacetic acid
(DOTA), 1,4,8,11-tetraazacyclotetradecane-N,N',N” ,N'"-tetraacetic acid (TETA), and
1,4,7-triazacyclononane-N ,N’,N”-triacetic acid (NOTA), form very stable complexes
(logB1 > 13) in water, especially DOTA, which gave exceedingly stable complexes
(log B1 = 23-25 in water). The complexes are more stable than the DTPA complexes
that have been accepted to be the most stable ones. Other authors reported even higher
stability constant values for the DOTA complexes (log 81 = 28-29) [50]. Thermodynamic
data on AH and AS show that AS is the major contributor to the stability of macrocyclic
complexes of rare earths.

5. Double-double effect

This effect originates in the various f electron configurations of lanthanides and actinides.
This effect is based on the correlation observed between the full pattern of the effect and
the sequence of values of the L. quantum number [52]. The correlation consists of the
occurrence of the same double symmetry in (a) the series of L quantum number values
of the ground terms of f element ions and (b) the sequence of relatively stabilized or
destabilized f electron configurations (i.e.) the double-double effect. Accordingly

o 0.3, 14 17, £10 f11 and f'* are relatively stable configurations while the four pairs f! -2,
5, 87 and £'2—f'3 are relatively destabilized configurations,

o U 3 14 7 £10 f11 14 grable, even L values, S = 0, [ = 6 terms,

o f1-£2 55 8% f12£13 unstable, odd L values, F = 3, H = 5 terms.

The double—double effect is illustrated in Fig. 3.24. It is to be noted that elements of relative
stable configuration form complexes of less negative AG values (i.e.) the ease of complex
formation is less.

The double—double effect finds confirmation by the singularities of the f2—f*, £’ and
1011 configurations in terms of spin-pairing energies [53]. The theory of spin-pairing
is based on the fact that for a given configuration 19, the energy difference between the
centre of gravity of all (S — 1) terms and the centre of gravity of all S terms is equal to
2DS, where D is a linear combination of interelectronic integrals in the Condon—Shortley
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theory. The lowest term with maximum S value is situated below the baricentre of the

whole configuration to an extent of

—4(q*> — q)D/13
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for q < 7 while q is replaced by 14 — q for other configurations. In the above equation D
is a spin-pairing energy parameter equal to 6500 cm™! for the 4f elements and 3900 cm ™!
for 5f elements. For configurations f¢ where more than one term represents the maximum
of S, the lowest term is further stabilized

—21E3 forq=3, 4, 10 and 11
—9E3 forq=2, 5, 9and 12
where E®, the Racah parameter, is about one-tenths of D. Thus the stabilization of ground

electronic states of f configuration relative to the baricentre of the whole configuration is
as follows.

Configuration Term Stabilization energy
2, f12 3H —8D/13 — 9E3

£, 1! 41 —24D/13 — 21E?
 f10 51 —48D/13 — 21E3
5, 54 —80D/13 — 9E3
10, 18 F —120D13

7 8g —168D/13

There is no such stabilization in f°, f'4 ('S terms) and f!, '3 (°F terms) systems.
The double-double effect is supposed to result from the decrease of phenomenological
parameters of interelectronic repulsion with increasing covalency of metal-ligand bonding.
The degree of covalent bonding is related to the nephelauxetic effect which becomes more
pronounced with higher reducing power of ligands and higher oxidizing power of the
central metal ion.

The coefficients of D-dependent terms display symmetry with respect to f configuration
along with two subgroups f’-f7 and f’—f'4, changes in coefficients of E3 show the
symmetry in the two subgroups. Assuming that both parameters of interelectronic repulsion
D and E3 decrease by one percent Fig. 3.25a is drawn. The combined stabilization is shown
in Fig. 3.25b. Superposition of stabilization originating from the expression —21E> and
~9E? in plotting the value of 4(q2 — q)D/13 as a function of q gives the singularities of
f3-f*and f'0—f!! configurations (i.e.) two sub-pairs within the groups f—f7 and f’—f4,

Fig. 3.25c is drawn assuming a decrease of one percent in E* and 0.25 percent in D. The
above assumption is based on the premise that E* has a greater nephelauxetic effect on the
ground state energy than D. From Fig. 3.25 the singularities of the central pairs f>—f* and
f10_f11 are seen to be pronounced. From this it is seen that the stabilization of the ground
terms relative to the baricentre of the whole configuration, plotted as a function of q shows
the same double symmetry as the double—~double effect. The double symmetry can also be
seen in the sequence of ground terms when the total orbital angular momentum L is plotted
against q (i.e. two maxima in the plot). The two maxima are due to two central pairs within
the two subgroups f'—f’and f’—f'*. The plots of L vs. q and S vs. q are given in Fig. 3.26
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Fig. 3.25.

and these plots show the maxima due to two central pairs within the two subgroups fO—f’
and f7—f14,

It is probably useful to view the stability constants and the associated thermodynamic
parameters in terms of spin-pairing energy or the double—double effect. In the case of
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free energy of complex formation, it reflects the stabilization of ground state terms for
the complex and aquo ion. The experimentally observed double—double effect is greater
when there is a pronounced change in E!, E* parameters under the nephelauxetic action
of the ligands. Thus the effect of nephelauxetic action of the ligands in expanding the
partly filled shell of the central ion, and a decrease in interelectronic repulsion parameters
E! and E? are of primary importance in interpreting the experimental data such as stability
constants or thermodynamic parameters in the series of lanthanides. Sickierski [54] defined
the separation & as

n (B3)cti

1 (B3):
n b

Qi
I
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Fig. 3.27.

where Z is the atomic number and n the number of ligands. A plot of &, mean separation
for lanthanides and their complexes with over 30 ligands, is given in Fig. 3.27. The double—
double effect is clearly seen in the figure.

In general, most of the properties of lanthanides and their variation allow one to classify
them into subgroups, namely, f°—3, f*—£7, f7—f10 and f10—f!4 The properties of lanthanide
ions and their complexes vary linearly with the total orbital angular momentum (L) values
and give rise to a four segmented “inclined W” shape. Also the lanthanides have been
classified into four groups when Ln>* is involved.

0 I 1I i
1. 2 La Ce Pr Nd
2. 4+ Pm Sm Eu Gd
3. f7+4 Gd Tb Dy Ho
4. fll+g Er Tm Yb Lu

The largest difference in properties is between elements of group 0 and I and the smallest
difference is between elements of groups II and III. The double—double effect that is
reflected in four subgroups is similar to the observations of Moeller [13] who grouped
La3*-Nd*+, Pm?+—Tb3*, Dy3+—Lu?* into three groups.
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6. Applications

Fractional crystallization and precipitation are classical methods of separation of rare earth
metal ions. Complex forming agents may be used to give better separations than simple
or double salts. Some of the complexing agents used in fractionation separation are given
below.

Reference

Reagent

Mandelic acid [55]

Dimethyl phosphates [561]

NH4[LnEDTA] [57]
Complexing agent

EDTA in oxalate precipitation [58]

NTA in oxalate precipitation [13]

Rare earths separation has been achieved by formation of species of the formula
Ln(NO3)3-3TBP, where TBP is tributyl phosphate. This process is solvent extraction which
is widely used at present in the production of rare earths in pure form.

Reagents Reference
Tributylphosphate [591
2-ethylhexyl phenyl phosphonate [60]

The complex formation constants of rare earth ions with a variety aminopolycarboxylic
acids are sufficiently different for the purpose of separation of the ions by ion-exchange
methods.

Reagent Reference
EDTA (cation exchange) [61]
NTA (cation exchange) [62]
Triphosphate (cation exchange) [63]
DTPA (cation exchange) [64]
EDTA (anion exchange) [65]
Citrate (anion exchange) [66]

The important analytical application is complexometric titration with EDTA for the
individual determination or as a group [67].

Spectrophotometric methods for the analytical determination of rare earths using
complexing agents have been developed. Although some reagents give high sensitivity
these methods suffer from interferences due to other cations, anions and chelating
agents [13].
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TABLE 3.9
Solvent extraction of lanthanides with crown ethers.

Organic phase Aqueous phase Ln:L:A? Remarks Ref.
[LadIID)]

12C4-PhNO, Ln(NO3)3—picrate 1:2 Tb and Yb are best extracted ~ [71]

15C5, DB18C6-PhNO, (La—Lu) 1:1

15C5, 18C6, DB18C6—-CHCl3 Ln(NO3)3—picrate 1:2:3 K, decreases from Ce to Lu [72]
(La-Lu)

ButB15C5, BrB15C5-PhNO, Picrate (Ce, Nd, Sm, 1:2:3 Ce > Nd > Sm > Eu > Tm > [73]
Eu, Tm, Yb, Lu) Yb > Lu

DB18C6, DC18C6-CH,Cl, Picrate (La—Lu) [74]

MeB15C5-CHCl; Picrate (Ce, Nd, Eu, 1:2:3 Nd > Eu > Ce > Tm > Yb [751
Tm, Yb)

15C5, 18C6, DC18CS6, Nitrate (La—Lu) Synergistic extraction [76]

DC24C8 + (BuO),-(CH,CH,0),

CeHg

DC18C6, DC15C5-CH, Cl, Picrate (La—Gd) 1:2:3 [771

15C5 + HTTA-CHCl;3 Acetate 1:2:3b Synergistic effect [78]

(Eu > Tm > Yb)

But15CS5 + DNSA-CH3CgHs® Perchlorate Synergistic extraction [79]
(Ce, Pm, Eu, Tm)

DB16CSAA-CHCl; + C6H13OHd Chloride, nitrate, sulfate La > Pr> Sm > Eu > Tb, [80]
(La—Lu) Er > Yb, Lu

3L anthanide:ligand:anion ratio in the extracted species.
TTA is the anion.

°DNSA is dinonylnaphthalene sulfonic acid.
dDB16C5AA is dibenzo- 16-crown-5-oxyacetic acid.

The specific selectivity of macrocyclic compounds for cations has been successfully
used in the separation of lanthanides.

Separation of Pr and Er Chromatography [68]
Separation of Sm and Gd Chromatography [69]
Separation of La—~Sm and Tb~Lu groups using DOTA Ion exchange [70]

Solvent extraction studies for the separation of rare earths using crown ethers are
summarized in Table 3.9.
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Appendix
TABLE 3.10
Stability constants of rare earth complexes with inorganic ligands.
Metal-L Method Temp. Medium log of equilibrium constant Ref.
(°C)
La’t-OH~  Diss 0.1 LiClOy4 ~74(K}) 1
prt Diss 0.1 LiClO4 -7.1 1
N3+ Diss 0.1 LiClO4 -7.0 1
Pm3t Diss 0.1 LiCl0,4 —6.5 1
Sm3+ Diss 0.1 LiClOy4 —4.4 1
Eut Diss 0.1 LiClOy4 —48 1
Gd3+ Diss 0.1 LiClOy4 -7.1 1
To3+ Diss 0.1 LiClOy4 —52 1
Dy3+ Diss 0.1 LiClOy4 -5.6 1
Ho?+ Diss 0.1 LiClOy4 -57 1
Erit Diss 0.1 LiCl0, —-5.5 1
Tm3+ Diss 0.1 LiClOy4 —~4.4 1
Yb3+ Diss 0.1 LiC10,4 —43 1
Lu3t Diss 0.1 LiClOy4 -35 1
M3*-ReO;  Sp 1 (HReOy) Pr, K| = —0.92 2
Ho, K1 =—0.76 2
Er, K| =—082 2
Tm, K| = —0.89 2
Nd**—ReO, Var HReOy K1 =122,8,=137 3
M3+ Fe(CN)g -
La’+ Con 40-70 Ky [KTLa3tL4"]1=—87 4
Cedt Con 20-30 K¢ [KTCTL™1=-9.20 4
M3+ _Fe(CN), K AH, AS;
La Cal 25 0 corr 370 085 19.8 5
Pr Cal 25 0 corr 3.64 087 195 5
Nd Cal 25 0 corr 377 080 199 5
Sm Cal 25 0 corr 372 091 201 5
Eu Cal 25 0 corr 365 098 200 5
Gd Cal 25 0 corr 359 1.04 199 5
Tb Cal 25 0 corr 376 094 204 5
Dy Cal 25 0 corr 368 1.02 203 5
Ho Cal 25 0 corr 366 106 203 5
Er Cal 25 0 corr 3.68 1.04 20.3 5
Tm Cal 25 0 corr 367 105 203 5
Yb Cal 25 0 corr 366 104 202 5
Lu Cal 25 0 corr 369 101 203 5
M3T_SCN~  Dis 30 INH4CIO04 LakK; =0.128, =022 6
Eu K| =0.13 §, =0.29 6
Tb K1 =0.23 f, =0.34 6
Lu K7 =0.21 8, =035 6
cedt Dis 25 2 NH;NO3 Ky =0308,=020 7
pr3t Sp 3 LiClO, K{=0.10t00.50 8
8

Ho’t Sp 3 LiClOy4 K| =0.10 t0 0.40
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(Continued.)
Metal-L Method Temp. Medium log of equilibrium constant Ref.
(9]

Azide

La3+-Ny E 25 3(NaClO4) K, =0.64 9

Nitrate, NO3

Sp HNO3 var BIM3T + 3L~ + HL & ML3HL] 10

Pr=—0.52 10
Nd=—1.67 10
Eu=—0.44 10
Dy =—0.50 10
Ho=—0.74 10
Er=—0.76 10
Yb=—1.29 10
BIML3HL + 2HL = MLz (HL)3] 10
Pr=—141 10
Nd = —1.46 10
Eu=—1.40 10
Dy =—1.59 10
Ho=-112 10
Fr=—0.87 10
Yb=—141 10

La3t Var 1 (KNO3) Ki=15evLal;y 11

cet Av 1 (NaClOy) K| =046 12

Hypophosphite, PO, H,

Pt Sp Var Ky =133 13

Na3+ Sp Var K =110 13

Er3t Sp Var K| =147 13

M3+pO;~

Lat Dis 25 1 (NH4ClOy) BlLa>*H,L ]=1.61 14

Na3t Sp POCl; ev NdL§™ 15

Pyrophosphate, P,0” 4

Y3+ Lex 25 0.1 (NaClOy) B, =97

Triphosphate, P07

La3t Gl - 0.1 (NaClO4) 8, =15.81, HL*~; K| =4.63, HL*~; 196
K1K> =832

Pt Gl - 0.1 (NaClOy) By =16.95, HLA~; K| =4.86, HL*~; 196
KK, =8.64

Sm3+ Gl - 0.1 (NaClO4) f, =16.98, HLA™; K| = 4.89, HL*—; 196
KK, =8.66

Eu’t Gl - 0.1 (NaClO4) B =16.91, HLA~; K| = 4.90, HL*~; 196
K K, =8.68

Ga3+ Gl - 0.1 (NaClOy) B, =16.92, HLA"; K| =4.91, HL*~; 196
K1K,=8.72

Dy3* Gl - 0.1 (NaClO4) B =17.12, HL*~; K| = 4.94, HL*~; 196
K K, =8.84

Er’t Gl - 0.1 (NaClOg)  $,17.41, HL*~; K| =5.00, HL*~; 196
KK, =905

Yb3+ Gl - 0.1 (NaClOy) o =17.95, HL*; K; =5.20, HL*—; 196
KK, =9.29

Y3+ Gl - 0.1 (NaClO4) B =17.21, HL*™; K| =4.97, HL*"; 196

KK, =887
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(Continued.)
Metal-L Method Temp. Medium log of equilibrium constant Ref.
(°C)
Gl 2545 O0.1(KNO3)  f; =8.0(25%, AHgr = —2.5(La) 17
Gl 25-45 0.1 Br =8.2(25°), AHpr = —2.4 (Ce) 17
Gl 2545 Q.1 By =8.3(25°), AHgy = —2.4 (Pr) 17
Gl 2545 0.1 B2 =8.5(25°), AHgy = —4.5 (Nd) 17
Gl 2545 0.1 Br =8.7(25°), AHg, = —6.8 (Sm) 17
Gl 2545 0.1 B2 =8.8 (25°), AHpg, = —6.9 (Eu) 17
Gl 2545 0.1 B2 =8.9 (25°), AHg, = —6.9 (Gd) 17
Gl 25-45 0.1 B2 =9.1(25%), AHg, = —6.8 (Tb) 17
Gl 2545 0.1 B2 =9.2 (25°), AHg, = —4.7 (Dy) 17
al 2545 0.1 B2 =9.3 (25°), AHg, = —6.8 (Ho) 17
Gl 25-45 0.1 B2 =9.5(25%), AHg, = —6.7 (En) 17
Gl 2545 0.1 B2 =9.7(25°), AHg, = —6.7 (Tm) 17
M"tH,0
Y3+ Mag, kin 104 Var BIY(EDTAL, |, L]=-2.0 18
EMF 20 0.1 KNO;3 BIY(EDTA)L, |.L]=-20 18
Sm = 0.7, Eu = 0.15, 19
Gd=—0.15,Tb=—1.0
Dy = —1.05, Ho = —1.38, Er = —2.00 18
P+ Sp EtOH-H,0O Kg =053 20
M3+s0;~ Cal 25 0 corr AH; =3.50 (La), 3.78 (Ce), 3.92 (Pr), 21
4.15 (Nd), 4.34 (Sm), 4.13 (Eu),
4.10 (Gd), 4.02 (Tb), 3.58 (Dy),
3.54 (Ho), 3.39 (Er), 3.15 (Tm),
2.90 (Yb), 3.54 (Lu)
Con 25 0 corr K| =3.65 (La), 3.67 (Ce), 3.67 (Pr), 2
3.68 (Nd), 3.68 (Sm), 3.67 (Gd),
3.60 (Ho), 3.58 (Er), 3.51 (Yb),
3.52 (L)
Oth 25 0 corr K| =3.62 (Pp), 3.64 (Nd), 3.66 (Sm), 23
3.66 (Eu), 3.66 (Gd), 3.64 (Tb),
3.61 (Dy). 3.59 (Ho)
Kin 25 0 corr K| =3.62 (La), 3.64 (Nd), 3.65 (Gd), 24
3.61 (Dy)
Cal 25 0 corr AH; =3.13, AS; =27 (La); 22,25
AH, =342, AS) =283 (Sm);
AH; =370, AS; =29.0 (Tb);
AH, =337, AS| = 27.6 (Er)
Cal 25 0 corr K| = 1.67 (La), 1.30 (Pr), 1.50 (Nd), 22,25
1.74 (Eu), 1.55 (Gd), 1.51 (Tb),
1.2 (Dy), 1.3 (Ho), 1.45 (Er),
1.55 (Tm), 1.6 (Yb)
La’t Dis 25 1 (NaClOy4) Ky =177 8,=2.66(1=05) 27
Ce’t Kin 25 5 (NaClOy) BICeL,+HL ™ = CeHL3] =0.53 28
ce’t Av 30 1 (NaClOy4) K{ =176, Av; =15.1 cm® 29
Eudt Sp 25 0 corr K, =3.67 31
AH; =62 (also AS)
Sp 25 var, p atm K| =3.68 (p=1),3.44 (p = 545), 32
3.29 (p =983), 3.11 (p = 1497)
Dis 25 0corr k; =3.87, 8, =5.75, B3 = 5.09 33
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(Continued.)
Metal-L Method Temp. Medium log of equilibrium constant Ref.
(°0)
Tb >+ Oth 25 2 (NaClOy) K1 = 1.59 (luminiscene quenching) 34
M3t _F~ Lit 25 K1 =2.67 (La), 2.81 (Ce), 3.01 (Pr),
3.09 (Nd), 3.12 (Sm), 3.19 (Eu),
3.31 (Gd), 3.43 (Tb), 3.46 (Dy),
3.52 (Ho), 3.54 (Er), 3.56 (Tm),
3.58 (Yb), 3.60 (Lu)
K| =3.6 (La), 4.0 (Ce), 4.26 (Gd)
sc3t Dis 25 0.5(NaClOs) K| =6.17, B = 11.44, 3 = 15.46, 36
Ba=18.49
Y3+ Dis 25 0.5 (NaClOs) K =3.89, B =7.11, 3 =10.30 36
Eu3t IseF 25 0.5 (NaClOy) K| =3.40 37
Chloride, C1~
M3t_¢1- 196
La3t Dist 2 1 (HCIOy) K1 =0.05 196
Lat Sol 25 0.5 K, =046 196
Ce3t Dist 22 1 (HCIOy) K1=0.05 196
pr3t Dist 22 1 (HCIOy) K1 =0.05 196
Sm3* Sol 25 0.5 K1 =046 196
Eu3t Dist 22 1 (HCIOy) K, =0.05 196
Tm3+ Dist 22 1 (HCIO4) K| =0.10 196
Yb3+ Dist 22 1 (HCIO4) K| =022 196
Yb3+ Sol 25 0.5 K1 =0.56 196
Lu3t Dist 22 1 (HCIOy) K| =0.40 196
Lu3t Sol 25 0.5 K| =048 196
Y3+ Dist - 3 K| =0.89-0.13 196
Y3+ Red 15-35  Ocor K| =0.38(15°), 0.36 (25°),0.32 (35°) 196
(AH; =—03,AS; =—1) 196
La3t Sol 25 0 corr K [La3*t(OH ),C17] = ~15.51 (fresh),
—16.76 (aged)
pr3t Sp 25 3 (LiClOy4) K| =085, 39
Sp 25 ProH K| =11 (LiClOy) 41
N>+ Sol, Sp 25 HCI var K| = —0.1 (outer sphere) 42
Sp MeOH K| =188, =2.0 (0.5 (LiClO4)) 43
Pm>+ Oth 15 HCI var K1 =07, Ky(D=-08 44
(paper electrophoresis)
Sm3+ K| =096 39
Eu?t Sp 25 W%MeOH K| =0.04(W=0), K| =055 39
TH3+ Oth 20 lev TbLy, TbL3 ™, TbL} ™, ThoL; 46
(refractometry)
Ho>* Sp 25 3 (LiClOy) K| =082 39
Er3t Sp 25 3 (LiClOy) K; =071 39
Yb3+ Sp 25 W%MeOH K{=—0.11(W=0), 39
0.34 (W = 50) (3 (LiClOy4)
M*+-Cl103
Eu3* Dis 240  1NaClOy4 K1 =0.08 (20°) 49
b3+ Dis 2-30  1NaClOy4 K1 =0.00(20°) 49
M3**-Clo,
Ng3+ SoL,Sp 25 HL var Ki=-1717 42
Er3t Sp 25 %MeOH K1 =06 50
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(Continued.)
Metal-L Method Temp. Medium log of equilibrium constant Ref.

()]
M3+_Br—
prt K| =-023(W=0)
Sp 25 PrOH K{=0.4100.9 (1 (LiClOg) 41

Nag3+ Sp 25 PrOH K =0100.5 (1 (LiCIOy) 41
Sm3+ Sp 25 W%MeOH Ki=—0.16 (W =0) 48
Ho t Sp 25 W%MeOH K| =—-062(W=0) 48
Ec Sp 25 ProH K; =05100.9 (1 (LiCIOg)) 41
M**-Bro;
Ed*t  Dis 240 1NaClOy K; =0.62 (20°) 49
Tb3+ Dis 240 1NaClO, K| =0.54 (20°) 49
M¥t-107
Eu’t Dis 2-40  1NaClOy4 K| =0.90 (20°) 49
Tb3+ Dis 2-40  1NaClOy Ky =0.82 (20 49
Eu?t Dis 0-40 1 NaClOy Ky =1.15(25%), AH| =2.65 51
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TABLE 3.11
Stability constants of rare earth complexes with organic ligands.
Metal  Method Temp. Medium log of equilibrium constant Ref.
0
Formic acid
Eu’t  Pol 25 1 NaClO, K =130, Ky =2.08 1
Methyl phosphonic acid, CH;O3P
Pm?t  Iex 25 -0 K(Pm’T + HL = PmHL") =2.67 2
Hydroxymethyl phosphonic acid, CH;04P
Pm3t  Iex 25 0.2 NH4ClO, K(Pm** + HL = PmHL?*) = 1.65 3
K[PmHL>* + HL = Pm(HL)} ] = 13.3
C,H, 0y, oxalic acid -
ce’t Sol 20 1 NaClO, K| =449, 8, =791, B3 =10.30, B3 = 11.75 4
Er’t  Sol 18-30 0.1 K| (18°) =2.92, B, (18%) =5.70, £3(18°) = 8.64 5
Eu’t  Sol 20 1 NaClOy K} =5.04, 8o =8.70, B3 = 11.57, B3 = 13.09 4
La’t  Dis 25 0.5 NaClOy4 K| =447, 8> =8.00 6
Lu3t  Sol 20 1 NaClO, K| =5.28, 8 =953, B3 =12.74, B4 = 14.68 4
Pm’*  Dis 20 0.1 NH4Cl $r=83,6=118 7
Sm**t  Sol 25 0.5 K| =6.62 8
TH+  Sol 20 1 NaClO, K, =508, 8 =886, 83 =11.85 8, =1342 4
Tm3t  Iex 18 0.1 K1 =340, B =345, 8= 10 9
C,yH40;, acetic acid
ce’t  Dis 2-47  2.0NaClO, K| =1.70 (25°) 10
Euvt  Dis 0-55  2.0NaClO, K| =1.90(25% 10
La’t Ot 20 0.2 B3 =297 11
Nd*t  Pot 7 2 NaClO, K1 =190 12
Qh ? 0.5 NaClO, B = 3.64, B3(60%) =7.63 13
0-70% dioxane
Pr3t  Pot ? 2 NaClOy4 K1 =1.96, B =2.83, B3 =3.83, B4 =3.58 12
0-80% EtOH Bs5(60%) =7.70, B (80%) = 12.44 12
To*  Oth 25 2.0 NaClO, K| =1.00, Ky =0.78, K3 = 0.60 13
Y3+ Oth -~ - B =374 14
| - u=0.1 K1 =202, K,)=124 16
cedt - - w=0.1 K1 =209, K,=144 16
Pt - - u=0.1 K| =2.18, Ky =145 16
Ng3t - - u=0.1 K1 =222 K)=154 16
Sm¥**t - - u=0.1 K| =230,K)=158 16
CyH40,8, HSCH>CO»H, mercapto acetic acid (thioglycolic acid), HL
Metal  Method I T (°C) log Ky log K7 log B Ref.
Lat Gl 0.1 M NaClO, 20 1.98 1.00 2.98 195
L3t  al 2 M NaClOy 25 1.42 0.70 2.12 195
La3t Gl 0.1 MKCl 30 2.27 2.35 4.62 195
ce’t  al 0.1 M NaClOy 20 1.99 1.04 3.03 195
clt  al 2 M NaClOy 25 1.43 0.70 213 195
cet  al 0.1 M KCI 30 2.28 2.36 4.64 195
Pt Gl 0.1 M NaClOy 20 2.03 1.04 3.07 195
pr3t Gl 0.1 M KCI 30 2.40 2.44 4.84 195
Nd*t Gl 2 M NaClO,4 20 2.07 1.20 3.27 195
N&*t @ 0.1 M NaClO, 25 1.49 0.78 227 195
N&*t  al 0.1 MKCI 30 2.48 2.52 5.00 195
sSm*t Gl 0.1 M NaClOy 20 2.11 1.36 3.47 195
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(Continued.)
Metal  Method I T (°C) log K log K» log B> Ref.
Sm3t Gl 2 M NaClO4 25 1.81 0.90 2.71 195
Ev’t Gl 0.5 M (NaClO,) 20 1.55 0.72 2.27 195
Ev’t Gl 0.1 M NaClOy 20 2.07 1.34 3.41 195
Ev’t Gl 2.0 M NaClOy 25 1.75 0.78 2.53 195
G+ al 0.1 M NaClOy 20 2.01 1.30 3.31 195
G#t+  al 2 M NaClO4 25 1.64 0.78 2.42 195
o+ Gl 0.1 M NaClOy 20 1.96 1.26 3.22 195
T3t Gl 2 M NaClO4 25 1.63 0.78 241 195
Dyt Gl 0.1 M NaClO, 20 1.93 132 3.25 195
Ho’t @l 0.1 M NaClOy 20 1.92 1.32 3.24 195
Ho’* Gl 2 M NaClOy4 25 1.32 0.84 2.16 195
Ect Gl 0.1 M NaClO, 20 1.94 1.43 3.26 195
Ert Gl 2 M NaClOy4 25 1.28 0.90 2.18 195
Tm3*t Gl 0.1 M NaClO, 20 1.98 1.11 3.09 195
Yt al 0.1 M NaClOy 20 1.98 1.32 3.30 195
YB3t Gl 2 M NaClO4 25 1.32 0.90 2.22 195
Lt al 0.1 NaClOy4 20 2.01 1.30 3.31 195
Yt al 0.1 M NaClO, 20 1.91 1.28 3.19 195
Y3t al 2 M NaClO4 25 1.49 0.70 2.19 195
CyH4NO,, CH3CONOH, acethydroxamic acid, HL
Metal Method 1 T °C) K Ky 62 K B3 Ref.
La3t Gl 0.1 NaNO» 20 516 417 9.33 2.55 11.88 201
ce’t Gl 0.1 NaNO» 20 5.45 434 9.79 3.0 12.8 201
Sm3*t Gl 0.1 NaNO3 20 596 477 10.73 3.68 14.41 201
Gdt al 0.1 NaNO3 20 610 476 10.86 3.07 13.93 201
Dyt Gl 0.1 NaNO3 20 652 536 11.91 4.04 15.95 201
Y3+ Gl 0.1 NaNO» 20 6.61 5.59 1220 4.29 16.49 201
Eu3t u=0.1 2.31 1.60 16
Gd3t 2.16 1.60 16
b3+ 2.07 1.59 16
Dy 2.03 1.61 16
Ho’* 2.00 1.59 16
Er3t 2.01 1.59 16
Tm3+ 2.02 1.59 16
Yb3+ 2.03 1.64 16
Lot 2.05 1.64 16
Metal Method Temp. Medium log of equilibrium constant Ref.
(°C)
CoH403, hydroxy acetic acid
Eu3t  Dis 0.5-52  2.0NaClO4 K =2.52(25% 17
C,H403, glycollic acid
La3t Gl 20 0.1 NaCl0O4 K1 =2.55,K» =169, K3 =0.78, 194
By =424, f3=5.02
clt al 20 0.1 NaClO,4 K1 =269, K» =185, K3 =0.84, 194
By =4.54, 83 =5.38
Pt Gl 20 0.1 NaClO4 K, =278, K; =190, K3 =1.18, 194
Br =4.68, 3 =5.86
N&t  al 20 0.1 NaClO, K| =289, K, =1.96, K3 =1.26, 194

B2 =485, f3=6.11
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(Continued.)
Metal Method Temp. Medium log of equilibrium constant Ref.
(O]

sm3*t Gl 20 0.1 NaClO4 K[ =291, K, =2.10, K3 = 1.56, 194
By =501, 3 =6.57

Eu’t Gl 20 0.1 NaClO4 K| =293, Ky =2.14, K3 = 1.45, 194
By =507, f3 =652

Gt al 20 0.1 NaClO4 K1 =279, K» =206, K3 =1.15, 194
B =4.85, B3 =6.00

v+ Gl 20 0.1 NaClO4 K1 =282, Ky =209, K3 =111, 194
B> =491, f3=6.02

Dy’*t Gl 20 0.1 NaClO4 Ky =292, Ky =205, K3 =1.58, 194
B =497, B3 =6.55

Ho't Gl 20 0.1 NaClOy4 K1 =299, Ky =205, K3 =153, 194
Br =5.04, B3 =657

Ert Gl 20 0.1 NaClOy4 K| =3.00, Ky =218, K3 = 1.66, 194
Br=5.18, B3 =684

Tm’*t Gl 20 0.1 NaClO4 K, =3.06, K, =226, K3 = 1.67, 194
Br =5.32, B3 =6.99

YB3t Gl 20 0.1 NaClO4 Ky =3.13, Ky =224, K3 =174, 194
B =537, B3 =711

it Gl 20 0.1 NaClOy4 K} =3.15, Ky =2.33, K3 = 1.80, 194
By =548, B3 =728

Y3+ Gl 20 0.1 NaClOy4 K1 =279, Ky =2.09, K3 =0.90, 194
By =488, B3 =578

CyHgN>», ethylenediamine

La3t-L Cal 23 CH3CN K1 =95 Ky=175,K3=62,K4=3.3 19

Tb**  Cal 23 CH;CN Ki=104,K)=84,K3=62, K4 =32 19

Ybit  Cal 23 CH3CN Ki=115 K, =84, K3=62,K4=38 19

CrHs50, N, aminoacetic acid

Nd**t-L sp ? 0.IN