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Abstract 

TITLE: ELECTROANALYTICAL CHEMISTRY OF THE RARE EARTHS 

Edward J. Cokal Ph.D. 

The University of Arizona 1963 

Dissertation Director: Dr. Edward N. Wise 

Water is not a very satisfactory solvent for the 

polarographic. or coulometric determination of most of the 

rare earths because the low oxidation states of these 

elements produced by their polarographic or coulometric 

reduction tend to liberate hydrogen from the solvent. 

A previous investigation in this laboratory revealed 

that methanol can be used as a solvent for the coulometric 

determination of europium and ytterbium, but hydrogen 

evolution from the solution limits the applicability of 

this solvent to these two elements. Furthermore, *tfien 

both of these elements are present in the rare earth 

sample, only their sum can be determined by coulometric 

reduction in methanol. This phenomenon is best described 

as a co-reduction of ytterbium with europium, because it 
» 

occurs when the electrode potential is maintained at a 

value which is insufficient for the reduction of ytter

bium in the absence of europium. 
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The presently reported investigation is composed of 

two parts. 

1. Acetonitrile was used as the solvent in polaro-

graphic and coulometric studies of neodymium, europium, 

samarium and ytterbium. This study resulted in the develop

ment of successful procedures for the determination of 

europium and samarium and the analysis of their mixtures. 

It also provided information useful in the elucidation of 

the mechanism of the co-reduction phenomenon observed in 

methanol solutions. The co-reduction does not occur in 

acetonitrile. 

2. The polarography of di- and tripositive europium 

in aqueous potassium chloride, and in other aqueous support

ing electrolytes, was studied to obtain information pertain

ing to the mechanism of the reactions. It was found that the 

reduction of europium is dependent upon the anion concentra

tion in such a manner as to suggest that complex formation 

plays a significant role in the mechanism. The reduction 

wave is polarographically reversible below a salt concentra

tion of 0.10 M, and irreversible above that value. The half 

wave potential is dependent upon the europium concentration 

and the temperature, but is independent of pH over a wide 

range. The polarographic evidence indicates that the 

currently accepted value for the standard potential of the 

europium(III) - (II) couple is seriously in error; a value 

of E° = -.380 volt vs. N.H.E. is suggested. 

xiv 



The apparatus and techniques developed for the 

coulometric determination of the rare earths in acetonitrile 

were found to be well suited to the determination of sodium 

at the micromole level. 
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PART I 

CONTROLLED POTENTIAL COULOMETRIC 

DETERMINATION OF THE RARE EARTHS 

IN ACETONITRILE 

I. INTRODUCTION 

The body of this dissertation is concerned with 

various aspects of the electroanalytical chemistry of the 

lanthanide series of rare earth elements. That there are, 

at this writing, several good reasons for concerning one

self with such a problem is well known, for in the years 

since the close of the Second World War a spectacular 

increase in the number of scientific studies and engineer

ing applications of these elements has come about. An 

attempt to cite and catalog these areas of ii\terest would 

be a formidable task and it must suffice to say that prob

ably all except the most trivial have as a common character

istic the ultimate need for quantitative analytical 

information pertaining to these elements. However, progress 

in the development of the analytical chemistry of the rare 

earths has not kept pace with the growth of interest in 

them, and at present no accurate methods are known for the 

analysis of any but the simplest mixtures of rare earths. 

1 
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This is to be expected because of the generally similar 

chemical behavior of these elements. Although a very con

siderable difference exists in the chemical properties of 

the elements at the extremes of the lanthanide series, 

the difference between adjacent elements is, in general, 

small. This results in the need for either separation of 

the mixture of rare earth elements prior to their determina

tion, or selection of an analytical method based upon some 

property unique to each of the elements to be determined. 

Since the properties which are likely to be of 

interest to the analytical chemist are based upon the 

electronic structures of elements, it is informative to 

examine these structures with the end in mind of using 

their differences to advantage in the development of 

analytical methods. The outer electronic configurations 

of the rare earths are shown schematically as a function 

of energy in Figures 1-3 (1). It is widely known that 

the most common oxidation state of the rare earths is the 

tripositive state, but the principle of special stability 

for half and completely filled subshells leads to the 

prediction that several of the rare earths should have 

other oxidation states as well. These "anomalous" oxida

tion states are of use in the analytical chemistry of the 

rare earth elements. Samarium, europium, and ytterbium 

are known to exist in the dipositive state under suitable 
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conditions, and cerium, praesodymium, and terbium can 

possess the tetrapositive oxidation state* These elements 

offer the best possibilities for the development of speci

fic oxidation-reduction analytical methods. Unfortunately, 

the redox potential of most of these reactions is of such 

magnitude that water cannot be used as the solvent for 

the analytical work. The dipositive europium, ytterbium, 

and samarium ions liberate hydrogen from water and revert 

to the tripositive state, and the tetrapositive ions of 

praseodymium and terbium liberate oxygen. Cerium(XV) is 

stable in aqueous solutions only when present as a complex 

ion. In the cases of europium and ytterbium, the rates of 

reaction of the dipositive ion with water are slow enough 

to permit the polarographic determination of these elements 

in aqueous solutions. However, none of the other rare 

earths can be directly determined in aqueous solutions by 

polarographic means and the accuracy of the polarographic 

method is not always adequate to the analytical task at 

hand. The relatively inert non-aqueous solvents provide 

a means of circumventing the problem of reaction with water, 

and are a logical choice for use in developing redox methods 

of analysis. Controlled potential coulometry is known to 

be a feasible technique for use with non-aqueous solutions, 

and in many cases the method gives more accurate analytical 

results than polarography. Controlled potential coulometry 
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in non-aqueous solvents has therefore been investigated in 

this laboratory for several years in an attempt to develop 

accurate analytical methods for the rare earths. Several 

solvents have been examined to some extent, but only 

methanol and acetonitrile have proven to be satisfactory 

for the coulometric determination of rare earths. Methanol 

has been used in the coulometric determination of europium 

and ytterbium, but the method developed for these elements 

cannot be extended to the other rare earths (2). This 

dissertation is primarily concerned with the investigations 

of rare earth perchlorates in acetonitrile solutions. 

Since polarographic results are of great value in 

determining the feasibility of controlled potential reduc

tions, a preliminary polarographic study of the rare earths 

was made. At the time that this investigation was begun, 

it was known that europium(III), samarium(III), and ytter-

bium(III) undergo polarographic reduction in various sol

vents at well separated half wave potentials. One solvent 

in particular, acetonitrile, appeared attractive for use 

in this work* because acetonitrile is cheap enough to be 

considered practical for use in routine analysis and it 

can be purified to the required extent without undue diffi

culty. In many cases, electropositive metals *rtiich yield 

poor polarograms in aqueous solutions because of hydrogen 

evolution give we11-formed waves in the relatively inert 



acetonitrile. The samarium reduction is a case in 

point. 

The selection of acetonitrile as the solvent 

for this work also offered the opportunity to see if 

the europium-ytterbium coreduction is present in non

aqueous solvents other than methanol. The change from 

an oxygen donor atom in methanol to a nitrogen donor 

atom in acetonitrile can be expected to drastically 

alter the chemical properties of the solvated rare earth 

ions formed in these two solvents. 

The problem of finding salts which are soluble 

in acetonitrile, and which possess the other necessary 

characteristics for analytical use, is much more difficult. 

The work reported by Kolthoff and Coetzee (3) indicated 

that perchlorates would probably be suitable and these 

salts were therefore most widely used in the present study. 

Tetrsethylammonium, sodium, and lithium perchlorates are 

suitable salts for use as supporting electrolytes. The 

tetraethylammonium salt offers the greatest usable 

potential range of the three, and in addition is easily 

prepared in the anhydrous condition. The quantitative 

preparation of the necessarily anhydrous, acid-free rare 

earth perchlorates constituted one of the problems to be 

solved in the present investigation. 



The guiding principle in all of the laboratory 

procedures tried was the development of methods suitable 

for routine analytical work. Therefore, no special 

handling techniques, such as the dry box work so often 

necessary in non-aqueous solution chemistry, were 

employed. 



II. DESCRIPTION OF APPARATUS 

Potentiostat-Integrator 

The potentiostat-integrator used in this investi

gation is similar to that described by Booman (4) and has 

been used in nearly all of the controlled potential 

investigations made in this laboratory. This instrument 

uses two Philbrick chopper stabilized operational ampli

fiers (K2X-K2P combination) in the potential control 

circuit. 

The first of these amplifiers supplies the ampli

fied difference between the desired control potential and 

the potential of the mercury pool electrode relative to a 

reference electrode to the grids of a set of four 6AS7 

twin triodes connected in parallel. These triodes control 

the electrolysis current of the working anode to return 

the mercury pool electrode to the control potential. The 

second amplifier is used in a similar circuit to maintain 

the mercury pool electrode at ground potential. The output 

voltage of this amplifier is supplied to the input of a 

conventional RC integrator consisting of another K2X-K2P 

operational amplifier combination and a low leakage Mylar 

capacitor. 

10 
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The integrator readout device is a J. Fluke Model 

801 Precision Differential Voltmeter. A Varian G-10 100 

mv span recorder with a 50 or 100 ohm resistor across its 

terminals was used to monitor electrolysis current as a 

function of time during the electrolyses. 

Determination of Integrator Coulometric Factor 

Since the electronic coulometer reads out voltage, 

the voltage equivalent of one coulomb must be determined 

for each combination of input resistor and integrating 

capacitor uked. This constant is determined by connecting 

the output terminals of the potentiostat to the network 

shown in Fig. 4, vtfiich converts the instrument to a constant 

current source. The current is determined by measuring the 

voltage drop produced across the terminals of a precision 

resistor, using the Fluke meter. The number of coulombs 

represented by the resultant integrator voltage reading 

can then be calculated by operating the instrument for a 

precisely measured time interval. 

Polarograph 

The polarograph used in all investigations is of 

conventional circuitry. The polarizing circuit consists 

of a motor-driven 10 turn 200 ohm Helipot with scan voltage 

supplied by carbon-zinc dry cells. 



12 

Counter 
Electrode 

Eotentiostat Output Terminals 

Mercury Pool 
Electrode 

Reference 
Electrode 

Differential 
Voltmeter 

Figure 4.—Circuit for Determination of Integrator 
Coulometric Factor. 

E is a variable 0-1 volt bias source which is used 
to adjust the constant current through R to the desired 
value. 
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The electrolysis current passes through a 500 

ohm Helipot and a fraction of the voltage drop produced 

across its terminals is the input to a Hewlett-Packard 

Model 425-A Microvolt-Ammeter used as a high input impedence 

D. C. amplifier. The output of this instrument, after 

suitable attenuation is recorded by a Sargent Model MR. 

pen chart recorder. 

Provision is made for measuring the scanning and 

initial potentials with the Fluke Differential Voltmeter. 

Electrolysis Cell 

The cell shown in Fig. 5, used in all work 

described herein, is a slightly modified version of that 

previously used in the author's work wLth methanol solu

tions (2). The working anode and cathode compartments 

are separated by a salt bridge. This change was incorpo

rated to eliminate diffusion and migration of silver ion 

from the anode into the cathode compartment. The working 

anode, which is also used as the polarographic counter 

electrode, is made from a spiral of 16 guage silver wire. 

The small anode used as the cathode potential reference 

electrode is separated from the cathode compartment only 

by a single sintered glass disc, since the small current 

in the reference electrode circuit results in a negligible 

production of silver ion. The electrolyte cell used in 
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Figure 5.—Cell Used for Polarography and Coulo-
metry in Acetonitrile Solutions.. 

A. Reference electrode assembly. The silver 
electrode wire is cemented to the inner part of the 
10/18 joint with epoxy resin cement. The outer part 
of the joint is connected to the lower tube with Tygon 
tubing. 

B. Bottom part of a mercury seal stirrer. 

C. Nitrogen inlet. 

D. Counter electrode assembly. 

E. Mercury pool electrode. 
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all compartments of the cell is a solution of 0.100 M 

tetraethylammonium perchlorate in acetonitrile. A dropping 

mercury capillary is included in the complement of the 

cell's electrodes. The stirring impeller is driven by a 

G. T. Heller Model GT21 Controlled Speed Stirrer. 

An external aqueous saturated calomel electrode 

was used as the ultimate reference potential throughout 

the investigation. 

Thermostat 

All of the polarographic and most of the coulometric 

measurements were made at a constant temperature, usually 

25°C. This was accomplished by circulation of water from 

a Sargent "Thermonitor" Controlled Constant Temperature 

Water Bath, capable of maintaining the bath temperature 

within +0'0!LoC. of the desired value. 



III. PREPARATION OF REAGENTS 

Acetonitrile 

No commercially available acetonitrile, including 

two brands of the spectro-grade chemical, was found to be 

of adequate purity for coulometric work. The following 

purification method was found to give an 85 to 90% yield 

of suitable material from any available grade of aceto

nitrile. Consequently, the industrial or commercial grade 

material was generally used for economy. This purification 

procedure is a modification of one publized by Coetzee et 

al. (5) \irtiile this investigation was in progress. Most 

of the work reported herein was done before the appear

ance of Coetzee*s paper, and the acetonitrile used in the 

earlier work was purified by a slightly different procedure, 

the difference being that the cyanoethylation step described 

in reference 5 was not included. Substantially lower back

grounds and blanks resulted \dien the cyanoethylation step 

was used in the purification procedure. 
i 

A 500-ml separatory funnel containing 10 ml of 

saturated sodium hydroxide solution was nearly filled with 

impure acetonitrile. After extraction of the acidic 

impurities, the aqueous phase was discarded and the 

acetonitrile placed in a distilling flask with 10 ml of 

17 
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half-saturated sodium hydroxide solution. This mixture 

was refluxed for three to eight hours and then fractionally 

distilled, leaving the residue of sodium hydroxide and 

high boiling materials in the flask. The product was 

placed in another distilling flask, warmed, and phos

phorus pentoxide added until all water present had been 

removed, as indicated by the white appearance imparted to 

the acetontirile by suspended particles of P2®5* This 

suspension was refluxed for thirty minutes, with addition 

of phosphorus pentoxide as required to keep the suspension 

milky white. The dry acetonitrile was then distilled from 

the residue of basic impurities, polyphosphoric acids, and 

polymerized acetonitrile. Two or three grams of ^£^5 were 

added to the product, which was then carefully fractionated 

on a 12 mm x 55 mm column packed with 3/32" glass helices. 

This still has a reflux ratio of 10 to 1. The product was 

collected in the container shown in Fig. 6. It was pro

tected from atmospheric moisture by a drying tube charged 

with successive layers of anhydrous calcium sulfate and 

phosphorus pentoxide; the calcium sulfate being used to 

prevent direct exposure of the phosphorus pentoxide to 

moist laboratory air. 

Moisture Determination 

The water content of the purified acetonitrile was 

determined by a constant-current coulometric Karl Fischer 
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2 mm Teflon 

10/30 

Figure 6.—deceiving Vessel for Anhydrous Aceto-
nltriie. 
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titration. The cell used in this work is shown in Fig. 7. 

The working electrodes are spirals of platinum wire. End 

point detection was by means of the twin polarized elec

trode "dead stop" method. The electrolyte used in all 

three cell compartments was Karl Fischer Reagent^ vhich had 

been previously titrated with moist methanol and then coulo-

metrically titrated to an arbitrary end-point current in 

the polarized electrode circuit. This current was monitored 

by a Varian G-10 recorder. The polarizing potential, on the 

order of 10 to 50 mv, was adjusted to make Che final current 

rise conveniently large. In use, the electrolyte is titrated 

to the end-point current, 1000 X of the sample is added via 

a micro pipet, and the Sargent Constant-Current Coulometric 

Titrator power supply switched on. When the current in the 

polarized electrode circuit rises to the end-point value, 

the electrolysis is manually terminated. The time inte

gral of the electrolysis current is obtained from this time 

and the current multiplier values inscribed on the instrument. 

The amount of water in the sample can then be calculated from 

the number of coulombs employed. Acetonitrile prepared and 

-4 
stored as described above contains less than 5 x 10 per cent 

water. 

Tetraethylammonium Perchlorate (TEACIO^) 

This salt was prepared by adding perchloric acid 

dropwise, from a buret, to a warm, stirred solution of 



Figure 7.--Cell for Karl Fischer Titration 

A. Counter electrode compartment. 

B. Working electrode. 

C. Sample inlet part. 

D. Twin polarized electrode assembly. The electrode 
wires are omitted from the drawing for clarity. 

E. Teflon covered magnetic stirring bar. 
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either tetraethylammoniurn bromide or hydroxide until a 

permanent precipitate formed. The precipitation of TEACIO^ 

was completed by addition of 0.2 M perchloric acid until no 

additional precipitate formed. This point was found by 

interrupting the stirring to allow the precipitate to 

settle, then adding acid to the supernatant. The contents 

of the beaker were cooled on an ice bath, transferred to 

a sintered glass filter funnel, and washed with ice cold 

water until nearly free of bromide ion. The product was 

dissolved in the minimum amount of hot water and recrystal

lized by allowing the solution to cool to room temperature. 

The crystals were collected and air dried on a 

sintered glass filter, dried in an oven at 50°C., and 

stored in a desiccator over 1*2^5* The supernatant layers 

from successive batches were retained, concentrated by 

evaporation over a hot plate, and successive crops collected 

until nearly all of the TEACIO^ had been removed. The last 

crops were recycled with the next batch of pure TEACIO^ to 

be made. The yield from the first crop is large enough to 

permit the rejection of the liquors economically when the 

maximization of yield is not required. 

Tetraethylammoniurn Hydroxide (TEAOH) 

Commercially available TEAOH is usually contaminated 

by dissolved silica, decomposition products, and other 

impurities. The pure material must be prepared fresh as 
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needed, since serious deterioration is evident after two 

days standing. A saturated solution of TEACIO^ was passed 

through a 14 mm x 35 mm column of Dowex 1X1, 100-200 mesh 

anion exchange resin in the OH" form. Collection of TEAOH 

was begun when the effluent pH rose above 10.5 and continued 

until the pH dropped back to approximately 12. The solution 

was stored in a polyethlyene bottle. 

Nitrogen 

A continuous nitrogen flow of approximately 0.5 

cu. ft./hr. was necessary for rapid deaeration of the 

catholyte and to prevent diffusion of atmospheric oxygen 

into the cell. This flow was provided by the use of Matheson 

Prepurified Nitrogen of nominally 99.998% purity. This gas 

was passed over copper turnings in a tube furnace to remove 

a residual trace of oxygen, then through a moisture absorp

tion bulb containing anhydrous calcium sulfate, and finally 

to the electrolysis cell. No acetonitrile vapor saturator 

was used because it was found that acetonitrile attacks the 

flexible plastic tubings used in the nitrogen line. This 

leads to entrainment of volatile matter \ghich is reducible 

in the electrolysis cell. All tubing used in the nitrogen 

line was glass, Tygon, or Nalgon. The number of plastic to 

plastic and plastic to glass connections was kept to a mini

mum, since these connections are very likely to develop leaks 
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in service as the plastic relaxes. Rubber tubing cannot 

be used because atmospheric oxygen readily diffuses through 

it. The copper in the furnace tube was regenerated whenever 

necessary by passing approximately a liter of hydrogen 

through the system, after bypassing the moisture absorption 

vessel. 

Rare Earth Materials 

All of the rare earths used in this investigation 

except europium were obtained as the oxides from the Ames 

Laboratory of Iowa State University through the courtesy 

of Dr. Spedding and the U. S. Atomic Energy Commission. The 

stated purity was 99.8% or better in all cases. Europium 

oxide of the 99.9% purity was obtained from Research Chemicals, 

Inc. No attempt was made to determine possible rare earth 

impurities in any of these oxides. Neodymium, europium, and 

samarium oxides were ignited at 900°C for several hours, 

then cooled and stored in a nitrogen filled desiccator until 

weighed. The remaining rare earths were weighed after a few 

minutes drying at 110°C to remove surface moisture. 

Miscellaneous Chemicals 

In all cases where purity is not specifically stated, 

Analytical Reagent Grade chemicals were used without further 

purification. 



IV. ANALYTICAL PROCEDURES 

Preparation of Rare Earth Samples 

Rare earth perchlorate samples were sometimes 

prepared by solution of the oxide in perchloric acid, but 

the usual technique involved evaporation of an aqueous rare 

earth chloride stock solution with perchloric acid. The 

oxides were weighed into the tube of the apparatus shown 

in Fig. 8j covered with 60% perchloric acid, and heated in 

a nitrogen stream to speed the dissolution of the oxides. 

The sample was first heated on a water bath until only a 

syrupy liquid remained in the sample tube. The water bath 

was then replaced by a mineral oil bath and heating was 

continued until fumes of perchloric acid ceased to be evolved 

from the outlet tube. The sample tube was allowed to cool 

and was stored in a desiccator over phosphorus pentoxide. 

An acetonitrile solution of the sample was prepared by 

partially filling a 10-ml volumetric flask from the aceto

nitrile storage vessel, and then transferring the sample 

to the flask with a micro transfer pipet, using small por

tions of this solvent. 

Aliquots of the aqueous chloride stock solution, 

prepared by dissolving weighed portions of the oxide in 

excess 6 M hydrochloric acid, were evaporated to dryness 

26 
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Figure 8.--Sample Preparation Apparatus 



28 

on the water bath before addition of the perchloric acid. 

The procedure for this type of sanple was otherwise the 

same. Only a thin film of lubricant on the lower 1/4 of 

the ground joint of the drying apparatus was used because 

stopcock grease is readily oxidized by hot perchloric acid 

fumes. The temperature of the oil bath should not be 

allowed to exceed 250°C, as extensive decomposition of 

the rare earth perchlorates occurs above this temperature. 

Rare earth nitrates, bromides, and iodides were 

prepared from the chloride stock solutions in a similar 

manner by substitution of the appropriate acid for per

chloric acid. 

Preparation of Supporting Electrolyte Solution 

A two-day supply of supporting electrolyte, usually 

50 or 100 ml of 0.100 M TEACIO^, was prepared by transferring 

the appropriate weight of salt to a volumetric flask and 

diluting to volume with acetonitrile. To prevent contamina

tion of the dry acetonitrile by atmospheric moisture, the 

volumetric flask was purged with dry nitrogen before filling. 

If this procedure is to be used with 100 ml volumetric flasks, 

the standard taper 10/30 joint on the bottom of the aceto

nitrile reservoir should be replaced by a size appropriate 

to the larger volumetric flasks. The 10/30 joint fits all 

A.C.S. standard volumetric flasks up to the 50-ml size. 
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Polarographic Measurements 

Conventional polarographic techniques were used 

throughout the investigation. The potential scan rate was 

0.200 volt/minute. Solutions were deaerated for 5 minutes 

before the polarographic scan was begun. Polarograms were 

obtained versus a silver-silver ion electrode, the potential 

of which was afterwards compared to that of an aqueous S.C.E. 

with the aid of the Fluke Differential Voltmeter. Only the 

amount of damping necessary to overcome internal noise in 

the instrumentation was used in the recording of the polaro

grams. 

Controlled Potential Coulometric Determinations of Rare 

Earths 

Five ml of the TEACIO^ supporting electrolyte and 

a suitable aliquot of the acetonitrile sample solution of 

the rare earth under investigation were pipetted into the 

electrolysis cell and deaerated for five minutes while 

stirring at approximately 600 r.p.m. Electrolysis was 

initiated and terminated by means of a switch in one of 

the potential control amplifier circuits. An electric stop 

clock was used to measure electrolysis times to the nearest 

second. Near the completion of the electrolysis, the inte

grator reading was recorded on the current-time chart record 

every 100 seconds. Electrolysis was continued until the 

current reached a constant value. Successive : reductions 
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were performed by resetting the control potential to a 

value sufficient for the reduction of the next element 

to be determined, zeroing the integrator, adjusting ampli

fier bias, and proceeding as before. 

When setting the control potential, a value on 

the diffusion plateau of the corresponding polarographic 

wave was selected, with due allowance for the difference 

between the potentials of the two silver-silver ion 

electrodes. It will be recalled that the polarographic 

counter electrode was used as the coulometric working 

anode, and its potential is not necessarily the same as 

that of the small silver-silver ion electrode used only 

as the cathode reference potential in the coulometric work. 

Background Current and Blank Determination 

The only necessary background corrections result 

from the presence of a continuous faradaic current and a 

faradaic impurity current. Correction for the former was 

made by multiplying the final steady current, measured by 

the integrator as volts accumulated per hundred seconds, 

by the electrolysis time, and subtracting the result from 

the total integrator reading. The faradaic impurity current 

was found from blanks determined on 5.00 ml of the support

ing electrolyte at the same control potentials employed for 

the rare earth reductions. An explanation of these and 

other background corrections in coulometry will be found 

in a paper by Meites and Moros (6). 



31 

Thermogravimetric Measurement 

A linearly programmed recording thermobalance was 

used at a heating rate of 100°C per hour to determine the 

temperature range suitable for the preparation of the 

rare earth perchlorate samples. The sample used was a 

15 milligram mixture containing an approximately equal 

quantity of the perchlorate of each rare earth element. 

Sodium Determination* 

A check on the proper functioning of the equipment 

and procedure was made by developing a method for the 

determination of sodium. Sodium chloride solutions of 

known concentration were evaporated to dryness and con

verted to perchlorates exactly as was done with the rare 

earths. The polarographic and coulometric procedures were 

also identical to those used for the rare earths, except 

that smaller backgrounds and negligible blanks resulted 

from the use of a coulometric oxidation, rather than a 

reduction, method. This was done by first reducing the 

sodium at -2.3 v vs. S.C.E., then resetting the control 

potential to -0.1 v and performing the quantitative coulo

metric oxidation of the sodium in the amalgam. The mean 

error for six successive determinations of 1.310 micro-

equivalent (neq) of sodium was +0.016 |j.eq as shown by the 

following data. 

*The material presented in this section appeared 
in Analytical Chemistry, .35, 914 (1963). 
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TABLE I 

SODIUM DETERMINATION 

Microequivalents Equal to 
Integrator Reading 

Background 
Correction neq 

Sodium 
Found iieq 

1.40 .089 1.31 

1.36 .074 1.29 

1.40 .067 1.33 

1.38 .071 1.31 

1.41 . .073 1.34 

1.42 .083 1.34 



V. RESULTS 

Polarographv of Neodymium Perchlorate 

The polarographic experiments were performed as a 

preliminary to the controlled potential reductions in 

order to examine the characteristics of the neodymium 

reduction at mercury electrodes. The neodymium wave is 

split into two parts as shown in Fig. 9. 

A 5.32 x 10~4 M solution of neodymium perchlorate 

in 0.100 M TEACIO^ has a half wave potential of -1.45 v 

vs. S.C.E. The diffusion current was measured by extra

polating the diffusion plateau of the entire wave, not 

just the first part, back to -1.45 v. At a mercury flow 

rate of m = 0.841 mg/sec and drop time t = 5.00 sec., the 

diffusion current was 3.93 na. 

Controlled Potential Electrolysis of Neodymium Perchlorate 

Nine attempts at quantitative reduction of neo-

dymium(III) at control potentials of -1.7 to -2.2 v, but 

usually -1.9 v vs. S.C.E. were unsuccessful. The sample 

size was 2.93 micromoles in each case. Assuming a three 

electron reduction of the neodymium, the integrator readings 

ranged from 59% to 78% of the expected value of 8*78 micro-

equivalents. The data, which are shown in Table II, could 

not be rationalized on the basis of a one, a two, or a three 

electron reduction. 
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TABLE II 

ATTEMPTED CONTROLLED POTENTIAL COULOMETRIC REDUCTION 
OF NEODYMIUM--2.93 nmole sample 

Nd 
Control 

Potential 

Per cent Reduction 

Found 
l-ieq.f 

Control 
Potential 1 electron 

reduction 
2 electron 
reduction 

3 electron 
reduction 

6.56 -1.7 224 112 75 

6.30 -1.7 215 108 72 

6.87 -1.7 239 117 78 

4.67 -1.9 159 80 53 

5.19 -1.9 177 89 59 

5.90 -1.9 201 100 67 

6.22 -1.9 212 106 71 

2.93 -0.1 100 50 33b 

5.64 -1.9 192 96 69 

2.69 -0.1 90 45 30b 

6.67 -2.2 228 114 76 

fl 
Experimental results corrected for continuous 

faradaic current and faradaic impurity quantities of 
electricity. 

^Attempted coulometric oxidation of the sample 
corresponding to the preceding reduction result. 
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A white, acid-soluble precipitate appeared in the 

cathode compartment during the electrolysis. This is 

assumed to be neodymium(III) hydroxide produced by the 

reaction of a trace of water with a reduced neodymium 

species. 

Controlled potential oxidation of the reduced 

neodymium gave low and variable results. No evidence for 

the presence of neodymium in the cathode mercury was 

obtained. This was tested by placing a drop of water 

on the mercury surface. No hydrogen evolution was observed. 

A polarogram of the solution after reduction indicated that 

no neodymium was present as either the tripositive or a 

reduced form. It was assumed that all of the neodymium 

is present in the precipitate. 

The attempt to develop a controlled potential 

coulometric method for neodymium in acetonitrile was 

abandoned at this point as being, at best, impractical. 

Polarographv of Samarium Perchlorate 

The polarographic results for samarium are somevdiat 

at variance with those reported by Kolthoff and Coetzee (3). 

These authors found that the diffusion current for the 

polarographic reduction of samarium(III) to samarium(II) 

occurs at a half wave potential of -1.62 v vs. S.C.E. and 

that the diffusion current is proportional to concentration, 

-3 
at least over the range 0.2 to 2.0 x 10 M. They also 
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reported that they were unable to obtain a wave corresponding 

to the reduction of samarium(II). The value of the half wave 

potential of the samarium(III) reduction found in the work 

reported herein is -1.04 v. Another wave, approximately 

twice the height of that corresponding to the samarium(III) 

reduction, was found at -1.55 v. This wave remained after 

the controlled-potential reduction of samarium(III), and 

must logically be assumed to result from the samarium(TI) 

—> (0) reduction. 

The half wave potential of the samarium(III) reduc

tion becomes more cathodic with increasing samarium concen

tration, as shown by Table III. 

TABLE III 

HALF WAVE POTENTIAL OF SAMARIUM(III) I—> (II) 
AS A FUNCTION OF CONCENTRATION 

Sm(III) Concentration x 10^ M ^*1/2 vs * S.C.E., 25°C. 

.405 -1.04 

.744 -1.07 

1.03 -1.10 

The samarium waves are shown in Figures 10 arid 11. 

The samarium(II) —> (0) wave shows the same anomaly as the 

neodymium wave previously discussed. Addition of a small 

amount of water to the samarium(III) solutions results 

in a slight cathodic shift of the half wave potential. 



38 

00 

I 

vo 

E 
C/3 

r"4 
i 

CM 

f—I 
i 

00 
o 
I 

vo 
o 

o 
I 

CM 

o 
I Current 

TEACIO 
Figure 10.—Samarium Reduction Waves in 0.100 M 

4' 



39 

oo 

vO 

o 

CO 

i—i 
CM 

r-^ CO 

o 
M 
1—1 

CO 

oo 

I—I 
t-l 

CO 

vO 

CM 

I 
Current 

Figure ll.--Samarium(II) Oxidation Wave in 0.100 M 
TEACIO4. 



40 

Although well-formed, easily measurable waves 

were obtained over a samarium(III) concentration range 

of 9 x 10"6 M to 1.03 x 10"3 M, the diffusion current 

obtained was not proportional to the concentration. It 

is likely that traces of acid, water, or unremoved oxygen 

cause enhancement of the wave length by oxidizing samar-

ium(II) as it forms at the dropping electrode. Since it 

is difficult to obtain non-aqueous solutions completely 

free of the abovementioned substances by the methods 

described in this dissertation, the polarographic deter

mination of samarium in acetonitrile appears to be 

impractical. 

Coulometric Determination of Samarium 

The coulometric determination of samarium by 

controlled potential reduction to samarium(II) was found 

to be sufficiently accurate and simple to warrant considera

tion as a routine method for the determination of this 

element. By use of the apparatus and techniques discussed 

in Chapters II, III, and IV, samarium was determined at the 

microequivalent level with a standard error of estimate 

equal to 0.055 neq. for the twenty: results listed in Table 

IV. Since the background correction constitutes a large 

part of the total quantity of electricity involved in the 

electrolysis, the lower limit of acceptable determinations 

is reached at approximately 0.2 microequivalent of samarium. 
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TABLE IV 

SAMARIUM DETERMINATION BY COULOMETRIC REDUCTION 

Microequivalents 
Equal to 

Integrator Reading 

Backgrounda 

Correction 
neq. 

Samarium 
Found 
\ie q. 

Error 
neq. 

Sample taken = 2. 229 |ieq. 

2.98 

3.24 

3.48 

3.49 

3.33 

3.19 

2.79 

3.23 

3.32 

3.19 

.82 

. 98 

1.23 

1.26 

1.16 

.96 

.69 

1.04 

1.15 

1.04 

Mean = 2.18 neq. 
Std. Deviation = .045 iieq. 
Error of Mean = -.05 neq. (2.2%) 

2.16 -.07 

2.26 + .03 

2.25 + .02 

2.23 .00 

2.17 -.06 

2.23 .00 

2.10 -.13 

2.19 -.04 

2.17 -.06 

2.15 -.08 

Sample Taken = 0.892 |ieq, 

1.40 .41 .99 + .10 

1.21 .39 .82 

r-0
 • 

1 

1.28 .37 .91 + .02 

1.35 .44 .91 + .02 

Mean = .91 
Error of Mean = +.02 M-eq. (2.2%) 



42 

TABLE IV—Continued 

Microequivalents 
Equal to 

Integrator Reading 

Background 
Correction 

ueq. 

Samarium 
Found 
ueq. 

Error 
ueq. 

Sample Taken = 0.446 ueq. 

oo 

• .38 .49 + .04 

.83 .36 .47 + .02 

.76 .32 .44 i • o
 

i-
1 

Mean = .47 
Error of Mean = -.02 ueq. (4.2%! 

Sample Taken = 0.223 |ieq. 

.44 .32 . 12b 
/ 

-.10 

.51 .33 .18 -.04 

.58 .36 .22 .00 

.61 .34 .27 + .05 

Mean = .23 
Error of Mean=+.01 lieq. (4.3%) 

The background correction includes both the continuous 
faradaic current and the faradaic impurity current. 

k 
Not included in average. 
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The control potential usually employed was -1.3 v. 

vs. S.C.E. 

Polaroeraphv of Ytterbium Perchlorate 

The polarographic reduction of ytterbrium occurs 

in two steps in acetonitrile as it does in other solvents. 

The reduction of ytterbium(III) to ytterbium(XI) occurs 

at a half wave potential of -0.60 volt. This wave can be 

distinguished in the presence of all of the other rare 

earths. The half wave potential for the reduction of 

divalent ytterbium, -1.58 v., is too close to those of 

the remaining rare earths to be of any analytical value. 

This wave also exhibits the adsorption anomaly found on 

the samarium and neodymium waves. 

Solutions of ytterbium(III) perchlorate in aceto

nitrile decompose rapidly, as evidenced by the appearance 

of a flocculent white precipitate within one hour. Pre?-

cipitation could be prevented only by the addition of 

water and acid to the acetonitrile solutions. When this 

was done, the resulting partially aqueous solution was 

unsuitable for the determination of samarium. No practical 

means of preventing the precipitation of ytterbium in the 

non-aqueous solution was found viiich would allow the deter

mination of samarium in the same solution. 
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Coulometric Determination of Ytterbium 

Because of the aforementioned instability of the 

ytterbium solutions, only a single set of five aliquots 

was subjected to controlled potential reduction. These 

consecutive results, shown in Table V, tend to indicate 

that the extent of decomposition is limited by the amount 

of a reactive impurity present in the solutions. The 

results for the last four aliquots are in reasonably good 

agreement, although low. Electrolysis of the first aliquot 

was apparently completed before appreciable decomposition 

had occurred. 

TABLE V 

YTTERBIUM DETERMINATION BY COULOMETRIC REDUCTION 

Sample taken = 0.972 [ieq. 

Microequivalent s 
Equal to 

Integrator Reading 

Background 
Correction 

neq. 

Samarium 
Found 
|aeq. 

Error 
neq. 

1.18 0.22 0.96 -.01 

1.01 - 0.19 0.82 -.15 

1.04 0.16 0.88 

cr
> o
 • 

1 

1.09 0.25 0.84 -.13 

1.06 0.21 0.85 1 •
 

I—
1 

to
 

It is reasonable to assume that the reaction causing 

the precipitation of the ytterbium compound is hydrolysis of 



the weakly solvated ytterbium(III) ion by a trace of water 

in the sample solution. The rate of this reaction is prob

ably temperature dependent and is expected to decrease with 

a temperature decrease. An attempt to prevent loss of 

ytterbium by storage of the sample solution in an ice bath 

was unsuccessful. A visible amount of precipitate formed 

within an hour. 

Polarographv of Europium Perchlorate 

Two waves were found upon polarographic reduction 

of europium(III) solutions. The half wave potential deter

mined in this work are slightly less cathodic than those 

reported by Kolthoff and Coetzee, as shown in Table VI. 

This discrepancy probably results from the use of a some

what better method of preparing the anhydrous perchlorates 

in the present work. The addition of small amounts of water 

resulted in a cathodic shift of the half wave potentials. 

The europium(IIl) - (II) reduction wave was affected far 

more than that of the europium(II) - (0) reduction. In 

addition to shifting the half wave potentials, the slopes 

of the waves decreased, indicating that the presence of 

water makes the reduction "polarographically irreversible." 

Further evidence for a decreased rate of the elec

trode reaction upon addition of water was obtained when the 

europium was reduced at controlled potential. The control 
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TABLE VI 

SUMMARY OF RARE EARTH POLAROGRAPHIC HALF WAVE 
POTENTIALS IN ACETONITRILE VS. AQUEOUS S.C.E. 

Reaction El/2 
(Kolthoff and Coetzee) 

El/2 
(this work) 

Eu(III) —> Eu(II) + .15 + .10 

Eu(II) —> Eu(0) -1.67 -1.62 

Yb(III) —> Yb(II) -.57 -.60 

Yb(II) —> Yb(0) -1.69 -1.58d 

Sm(III) —> Sm(II) -1.62 -1.04b'° 

Sm(II) —> Sm(0) a -1.55b'° 

Nd(III) —> Nd(0) -1.5 -1.45b 

Not obtained. 

Split wave, apparently due to adsorption. See 
Figures 10 and 11. 

C — /i 
Concentration 4.05 x 10 M. The half wave 

potential shifts cathodically with increasing concentration. 

^Split wave, apparently due to adsorption. 
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potential required for quantitative reduction of europium(III) 

was shifted cathodically by several tenths of a volt in the 

solutions containing water. 

The appearance of the europium polarographic waves 

is indicated in Figure 12. 

Coulometric Analysis of Europium-Samarium Mixtures 

The quantitative controlled potential reduction of 

europium-samarium mixtures by successive reduction of the 

tripositive oxidation states was investigated in solutions 

containing no other rare earth elements. Since both europium 

and samarium are relatively basic rare earths, hydrolysis is 

not a serious problem; and since the reductions occur at well-

separated potentials, reduction of the individual elements 

can be performed without difficulty. The results of several 

experiments are shown in Table VII. 

Polarographv and Coulometrv of Mixed Rare Earth Nitrates 

A solution containing approximately one micromole 

of each rare earth element per five milliliters of aceto-

nitrile solution was prepared from the anhydrous nitrates. 

By changing from perchlorates to nitrates it was hoped that 

sample preparation would become less time consuming and 

would simplify the renoval of the excess acid. Excess 

nitric acid can be removed from the rare earth samples 
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TABLE VII 

SUCCESSIVE DETERMINATION OF EUROPIUM AND SAMARIUM IN 
THEIR MIXTURES BY CONTROLLED POTENTIAL COULOMETRY 

Element 
Deter
mined 

Mic roequivalents 
Equal to 

Integrator Reading 

Background 
Correction 

neq. 

Amount of Element 
neq. 

Element 
Deter
mined 

Mic roequivalents 
Equal to 

Integrator Reading 

Background 
Correction 

neq. Found Present 

Eu 2.11 .30 1.81 1.83 
Sm 2.96 .84 2.12 2.29 

Eu 1.88 .07 1.81 1.83 
Sm .56 .29 .27 

Eu .39 .13 .26 .23 
Sm 1.35 .45 .90 .89 

Eu .49 .03 .46 .46 
Sm .53 .32 .21 .22 

Eu .92 .00 .92 .91 
Sm .19 .19 .00 .00 

Eu .87 .00 .87 .91 
Sm .19 .19 .00 .00 

Eu 190 .00 .90 .91 
Sm .19 .19 .00 .00 

Eu .00 .00 .oo: .00 
Sm 25.23 3.30 21.93 22.29 
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much more readily than perchloric acid because of its lower 

boiling point. 

A polarogram of the resulting solution, reproduced 

as Figure 13, showed that only europium was amenable to 

determination in solutions containing nitrates. The 

europium(III) - (II) wave is "reversible," and appears at 

the expected half wave potential. These facts indicate 

that no significant amount of water is present in the 

solution. However, the foot of a very large wave, probably 

due to nitrate reduction, appears at approximately the 

potential of the ytterbium wave and completely eliminates 

the possibility of determining either ytterbium or samarium 

in nitrate solutions. This is unfortunate because none of 

the rare earth material was lost from the nitrate solution 

by precipitation after standing overnight. This fact draws 

suspicion to the rare earth perchlorate as being the source 

of the water which apparently causes the precipitation. 

Controlled potential reduction of europium in the 

nitrate solutions proceeds smoothly. The results obtained 

with four successive aliquots are presented in Table VIII. 

Polarographv of Rare Earth Perchlorate Mixtures 

A polarogram of a solution containing approximately 

one micromole of each rare earth element as its perchlorate 

is shown in Figure 14. The polarographic behavior of 

europium, samarium, and ytterbium in solutions of this 
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TABLE VIII 

COULOMETRIC REDUCTION OF EUROPIUM IN SOLUTION 
OF RARE EARTH NITRATES 

Europium Present = 0.919 |ieq. 

Microequivalents 
Equal to 

Integrator Reading 

Background 
Correction 

VLB q. 

Europium 
Found 
neq. 

Error 
ueq. 

1.03 .11 .92 .00 

1.07 .15 .92 .00 

1.02 .10 ..92 . .00 

1.10 .15 .95 + .03 
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Figure 14.--Polarogram of Rare Earth Nitrates 
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type is exactly as expected from the results obtained in 

the solutions containing only one rare earth element. 

Successive Controlled Potential Coulometric Determination 

of Europium. Ytterbium, and Samarium in Rare Earth Mixtures 

The results obtained from eleven identical sample 

aliquots at the one microequivalent level are presented 

in Table IX. These aliquots were taken from four different 

rare earth samples, each of which was itself an aliquot of 

an aqueous rare earth chloride stock solution. The standard 

deviation of the results is approximately 0.05 tieq. for each 

of the three elements, which indicates that the expected 

accuracy of the method is not better than about 5% at the 

one microequivalent level. The means of the results do 

not differ significantly from the correct values. Deter

mination of all three elements requires approximately 45 

minutes per aliquot. 

Similar results obtained from sixteen experiments 

at the five microequivalent level are shown in Table X. 

Although the standard eviation of the mean is significantly 

larger for each element at this level, the over-all accuracy 

has improved somewhat; the per cent error (COrrectXvaLue^ 

being about three per cent in the samarium case and some-

viiat smaller for europium and ytterbium. However, the use 

of these larger samples results in a rather large percentage 

of imperfect analyses in vdiich the result for one element 
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TABLE IX 

SUCCESSIVE DETERMINATION OF EUROPIUM, YTTERBIUM, AND 
SAMARIUM AT THE ONE MLCROEQUIVALENT LEVEL 

Europium 
(0.993 neq.) 

Ytterbium 
(1.018 neq.) 

Samarium 
(1.012 jieq.) 

1.01 1.01 0.98 

1.01 1.06 1.08 

0.97 0.98 1.03 

0.90 0.98 1.14b 

1.02 a 1.09 

1.05 1. 94b 1.04 

1.05 0.94 1.06 

0.98 1. 23b 1.00 

0.90 1.00 1.08 

0.96 0.96 0.92 

1.00 0.96 a 

a 
Abandoned because of very large background. 

Not used in computation of mean or standard devia
tion. 
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1 

TABLE X ! 
I 

SUCCESSIVE DETERMINATION OF EUROPIUM, YTTERBIUM AND 
SAMARIUM AT THE FIVE MICROEQUIVALENT LEVEL 

Europium 
(4.470 neq.) 

Ytterbium 
(4.580 |ieq.) 

Samarium 
(4.550 ueq.) 

4.65a 4.64 4.56 

4.42 4.49 4.60 

4.39 4.40 4.58 

4.41 4.72 4.25 

4.52 4.67 4.30 

4.39 4.59 4.49 

4.39 4.53 4.38 

4.40 4.04a c 

4.35 4.50 c 

4.33 5.18a c 

4.48 4.77a 5.05a 

4.81a c 5.13a 

4.69a 4.73 5.22a 

4.52 4.73 4.73 

4;41b 

4.57b 

aNot used in computation of mean or standard 
deviation. 

^Determination of europium only. 

°Abandoned because of very large background. 
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is obviously in error. This fact may, in some manner, be 

related to the increased duration of electrolysis necessary 

to complete the analysis of each sample. Since each sample 

requires over an hour for completion of the three determina

tions, tiiere is correspondingly more opportunity for the 

entry of objectionable material into the solution than is 

the case of the one microequivalent sample level. An example 

of this type of difficulty is the error caused by the presence 

of an unretti&Ved trace of oxygen in the nitrogen purge gas. 

Accuracy statistics are summarized in Table XI. 

Miscellaneous Attempts to Improve the Method of Sample 

Preparation 

The greatest limitation on the utility of the 

coulometric methods described above is connected with the 

difficulty of preparing anhydrous, acid-free rare earth 

salts that are soluble in acetonitrile. 

An attempt to circumvent some of these difficulties 

by the use of rare earth nitrates instead of perchlorates 

has already been described. cAcetic, hydrochloric, hydro-

bromic, and hydroiodic acids were used to prepare the 

corresponding rare earth salts. None are sufficiently 

soluble in acetonitrile to permit the development of 

practical analytical methods based upon their use. The . 

rare earth halides are readily soluble in dimethylformamide 
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TABLE XI 

SUMMARY OF STATISTICAL DATA ON THE EUROPIUM, 
YTTERBIUM, AND SAMARIUM RESULTS 

Present 

No. 
JDeter-
mi na
tions 

Meana: Standard Deviation 

Error 
of h 

Method 

Europium 

Ytterbium 

Samarium 

.993 
4.470 

1.018 
4.580 

1.012 
4.550 

11 
13 

8 
10 

9 
8 

.987 
4.430 

.984 
4.601 

1.032 
4.490 

.050 

.067 

.042 

.113 

.053 

.152 

5.0% 
1.5 

4.1 
2.5 

5.2 
3.3 

^hese results were calculated directly from the 
experimental data and not from the rounded results pre
sented in Tables IX and X. The experimental data were 
obtained to four significant figures, but the precision 
justifies the presentation of only as many as are required 
to show two decimal places. 

kper cent Error of Method = (Standard deviation 
x 100)/correct value. 
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and this solvent has been used by Smith (7) and others in 

electrochemical studies with the rare earths. A sample of 

mixed rare earth chlorides containing one micromole of each 

element was dissolved in approximately one ml. of redistilled 

Baker Analytical Reagent Grade dimethylformamide. The result

ing solution was mixed with five ml. of the 0.10 M TEACIO^ 

in acetonitrile supporting electrolyte solution and trans

ferred to the electrolyte cell. The polarogram represented 

by Figure 15 was obtained. As can be seen, the europium wave 

has the expected diffusion current, but the wave which appears 

at the potential at which ytterbium alone should be reduced 

is approximately twice the height expected for it. This is 

possibly a case of -samarium co-reduction with ytterbium 

under polarographic conditions, but no attempt was made to 

examine the matter further. The use of halides with mixed 

dimethylformamide-acetonitrile solvents was not pursued 

further as it appeared to offer no promise of providing a 

suitable means of sample preparation. 

Next, an attempt was made to remove the residual 

water from the acetonitrile solution of the rare earth 

perchlorates by evaporation. The perchlorate sample was 

prepared and dried in the usual way and dissolved in two 

ml. of acetionitrile in the sample tube of the drying 

apparatus. This solution was evaporated to a syrup over 

a water bath, and was then transferred to the oil bath so 
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that it could be heated to dryness. The sample slowly 

decomposed to a tarry material which was not destroyed by 

heating above 250°G. This attempt was also abandoned. 

Evaporation o£ the aqueous supernatant from a 

perchlorate sample at the reduced pressure provided by 

either a water aspirator or a rotary vacuum pump did not 

suffice to remove the last traces of water from the sample. 

Part of the rare earth material remained as a viscous syrup 

until a temperature somewhat in excess of 250°C. was reached, 

and at .this temperature it decomposed to a white, insoluble 

mass probably consisting of oxides, oxychlorides, or other 

intermediate salts. 

In several earlier versions x>f the sample prepara

tion method discussed in the experimental chapter, the sample 

aliquots from an aqueous stock solution of the rare earth 

chlorides containing a little perchloric acid were evaporated 

to near dryness on the water bath only. This residue, tfiich 

consisted of the hydrated rare earth perchlorates plus some 

excess perchloric acid, was then redissolved in distilled 

water and adjusted to a pH between three and five. It was 

felt that this procedure would effectively remove the large 

excess of perchloric acid and thus permit the preparation of 

samples without resort to drying on the oil bath. The pH 

adjustment was made by adding solutions of tetraethylammonium 

hydroxide, sodium hydroxide, or sodium bicarbonate solution^ 
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dropwise to the rare earth solutions. The amoufit of free 

perchloric acid remaining in the solution after the pH 

adjustment would have introduced only a negligible error 

into the coulometric reduction experiments, and was suffi

cient to prevent precipitation of rare earth hydroxides 

from the aqueous solutions at room temperature. However, 

when the resulting aqueous solution (now containing the 

rare earth perchlorates and a little tetraethylammonium 

or sodium perchlorate) was evaporated to dryness on the 

water bath, precipitation of the hydroxides occurred. 

Precipitation was avoided only by re-introducing perchloric 

acid until the acid concentration reached approximately one 

tenth molar. This amount of excess acid would have intro

duced a large error into the coulometric results if not 

removed. The pH adjustment step was therefore of no 

avail and was subsequently omitted since the excess acid 

had to be removed on the oil bath anyway. 

No means of completely eliminating the precipitation 

problem was found. The most accurate coulometric results 

are obtained by analyzing the acetonitrile sample solutions 

as soon as possible after preparing them. Dry rare earth 

samples prepared and stored over phosphorus pentoxide until 

needed were found to be as suitable as those analyzed imme

diately after taking them through the drying procedure. 
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Miscellaneous Observations on the Rare Earths in 

Acetonitrile 

A moist fifteen milligram sample of mixed rare 

earth perchlorates containing a small amount of perchloric 

acid was heated at the rate of 100°C. per hour in the 

furnace of a recording thermobalance. An inert atmosphere 

was maintained by passing Matheson Prepurified nitrogen 

through the furnace tube during the heating. Fig. 16 is 

a reproduction of the resulting weight vs. temperature 

graph. This graph shows that there is no range of temp

erature in which all of the rare earth perchlorates can 

be obtained in the anhydrous, acid-free condition, since 

heating the sample above 250°C. results in rapid decomposi

tion of the perchlorates. 

Controlled potential electrolysis of the aceto

nitrile solutions caused the appearance of colors which 

are probably characteristic of the reduced rare earth 

species. The reduction of europium(III) in solutions 

containing no other rare earths produced a yellow-green 

coloration, the intensity of ?4iich was at least approxi

mately proportional to the concentration of europium(ll) 

present. This color gradually disappeared upon subsequent 

controlled potential oxidation of the europium(II). Solu-
t 

tions containing ytterbium(III) or samarium(III) became 

brilliant yellow and dark brown, respectively, upon partial 
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redaction to the dipositive state. The intensity of the 

color reached a maximum when approximately one-half of the 

rare earth present had been reduced to the dipositive state, 

and then gradually faded as the reduction was completed. 

The reduced solutions were colorless. Controlled potential 

oxidation of the dipositive rare earths brought about the 

same sequence of color changes. 

Somewhat different results were obtained with 

solutions containing more than one rare earth. In this 

case, the intensity of each color reached a maximum at the 

completion of the corresponding reduction and the colors 

disappeared in succession as the controlled potential 

oxidations were completed. 



VI. CONCLUSIONS 

Coulometrv and Polaroeraphv in Rare Earth Analysis 

The data of the preceding chapter show that the 

coulometric determination of three rare earth elements in 

rare earth mixtures is feasible, but the method in its 

present state gives results which are not as precise as 

is desirable. Since the difficulties encountered can be 

attributed to the chemical nature of the materials employed 

rather than to the instrumentation, improved precision will 

probably result only from a significant change of the sol

vent, the supporting electrolyte salt, or the rare earth 

salt used. 

The major problems encountered in this work were 

the hydrolysis of the rare earth ions by a trace of water 

present as an impurity in the acetonitrile solutions and the 

reduction of hydrogen ion arising either from introduction 

as an impurity in the rare earth solutions or from the 

rare earth hydrolysis. In the light of the results obtained 

in this work, it appears that the former of these difficulties 

can be alleviated by the use of a solvent which, in addition 

to its other solvent properties, can compete with water and 

hydroxide ion as a ligand in the formation of rare earth 

complexes. Since the rare earths preferentially form 

66 



67 

complexes through oxygen donor atoms rather than through 

nitrogen donors, better results might be obtained with sol

vents such as amides or aliphatic alcohols than with nitriles. 

A mixture of solvents may provide the -requisite properties. 

Another factor -wftiich tends to make acetonitrile 

a less valuable solvent than had been anticipated Is its 

unsuitability as a solvent for all of the common rare earth 

salts with the exception of perchlorates. Although metal 

perchlorates are in general not intrinsically poor salts 

for use in acetbnitrile, the difficulties associated with 

rare earth perchlorate sample preparation do restrict the 

usefulness of the perchlorates in the present case. Selec

tion of a solvent having better coordinating properties toward 

rare earths would permit the use of rare earth salts, such 

as the halides, which are more easily prepared in the anhydrous 

form than the perchlorates. 

As a practical matter, other salts could be used in 

place of TEACIO^ as the supporting electrolyt e in the deter-

mination of europium, samarium, and ytterbium. A less costly 

salt, such as sodium perchlorate, should be entirely adequate. 

These comments should not be construed as a general 

condemnation of the solvent system acetonitrile-TEAClO^, but 

only as pointing out problems associated with its use in the 

determination of the rare earths. The use of acetonitrile-

TEACIO^ in the determination of sodium by controlled potential 
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coulometry has been described in Chapter IV. This applica

tion is considered a complete success. In an aqueous solu

tion, this determination and that of the rare earths would 

be about equally difficult.because of the hydrogen evolution 

problem. 

Examination of the literature of controlled poten

tial coulometry shows that in many cases more accurate 

results can be obtained by methods involving a preliminary 

reduction followed by a quantitative oxidation, rather than 

by methods which make use only of a reduction step. This 

fact is probably largely a consequence of (1) the reduction 

of hydrogen ions present either as free acid or produced by 

a side reaction, or (2) the reduction of more than the 

theoretical amount of the element being determined because 

of its oxidation by the solvent or some other constituent 

of the solution. These problems are, in many cases, largely 

eliminated when a subsequent oxidation is employed as the 

mensuration step because the over-all current efficiency 

of the oxidation step is frequently much nearer 100% than 

is the case vrtien the reduction blank and an appreciable 

background quantity of electricity must be subtracted from 

the integrator reading to obtain the net result. A readily 

available example of this point can be found by comparison 

of the results obtained in the samarium determination, a 

one electron reduction, and the sodium determination, a 

one electron oxidation following a reduction step. 
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Although attempts were made to determine samarium 

by an oxidation procedure, the results obtained werie in 

all cases low. This is attributed to the fairly rapid 

oxidation of the reduced samarium by an impurity present 

in the solution. In this case, the amount of samarium(Il) 

oxidized chemically is a significant fraction, perhaps 2 to 

5%, of the total amount of samarium present. A solvent in 

which the coulometric oxidation step could be performed 

quantitatively would be desirable because it would probably 

result in improved accuracy for the determinations of samarium 

and ytterbium and permit extension of the method to smaller 

amounts of these elements. 

But even though some improvement in the methods 

described in the preceding chapters is conceivable, it 

Appears to the author that coulometric analysis employing 

non-aqueous solvents will continue to be less useful than 

analytical methods using aqueous solutions. Since t±ie com

mercially available solvents are of insufficient purity for 

most electroanalytical work, a more or less involved purifi

cation procedure must be used in the preparation of whatever 

solvent is selected. This fact, and the need for protection 

of the pure solvent from moisture (and in some cases, air), 

makes methods based on non-aqueous solvents preferable only 

when no reasonable alternative is available. Experience 

gained in coulometric analysis in both aqueous and non-aqueous 
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solutions leads the author to the conclusion that an investi

gation of the feasibility of indirect coulometric methods 

in aqueous solution, following ion exchange separation, 

may lead to more practical methods for the determination 

of the rare earths than the methods described herein. 

Polarographib analysis of the rare earths in 

acetonitrile is beset by many of the difficulties already 

discussed, and in addition requires that a known total 

solution volume be employed. The latter condition is 

difficult to achieve in practice because of the relatively 

high vapor pressure of acetonitrile as compared to water. 

The difficulty is a result of the need for purging the 

sample solutions of oxygen prior to performing the polar-

ographic determination. A significant solution volume 

change will arise by solvent evaporation unless a gas 

saturator containing acetonitrile is employed in the 

purging gas line. 

At the present time, polarographic methods exist 

for the determination of europium and ytterbium in rare 

earth mixtures (8), and all of the rare earths can be 

determined indirectly by polarography of the metal complex 

with certain orthohydroxy dyes, as has been shown by T. M 

Florence (9). 
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Effects of Water on the Electrode Reactions 

Mention was made in the preceding chapter of the 

shifts of the half wave potentials of ytterbium and samarium 

waves upon the addition of water to the acetonitrile solu

tions. Although the magnitude and direction of the shift 

are such as to suggest the formation of rare earth aquo 

complex ions prior to reduction, no evidence is available 

to definitely establish this point. The much larger ^lift 

resulting from the addition of water to europium solutions 

probably arises from a cause other than oomplexing, although 

a part of the total effect may be due to aquo complex forma

tion. It seems more reasonable to assume that in this case 

the rate of the electrode reaction is affected by the presence 

of water molecules adsorbed on the mercury electrode surface. 

This accounts for the fact that the effect is observed on 

the positive side of the electrocapillary maximum poterttial, 

where the europium is reduced, and not on the negative side. 

The electrocapillary maximum potential in acetonitrile prob

ably lies at approximately -0.5 v. vs. S.C.E., as judged from 

the potential of minimum current oscillation on the residual 

current polarograms. 

Possible Adsorption of the TEA**' Ion 

The decrease of the diffusion current found at 

approximately -1.8 v. may be the result of inhibited 



penetration of the rare earth ions through a film of 

adsorbed TEA+ ions. Adsorption of this and other large 

organic cations at negative potentials is well known in 

aqueous solution work, and a similar effect probably occurs 

in the present case. 

Possible Production of Mixed Valence Complexes 

The successive appearance and disappearance of 

colors in solutions containing a single rare earth upon 

controlled potential reduction or oxidation may be asso

ciated with the presence of an unknown impurity, but a 

more probable explanation is that of mixed valence rare 

earth complex formation. The successive reduction of 

europium, ytterbium and samarium in rare earth mixtures 

results in the production of colors tfiich have maximum 

intensity at the conclusion of the corresponding reduction 

step. This fact suggests that the mixed valence complexes 

can be formed between two different rare earths. Furthermore, 

it may be concluded that the dipositive rare earth ion is 

inherently responsible for the interaction absorption, 

thus functioning as a chromophore; while the tripositive 

rare earth ion performs the function of an auxochrome in . 

that its presence is required for the appearance of the 

color. Controlled potential electrolysis of a series of 

solutions prepared so as to contain different rare earths 

and perchlorate ion concentrations would be of interest in 

connection with the establishment of the composition of these 

compounds. 



PART II 

MECHANISMS OF THE EUROPIUM(III) - (II) 

ELECTRODE REACTION PROCESSES AND 

RELATED MATTERS 

VII. INTRODUCTION 

An earlier coulometric study of the rare earths (2) 

using methanol as the solvent'led to the discovery of a 

phenomenon which can be described as the europium(II) 

catalyzed reduction of ;ytterbium(III). The evidence 

for this reaction was obtained during the course of an 

attempt to quantitatively reduce europium(III) to 

europium(II) in solutions containing both europium and 

ytterbium ions. At a control potential sufficent for 

the reduction only of europium(III), the ytterbium(III) 

was also reduced in a nearly quantitative amount. There

fore, only the sum of europium and ytterbium could be 

obtained by means of the coulometric reduction in 

methanol.* 

Since this phenomenon would place a very serious 

limitation on the utility of controlled potential coulometry 

in rare earth analysis, if it occurred in other solvents as 

*The results obtained with methanol solutions also 
appear in an appendix to this dissertation. 
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well as methanol, an investigation of the electrode reaction 

kinetics of the rare earth ions was begun. Polarographic 

studies of the europium electrode reactions in aqueous 

solutions were made, using potassium chloride and various 

other supporting electrolyte salts. The results obtained 

from this work, together with observations made during the 

investigation of the coulometry of rare earths in aceto-

nitrile, provided the basis for the development of theories 

of the electrode processes in water, methanol, and aceto-

nitrile solvent systems. 

Some additional results of this work were the 

tentative establishment of the monochloroeuropiurn(III) 

complex formation constant and a new value for the standard 

potential of the europium(III) - (II) couple. The currently 

accepted value for the potential of this couple, -0.43 v, 

appears to be about 50 millivolts too negative because 

the experimental conditions were such that significant 

europium(III) chloro complex formation occurred. 

The analysis of the polarograms required the 

development of a suitable theory of irreversible polaro

graphic waves of complex ions. At the time this work 

was done, both the relatively exact but cumbersome 

Koutecky theory and the simple, approximate Nernst 

diffusion layer theory were used for the description 

of polarographic diffusion processes. It was decided 



75 

that the Nernst theory would be much more easily handled 

in the development of expressions for irreversible waves, 

and would also be of satisfactory accuracy for the purposes 

of this investigation. The general plan of this theory of 

irreversible polarographic waves involves combination of 

the absolute rate theory expressions as applied to elec

trode processes and the Heyrovsky-Ilkovic theory of the 

polarography of complex ions. 

This theory, as presented below, fails to take into 

account possible effects of the properties of the electrode 

surface. Specific cases of irreversible waves may require 

consideration of the properties of the electrical double 

layer. Gierst (10) and others have shown that the morpho

logical criteria used for the interpretation of polaro

graphic waves (slope of log plot, shift of *ri-th 

concentration of ligand, etc.) may not give a reliable 

indication of the true properties of the electrode reac

tion. In particular, electrode reactions occurring near or 

on the positive side of the electrocapillary maximum poten

tial are likely to be affected by the properties of the 

double layer. This is a significant point in the present 

work, for the electrode reactions of europium ions in 

aqueous solutions fall in this category. Further remarks 

concerning possible double layer effects will be presented 

in Chapter XI. 
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Current-Potential Relation for Irreversible Polarographic 

Waves of Complex Ions 

The current in an electrochemical cell can be 

expressed as the sum of cathodic and anodic components 

in the equation 

i = nFAks h[C0e~aRT(E"EO) - (1) 

The notation used by Delahay (11) has been largely retained, 

and is listed in Appendix II. The current is also related 

to the concentration gradient by diffusion equations of the 

Nernst diffusion theory. 

i = .863nFA(^)1/2(CJ - CQ) (2a) 

1 = .863nFA(-j^)1/2 (2b) 

tfiich hold for the reduction of one soluble species to 

another tfien the reduced form is present in only negligible 

concentration in the solution. If Dq = D^, then 

C 6 = C 0 + C R  ( 3 )  

If it is assumed that the depolarizer is present in the 

form of a complex ion vftiich must diffuse to the electrode 

surface and then dissociate before electron transfer can 

occur, the concentrations Cq g and C^ s must be found from 
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the appropriate formation constants of the complexes. For 

the reaction 

0 + pX <=> 0Xp (4) 

where 0 represents the electroactive species containing 

the oxidized form of the depolarizer and X represents a 

ligand, 

C 
Kf . (5a) 

0 C0,SC>? 

Similarly, 

K£ = C^'ca , (5b) 

R ^jS^ 

corresponding to the reaction 

R + qX <=> RXq . (6) 

The following equations hold when it can be assumed that 

the concentrations of the aquo ions are negligible in 

comparison with that of the complex ions. Equation 3 

then becomes 

C0,c " C0,c + <7> 

Similarly, equations having the form of (2) can be 

written for the diffusion of the complex ions. These 

can be combined with (5) and (7) to give 
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- 3L 

-d (8a) 
0,s .863nFA(£)L/2Kf CXP 

CR a = : TT75 a (8b> 
R>s .863nFA(^) ' Kf CYq 

c R 

If the dissociation reactions are sufficiently rapid, they 

will cause the observed electrolysis current to depend 

upon the complex ion concentration in a polarographically 

reversible manner. The observed irreversible nature of 

the electrode reaction can then be attributed to the steps 

involving the charge transfer process. The equilibrium 

potential of the complex ion system at 25°C may now be 

stated in terms of the Nernst equation for the electrode 

potential and equations (8). 

-1 Kf, 

Ec -E! • + 

(9) 
'f0 

^2(p - q) log 

The formal potential of the complex ion system, is 

the potential of an irreversible electrode for which the 

electroactive species have concentrations at the electrode 

surface equal to those specified by equations (8). 
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Kf 
Eo = go + log -_E _ --^(p - q) log Cx (10) 

f0 

The potential of the electrode may be written in 

terms of E° and equations (1), (2), and (3). For a 

reduction under polarographic conditions, 

.863nFA(2)X/2C2 (E_E°^ 
<«•> 

.863^— + eU-a>t?<E-EO> + e-a«r<E-EO) 
c ,h 

The rate constant, kc which includes the rate constant 

for the dissociation of the complex ion, replaces kQ ^ in 

this equation. The diffusion current is given by an equation* 

similar to (11) in which the potential is sufficiently nega

tive so that the first and second terms in the denominator 

are negligible. The function (1^ - i)/i can then be formed 

from the equations for i and i^. 

iifi = ,86>|^ e»$<E-E°) + j|(E-E°> (m 

1 c ,h 

This equation was derived for reductions involving any 

degree of reversibility. When kc ^ « (D/t)^"^^, the 

potential on an irreversible polarographic wave can be 

found by rearrangement of (12) to 
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„ .059 , xd " 1 .059 
E " Ec + ~ S — - UT log -863 

,Dil/2 (13) 
. ̂59 L i|L_ 

on S kc,h 

Combination of (10), vdiich is valid for any (including 

aquo) complex, with (13) leads to the following equation 

for the irreversible reduction of a complex ion. 

i, - i (i)1'2 

E = EI + l0§ "S- - los -863 - 1°S "k 
c,h 

Kf I 
[log «-•» - (p - q) log C«] 

(14) 

t0 

This equation has been found to describe the behavior of 

the europium chloro complexes in a satisfactory manner. 

Extension of the treatment to include the case of slow 

complex formation or dissociation is straightforward. 

Although the above equations were developed by 

considering the electroactive ions to be the aquo ions, 

this assumption is unnecessary. 

It was found necessary to vary five parameters in 

the polarographic work leading to the establishment of a 

theory of the Eu(III) - (II)electrode reaction mechanism. 

These are as follows. 

1. The half wave potential and wave slope were 

determined at a series of different chloride concentrations, 
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with constant Eu(III) concentration, pH, temperature, and 

drop time. These data provided the basis for the conclusion 

that a europium chloro complex is dissociated prior to the 

reduction. After controlled potential reduction, a polaro-

gram of the resulting Eu(II) was obtained, and a similar 

analysis was made. In some cases, it was found that the 

experimental current-potential curve could be considered 

as the sum of two curves, each of which corresponds to the 

current-potential curve of a single electrode reaction. 

2. The europium(III) concentration was varied, 

while all of the other parameters were held constant. This 

work was intended to determine whether or not the current 

density would affect the electrochemical kinetic parameters. 

Similar experiments were made with the Eu(II) solutions. 

3. The pH was varied and the other parameters were 

held constant. This type of experiment was intended to 

indicate the possible existence of hydroxo ligands in the 

electroactive species. Only the europium(III) reductions 

were investigated as a function of pH. 

4. By varying the temperature with all other para

meters held constant, the approach to reversible behavior 

at elevated temperatures was examined. Experiments of this 

type have little theoretical significance other than to 

show whether or not the mechanism undergoes an abrupt 



transition within the temperature range of normal polaro-

graphic work. 

5. Finally, experiments involving the variation 

of the half wave potential with drop time were made in 

order to test one of the predictions of the theory of 

irreversible polarographic waves. 

• Only the dependence of half wave potential and 

slope upon supporting electrolyte concentrations were 

determined for the other salts studied. These salts 

were NH^Cl, NaClO^, NH^CIO^, tetramethylammonium chloride 

(TMAC1), tetramethylammonium iodide (TMA.I), and tetra-

ethylammonium bromide (TEABr). 



VIII. DESCRIPTION OF APPARATUS 

Polarograph. Potentiostat and Thermostat 

The instruments used in this study have already 

been described in Chapter II in connection with the con

trolled potential determinations of the rare earths in 

acetonitrile solutions. 

EEL and Electrode Assembly 

All pH measurements were made with a Leeds and 

Northrup No. 124138 Miniature pH Electrode Assembly, 

permanently mounted in the electrolysis cell, and a Leeds 

and Northrup Model 7664 line operated pH meter. 

Electrolysis Cells 

The cell used in the major part of this work is 

shown in Fig. 17. The dropping mercury electrode and the 

pH electrode assembly are omitted from the drawing for 

clarity. Silver-silver chloride electrodes were used 

in both the cathode reference and working anode compart

ments. The electrolyte was 0.100 M KC1 saturated with 

silver chloride. The cathode reference electrode was 

used also as the polarographic counter electrode, in 

contra-distinction to the procedures described in the 

work with acetonitrile solutions. This electrode was 
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Figure 17.--Cell for Controlled Potential Reductions. 

A. Mercury seal stirrer. 

B. Silver-silver halide reference electrode. 

C. Argon inlet 

D. Silver working electrode. 

E. Neoprene plug 

F. Mercury inlet and cathode connection. 

G. Drain. 
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found to be only negligibly polarized within the ten micro 

ampere current range employed. 

A conventional polarographic H cell was used in a 

few experiments \rtien it was desired to measure the half 

wave potential of the europium(III) reduction vs. S.C.E. 

directly. 



IX. PREPARATION OF REAGENTS 

Nitrogen 

A vapor saturator containing distilled water main

tained at 25°C was inserted in the nitrogen treatment line 

between the tube furnace and the electrolysis cell. The 

drying tube employed in the treatment of the nitrogen used 

with the acetonitrile solutions was omitted. 

Miscellaneous Chemicals and Solutions 

Solutions were made from ordinary distilled water 

with no attempt to remove whatever surface active impurities 

may have been present. Analytical reagent grade chemicals 

were used throughout the investigation. Research Chemicals, 

Inc., 99.9% europium oxide was ignited for at least 12 hours 

at 900°C, cooled in a nitrogen filled desiccator, and weighed 

into a sample tube similar to that shown in Fig. 8. The 

weighed oxide was dissolved in an excess of hydrochloric 

acid by heating on a water bath. The resulting solution 

was diluted to known volume, then stored in a polyethylene 

bottle. 
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X. EXPERIMENTAL PROCEDURES 

Preparation of Solutions 

A suitable aliquot of the europium stock solution 

was evaporated to dryness in a stream of nitrogen in order 

to remove the excess hydrochloric acid, then was dissolved 

in the volume of supporting electrolyte solution needed to 

give the desired final europium concentration. Unless 

- 3 
otherwise stated, this concentration was 1.434 x 10" M. 

Solutions of intermediate salt concentration were often 

prepared by mixing two solutions made by this procedure. 

_3 
For example, the solution of 1.434 x 10 M europium in 

0.050 M KC1 was mdde by mixing equal volumes of a solution 

of europium in 0.100 M KC1 and another made up with dis

tilled water. The contribution of the rare earth chlorides 

to the total chloride ion concentration was taken into 

account in the interpretation of the experimental results. 

Polaroeraphic Measurements and Controlled Potential 

Reductions 

The techniques employed have been described in 

the chapter dealing with reductions in acetonitrile solu

tions. The polarographic voltage scan rate was 0.200 volt 

per minute, and the chart paper speed was 2 inches per 
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minute throughout the investigation. A ten microampere 

current range was used wherever possible. In general, 

every effort was made to eliminate unnecessary variation 

of the instrumental parameters. 

The potential of the polarographic reference (and 

cathode reference) electrode was first determined vs. an 

external, air saturated 25°C S.C.E., the potential of 

which was taken as +0.2415 v. The cell was then drained, 

rinsed, and dried with cotton swabs. A 5.00 ml sample 

solution was then inserted and deaerated for five minutes. 

Deaeration was hastened by use of the stirring apparatus. 

A polarogram of the Eu(III) - (II) reduction was then 

obtained. Stirring and nitrogen flow were resumed and the 

europium was reduced to the dipositive state at controlled 

potential, following which the europium(II) oxidation 

polarogram was recorded. At the conclusion of this 

experiment, the potential of the reference electrode 

was once again determined vs. the external S.C.E. 

PH Measurement 

Prior to insertion of the sample solution, the pH 

meter was adjusted to give the proper reading with the pH 

electrode assembly immersed in a sample of pH 4.01 buffer 

solution. The pH measurements were made on stirred, 

deaerated solutions immediately before recording the 
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europium(III) polarogram, or occasionally at some point 

during the electrolysis. In the latter case, all elec

trical connections except those to the pH meter were 

temporarily disconnected. 



XI. POLAROGRAPHY OF EUROPIUM(II) AND 

EUROPIUM(III) IN AQUEOUS POTASSIUM 

CHLORIDE SOLUTIONS 

Dependence of the Half Wave Potential Upon Drop Time 

A partial check on the validity of the theoretical 

basis for equation (14) was obtained through a study of the 

dependence of the half wave potential of the europium(III) 

reduction upon the electrode drop time. Examination of a 

-3 
series of polarograms of 1,434 x 10 M europium(III) in 

0.100 M potassium chloride solution in *rtiich the drop, time 

was varied by changing the height of the mercury reservoir 

showed that the predicted linear dependence is obtained, at 

least for times between four and ten seconds. The results 

-3 
can be expressed by the equation Ej^2 = "*^42 + 2.00 x 10 t. 

Dependence of the Half Wave Potential Upon PH 

Since hydroxide ions might conceivably play a role 

in the electrode reaction mechanism, a study was made of the 

effect of pH upon the polarographic characteristics of the 

europium reduction. It was necessary to make the measurements 

in unbuffered solutions having a constant chloride ion concen

tration in order to rule out changes resulting from complex 

ion formation or alteration of the electrode double layer 
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structure. A europium(III) solution was adjusted to an 

initial pH of approximately 1.0 with 12 M HC1. A series of 

polarograms of this solution was made by varying the pH 

with successive small increments of saturated sodium 

hydroxide solution. Figure 18 ^iows that the half wave 

potential of the europium(III) reduction is nearly constant 

over a range of about four pH units. The observed cathodic 

shift of the half wave potential at low pH probably is the 

result of a large liquid junction potential at the polaro-

graphic reference electrode. This contention is supported 

by the observation that the slope of the log plot is inde

pendent of pH throughout each series of polarograms. An 

irreversible reaction involving a complex ion (of *diich 

the europium reduction is an example) would be expected to 

exhibit a log plot slope which is a function of the ligand 

concentration. At pH values somewhat above seven, a part 

of the europium was lost by precipitation of the hydroxide 

and no further polarograms were obtained. The diffusion 

current remained nearly constant until the precipitation 

pH was reached. 

Wheelwright, Spedding, and Schwarzenbach (12) cal

culated the first hydroxo complex formation constants for 

lanthanum(III) and lutetium(III). They obtained values of 

5 6 6 6 
10 and 10 ' , respectively. It is reasonable to assume 

that the monohydroxo europium(III) ion is similar in stability, 
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Figure 18.—Variation of Ewith pH at Constant 
Chloride Concentration. 1 

Full line: Average of experimental results. 
Dashed line: Assuming EuOH complex formation; = 10 
Points marked —I— are experimental; corrected for 

27 rov liquid junction potential. 
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and therefore is of no consequence in neutral or acidic 

solutions. 

Chloride Concentration Dependence: Eu(III) Reductions 

The half wave potential and the log plot slope of 

the europium(III) - (II) reduction polarograms are both 

dependent upon the total chloride ion concentration. The 

polarographic measurements and their interpretation are 

straighforward at chloride concentrations up to approxi

mately one molar. The half wave potential obtained in 

solutions more dilute than one tenth molar is constant 

at -0.628 v. vs. S.C.E. and the slope of the log plot line 

indicates that the reduction is polarographically reversible. 

Between one-tenth molar and one molar chloride concentrations, 

the half wave potential increases cathodically with concen

tration. The rate of change of the half wave potential with 

chloride concentration is exactly that predicted by equation 

14 for the reduction of aquo europium(III) obtained.from 

the dissociation of the monochloroeuropium(III) ion. The 

log plot slope is linear in this region, as is expected for 

such a process. A plot of 1/a vs. C^, the significance of 

which is explained in the following section, also is in 

agreement with the results which indicate a mechanism 

involving reduction of aquoeuropium(III) ion following 

dissociation of the monochloro complex. 
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In solutions having chloride ion concentrations in 

excess of one molar, the polarographic behavior is more 

complicated. In this region, the apparent half wave potential 

becomes less cathodic as the chloride concentration is increased, 

and the corresponding log plot line acquires a sigmoid character 

suggesting that more than one electrode process is responsible 

for the observed current-potential curve. The experimental 

results were analyzed by assuming that two different electrode 

processes contribute to the electrolysis current. One of these 

is the same process observed at the lower chloride concentration, 

the reduction of aquoeuropium(III) following dissociation of the 

monochloro complex. The half wave potential of this reaction 

becomes increasingly cathodic as the chloride concentration 

is increased. 

The other process was assumed to involve the direct 

reduction of the dichloro complex. Its half wave potential 

becomes less cathodic as the chloride concentration is increased. 

The chloride concentration dependence is that expected for a 

process involving the addition of one chloride ligand prior to 

reduction; that is, 0.059 volt for a ten-fold change of chloride 

conc ent rat ion. 

With these assumptions regarding the half wave poten

tials, the experimental curves were analyzed by a method of 

successive approximations until the half wave potential, log 

plot slope, and diffusion current' for each of the two 
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contributing processes could be fitted with reasonable 

certainty to smooth curves. These results are presented 

in Figures 19, 20, 21, and 22. The method of analyzing 

overlapping waves is shown by Figures 23 and 24. 

The parts of these figures vfriich are known with 

the greatest certainty are those for which one process is 

responsible for nearly all of the observed current and the 

other process makes only a small contribution. In particular, 

the results presented for the aquoeuropium(III) reduction at 

chloride concentrations above two molar are less reliable 

than the rest because the diffusion current resulting from 

this process is only about one-sixth of the total current. 

No explanation can be offered for the appearance 

of two distinct branches of the transfer coefficient curve 

(Fig. 21) corresponding to the aquoeuropium(III) reductions. 

It is possible that another electrode process is responsible 

for the upper branch, but elucidation of this point will 

probably require techniques other than D. C. polarography. 

It may be significant that Meier and Garner (13), in their 

isotopic exchange work, also found that the exchange rate 

law which holds between 0.10 and 1.0 molar chloride concen

tration fails at higher concentrations. 
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Figure 19.--Europium(III) Reduction Hal£ Wave 
Potential as a Function of Chloride Concentration. 

Experimental points are marked © > points marked x 
represent calculated half wave potentials for two components 
of the experimental current-potential curves. 

\ 
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Figure 21.--l/a as a Function of Chloride Concentration. 
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Figure 22.--l/a as a Function of Chloride Concentra-
EuCl2+ Reduction. 
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1/2(1 + 2) 

Electrode Potential 

Figure 23.--Log Plots for Overlapping Waves. 

Curve A, log plot of experimental data; curve B, log 
plots of individual depolarizers. A first approximation to 
El/2(1) an<* El/2(2) can be made extrapolation of the ends 

of the experimental curve, as shown. From the preliminary data 
thus obtained, calculate the current-potential curve for each 
constituent. Repeat the process until the experimental current 
is reproduced by the sum of the individual currents. 
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1/2(2) 
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1/2(1) 

Electrode Potential 

Figure 24.--Current-Potential Curves for Overlapping 
Waves. 

Since the current at the half wave potential of each 
depolarizer is equal to i.,/29 the entire i vs. E curve for 
each depolarizer can be found from the log plot lines 
obtained as in Figure 22. 
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Relationship of Transfer Coefficient and Free Llgand 

Concentration 

^•d " i 
At the half wave potential,where log —r— = 0, 

equation (14) can be written 

_ .059 , •863(°)1/2 .059rx 
1/2 = + aT l°s TT + jT ® KT 

c ,h Iq 

(p- q) log Cx] 

lr 059 -863cf)1/2 

log ^ ] + (E| . Ei/2> . 

059 .863(f)1/2 d(E? - E,.,) 

^l°6 k e h  *  ' 
c,h d * 

059, x d log CX 
—(p - q) —7T— 

d i  

When a is independent of E, 

(15) 

Kf 
•1~^[(p - q) log Gx - log (16) 

f0 

(17) 

d(E| - E1/2) 
§— 1fZ = 0 (18) 

d7 

Under the conditions of this study, it follows that 
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d log CY .863(?)1/2 

TX-* - log ^ (19) 
d£ c,h 

and therefore a plot of log vs. should be a straight 

line from which kc ^ can be obtained by measurement of the 

slope. 

Since the transfer coefficient at any given chloride 

concentration is independent of the electrode potential, it 

follows that the rate-determining step in the electrode 

reaction mechanism is not directly associated with the 

charge transfer step. 

Europium(III) Concentration Dependence 

One of the fundamental assumptions made in the 

development of the electrode reaction theory expressed by 

equations 1 to 14 is that the reaction is kinetically first 

order in the concentration of the electroactive species. In 

the course of the development, it was tacitly assumed that 

the transfer coefficient is independent of the electrode 

potential at any given ligand concentration. One would 

therefore expect both the half wave potentials of the 

europium(IIl) reduction polarograms and the corresponding 

transfer coefficients to be independent of the europium 

concentration. Figures 25 and 26 show that the expected 

behavior is not observed in the present case. As the 
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europium concentration is decreased, the half wave potential 

also decreases, and approaches -0.617 volt. At very low 

concentrations, a becomes anomalously large. Thi,s behavior 
i 

suggests the possibility that some characteristic of the 

electrode surface, such as the presence of adsorbed chloride 

ions, is a significant factor in the reduction mechanism. 

A small amount of specifically adsorbed chloride is known 

to persist on a mercury surface at the potentials required 

for the europium reductions, as shown by the work of Grahame 

et al. (14). If the europium reduction requires the presence 

of chloride at the electrode surface, for example, as a 

bridging ion; then a small chloride surface concentration 

might be a rate-determining factor when the europium(III) 

concentration exceeds a critical value. 

In such a case, the electroactive europium species 

might conceivably be an electrode-chloride-europium(III) 

complex. With the further assumption that the Eu-Cl bond 

involves a significant degree of electron sharing, the 

observed half wave potential and anomalously high apparent 

transfer coefficient at the low europium concentrations are 

qualitatively explained. However, this theory assigns no 
< -

special significance to waves having the "reversible" log 

plot slope, and does not account for the fact that at 

chloride concentrations less than one-tenth molar, the waves 

at constant europium concentration have the reversible slope 
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and constant half wave potential. Another interesting fea-v 

ture of the experimental data is the sigmoid shape of the 

a vs. CEu curve, Figure 24, with the inflection location 

at approximately a = 1. This behavior suggests that two 

mechanisms are involved in the europium reduction, one 

being observed at the higher europium concentrations, and 

the other, the adsorption mechanism, being significant only 

at the low europium concentrations. The reasons for such 

behavior will be discussed presently. 

Differentiation of a form of equation 14 written 

for an aquo ion reaction with E = anc* constant ligand 

concentration, yields the result 

dE,,, 059 "863 1/2 

-U1 , - log k (20) 
d a s,h 

The predicted result for an electrode process tfiich 

is described by equation 14 is a linear dependency of on 

El/2* providing that ^ is a variable. Figure 27 shows 

that this behavior is observed in the present case when data 

obtained from Figure 26 are employed. This plot shows that 

the half wave potential is -0.622 volt when a = 1. 

The mathematical treatment culminating in equation 

(20) has not required that a reason be given for the observed 

change of half wave potential at constant chloride concentra

tion. When the rate of complex ion dissociation is sufficiently 
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Figure 27.—1/a vs. Half Wave Potential, Variable 
Europium Concent rat ion. 
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rapid to justify the use of equations 4 to 8, to a good 

approximation the half wave potential should be independent 

of the rate of complex dissociation at constant chloride 

concentration. This can readily be shown for the case of 

rapid electrode reaction of aquoeuropium(III) following 

slow dissociation of monochloroeuropium(III) by a first -

order reaction. Furthermore, since at low europium con

centrations and low chloride concentrations the polaro-

graphic waves indicate reversible reduction, slow electron 

transfer seems unlikely to be the reason for the observed 

irreversibility at high europium concentrations. 

The only reason for the irreversible behavior and 

the shift of the half wave potential which is apparent to 

the author is that the rate of the electrode reaction is 

limited by the number of sites on the electrode at \tfiich 

the reaction can occur. Presumably this number of active 

sites is proportional to the electrode area and is inde

pendent, or nearly so, of the electrode potential and the 

amount of adsorbed chloride on the electrode surface. 

These active sites might be, for example, vacancies in the 

layer of oriented water molecules at the electrode surface. 

Some idea of the extent to which the electrode 

reaction rate might be limited by the active site requirement 

can be obtained from the following very crude calculation. 
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It is known from the work of Grahame (14) and others 

that the amount of adsorbed chloride ion present at the 

electrode potentials a®d potassium chloride concentrations 

2 
in question is on the order of 1 ncoul/cm . From this it 

is apparent that the surface concentration of the adsorbed 

12 2 
chloride ions is about 6 x 10 ions/cm . Assuming that the 

O 
chloride ionic radius is 1.8 A, a full monolayer would con-

15 2 
tain 10 ions/cm , and the fractional ,;surface coverage is: 

v 

therefore .006 monolayer. For a mercury drop electrode having 

- 2  2  
r = .05 cm, the drop area is 3 x 10 cm . Taking for sim

plicity a current equal to one microampere, the current 

density, and hence the ionic flux, is 3 x 10~^® equiv/cm^. sec. 

The flux is also equal to the product of the europium ion 

concentration and the ionic diffusion velocity. Experimentally, 

a current of one microampere is obtained from a solution approxi-

-4 
mately 3 x 10 molar in the reducible species. From this 

information it is easily shown that the diffuaion velocity 
_ q  

v is equal to 1 x 10 cm/sec. Assume that each europium(III) 

ion to be reduced must diffuse three ionic diameters (approxi-

- 8  
mately 24 x 10 cm) to reach the electrode and the europium(II) 

ion resulting from the reaction must diffuse' a like distance 

to complete one electrode process. One then finds that each 

complete electrode process requires 5 x 10~^ sec; and each 

3 
reaction site could be used 2 x 10 times per second. The 

total number of reactions which could take place per second, 
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or the maximum current which this mechanism would allow, 

can be found from the product of the number of reactions 

which occur on each active site per second and the number 

of active sites. 

The ratio of active sites to the total number of 

sites on the electrode surface could have any value between 

zero and unity, but if we take as a guess the value 1/100, 
i / 2 

the calculated maximum flux is 1.2 x 10 ions/cm -sec. 

The actual current density was found above, and is equal 

to 1.8 x 1014 ions/cm^*sec. Since this value is 1.5 times 

the possible flux for the assumed mechanism under the 

abovementioned conditions, a part of the current must be 

the result of a different process provided that the correct 

value of the active site ratio has been selected. At a 

current of 10 na, practically all of the current would be 

the result of the other process. If, however, only 0.10 na 

were required (corresponding to an europium concentration of 

3 x 10-5 moles/liter), the assumed mechanism would be adequate. 

Obivously, one can arbitrarily choose any desired 

value between zero and one for the active site ratio in the 

above calculation, and all that has been shown is that the 

idea of the mechanism change is not impossible. Continuing 

with this line of reasoning, it would be possible to associate 

an energy barrier with the limited number of active sites 

(the factor 1/100 corresponds to an energy of 0.12 volt 
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in a Boltzmann expression), and thereby perhaps account for 

the observed shifts of half wave potential and apparent 

transfer coefficient with europium concentration. 

Calculation and Interpretation of Kinetic Parameters 

Up to this point, no mention has been made of the 

physical significance of the transfer coefficients (a) and 

(1 - a). In the theoretical work of Eyring et al. (15) 

these quantities are assumed to be proportional to the 

fraction of the rational potential which increases the 

rate of the cathodic and anodic reactions, respectively. 

With such an interpretation, it is obvious that the func

tions anF(E - E°) and (1 - a)nF(E - E°) which appear in 

the rate equations decrease the activation energy for the 

electron transfer reaction from its value at E° to its 

observed value at E. 

By using equation (20) with Figure 27, the rate 

constant for the reduction of europium(III) in 0.10 M 

potassium chloride solution is found to be kg ^ - 0.624 

cm/sec. This is not quite equal to the rate constant for 

the aquo ion reduction, because at this concentration a . 

part of the total europium(III) is present as the chloro 

complex. 

In a similar manner, using equation (19) and Figure 

21, the rate constant for the chloro complex dissociation-

reduction process is found to be 1.57 x 10"^ cm/sec. 
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According to the absolute rate theory, the rate 

constant and activation free energy are related by the 

expression 

k _ p Rg ae-AF*/RT 

where N is Avogadro's Number, and a is the transmission 

coefficient, hereafter assumed to be unity. The factor p 

is the reaction layer thickness. Its magnitude is uncertain, 

but is on the order of a few angstroms. Delahay, on page 42 

-8 
of reference 11, suggests the value 2 x 10 cm for this 

quantity. From this equation, the value of AF^ = 13.7 kcal 

is found to correspond to the value kc ^ = 1.57 x 10"5 

cm/sec. 

Meier and Garner (13) found AF°^* = 20.8 ± 0«9 kcal 

for the homogeneous isotopic exchange reaction between 

europium(II) and (III) in the same chloride concentration 

region. 

Figure 28 is a comparison of two calculated quanti

ties as a function of the potassium chloride concentration. 

The first of these is the monochloroeuropium complex con-

concentration calculated from 

• (foffl"1"2)— = Kf SS 10, 
(Eu )(CI ) f 

and the second is the function -a(E^y£ + 0.628). The figure 

shows that the ratio of these quantities is nearly a constant, 
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Figure 28.—Comparison of with _a(Ej^2 + *628). 

Line a: EuCl concentration x.10 
Line b: x 
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thus providing another indication of the validity of the 

theories underlying the calculations. 

A Theory of Electron Transfer Reactions 

The abovementioned activation free energy relation

ships are summarized as follows. The entire chloro complex 

reduction process is assumed to require 13.7 kcal activa

tion energy; but as the electrode potential is made more 

cathodic, an increasing proportion of the total is supplied 

electrically. This is shown schematically in Figure 29a. 

The reaction rate is therefore controlled by AF^net' A 

similar diagram for an anodic process is shown in Figure 29b. 

The relationships expressed in these diagrams, 

together with the experimental facts that a is independent 

of the electrode potential but does depend on the chloride 

concentration, all suggest that a is a property of the 

reacting europium ion and its environment. The reacting 

ion has one particular electronic energy level from which 

or to which an electron is transferred in the course of the 

electrode process! It is reasonable to assume that this 

orbital has a particular tendency to contain a "hole" and 

a corresponding tendency to contain an electron. These 

tendencies would be independent of the electrode potential, 

but would depend on the electric fields of the ion's nucleus, 
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the remaining electrons in the ion, and the presence of 

nearby ions and solvent molecules. 

The tendency of the orbital to contain an electron 

would be given by the expression 

Te = BP 

and the tendency to contain a hole is the complement 

Th = B(1 - P), 

since the energy level must be either empty or filled. 

The relative tendency to contain an electron and 

a hole describes the effectiveness with which an applied 

electrode potential can increase the rate of a reduction, 

and apparently a is a description of this relative tendency. 

BB B 
a  ~  B ( 1 -  P )  "  1  -  P  

The function P is presumed to be a constant under some, 

particular set of environmental conditions. 

Since it is already known that a cannot exceed unity 

unless exceptional conditions, such as adsorption, prevail, 

P is limited to the range 0 < P < 1/2. This is not an 

arbitrary limitation, for if P were to exceed 1/2, the 

oxidized form of an ion which is stable in its environment 

would spontaneously acquire electrons from the solvent and 

thereby be reduced. 
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Adsorption of a simple or complex ion amounts to bond 

formation or partial electron transfer in addition to that 

caused by the presence of the electrode potential. It is 

reasonable to assume that adsorption would have a signifi

cant effect on the magnitude of the transfer coefficients. 

Chloride Concentration Dependence; Eu(II) Oxidations 

Interpretation of the polarographic waves due to the 

europium(II) oxidation is difficult because of several 

effects which affect the shape and position of the waves. 

These effects are (1) decreased current on that part of 

the wave for which appreciable chloride adsorption is 

expected, when the total chloride concentration is less 

than 0.10 M; (2) limited current due to the presence of 

an adsorbed film on the electrode surface; and (3) a con

stant anodic displacement of the half wave potential from 

the value observed for the aquoeuropium(III) reduction. 

Current-potential curves corresponding to various 

potassium chloride concentrations are shown in Figure 30. 

The distortion plainly visible in the region of the diffu

sion current is probably due to the presence of a large 

excess of chloride ions at the electrode surface. The 

irregularity is only present to a noticeable extent on 

polarograms obtained in solutions containing less than 

0.10 M potassium chloride. This is the salt concentration 
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region in which electrostatic effects arising from the 

potential across the diffuse double layer are of greatest 

significance in the determination of electrode reaction 

kinetics. Gierst, \idtio has had much success in interpreting 

polarographic phenomena arising in the study of slow elec

trode reactions, has announced a study of the europium(ll) 

oxidation mechanism undertaken with the hope of elucidating 

the double layer structure as well as the electrode reac

tions (10). 

Although the double layer theory in its present state 

is adequate for only qualitative explanations of electrode 

jhenomena occurring in regions of significant specific 

adsorption, the author is of the opinion that a single 

mechanism based upon the oxidation of aquoeuropium(ll) 

cannot account for the rise of current to a limiting value 

near the zero of applied potential. In this region, where 

the electrode surface presumably carries a high positive 

charge relative to the solution, it seems reasonable to 

suggest that the electroactive species has a charge of less 

than two, and is perhaps a neutral species containing asso

ciated or coordinated chloride or hydroxide ions. Gierst's 

studies of the europium(III) - (II) couple in several support

ing electrolytes show that the current dip and subsequent 

rise is present at low concentrations of all. 
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Polarograms obtained in those solutions having a 

potassium chloride concentration in excess o£ 0.10 M do 

not show distortions of the abovementioned type. The log 

plot line is straight over that part of the wave for 

which the current rises smoothly with drop lifetime. How

ever, when the oxidation current is small, the current 

corresponding to each drop at first rises in the normal 

manner, levels off, and then decreases with increasing 

drop lifetime. This behavior is usually associated with 

reactions in which an adsorbed film limits the rate at which 

the electroactive species can reach the electrode. A similar 

effect is obtained v&ien neutral surface active material is 

added to the europium( 11) solution. When the electrode poten

tial is such that the current is small, oxidation of 

europium(II) by the solvent might produce a hydroxide 

ion surface concentration high enough to cause local 

precipitation of europium(111) hydroxide. Unfortunately, 

no study was made of the pH effect on the europium(ll) 

waves because of experimental difficulties. Gierst and 

Cornelissen (16) acidified the solutions used in their 

studies, but from the shape of the polarograms presented 

in their paper, the effect was apparently not eliminated. 

In the present work, the addition of one drop of 6 M 

hydrochloric acid did almost eliminate this "adsorption 
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effect11 from a solution containing 0.01 M potassium chloride 

supporting electrolyte. 

The reciprocal of the log plot slope proved to be 

a linear function of chloride concentration for all concen

trations above 0.10 M, as shown in Figure 31. 

The half wave potential for waves obtained at 0.32 M 

and higjher potassium chloride concentrations is constant 

within experimental error (± .005 v) and the average is 

-0.565 v vs. S.C.E. Presumably this half wave potential 

corresponds to the aquoeuropium(II) oxidation. If this 

presumption is correct, it is difficult to reconcile the 

europium(II) oxidation results with those obtained for the 

europium(III) reductions. In particular, the sum of the 

cathodic and anodic transfer coefficients is not equal to 

unity for a given chloride concentration, and the rate con

stant calculated from Figure 30 for the aquo ion oxidation 

(k = 3.34 x 10~^) is inconsistent with the observed morpho

logy of the reduction and oxidation polarograms. 

One can account for this discrepancy by accepting 

the theory, due to Vl&ek (17), which states that the electro-

active europium(III) species has the electronic configuration 

6 2 6 1 
4f 5s 5p 5d , but the stable configuration for this ion is 

4f75s25p65d°. 
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Eu(III) <-£-> Eu(II)* J==> Eu(II) 

k2 

4f65s25p65d° 4f65s25p65d1 4£75s25p65d° 

On this basis, the europium(III) reduction is 

expected to be rapid and the reduction wave reversible; 

but if k£/k^ is small, the oxidation wave would be shifted 

by a constant voltage increment. The observed difference of 

half wave potentials is a reasonable value for the energy 

difference between the two europium(II) electronic configura

tions. 

The standard electrode potential of the couple 

probably does not differ from the half wave potential for 

the europium(III) reduction by more than two or three 

millivolts since the diffusion coefficients of the oxidized 

and reduced forms are very nearly equal. The standard 

potential is therefore very near -0.622 volt vs. S.C.E. 

at 25°C or -0.380 volt on the hydrogen scale.* . 

The Effect of Neutral and Cationic Surface Active Material 

on the Polaroeraphic Waves 

Addition of 0.001% to 0.020% of a neutral surface 

active substance (Alkyl Aryl Polyether Alcohol, obtained 

from Southwestern Analytical Chemical Co.) to the potassium 

*0ne can predict from this proposed standard potential 
that europium(II) is not oxidized by water at pH 7. 
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chloride solution has a pronounced effect upon the position 

and shape of both oxidation and reduction waves. The half 

wave potential of reduction waves is almost unaffected at 

.01 M and .065 M potassium chloride concentrations, but 

the log plot slope decreases significantly with progressive 

further addition of the polyether alcohol. However, when 

the potassium chloride concentration is 2.00 M, the waves 

are much more sensitive to the addition of the surface active 

material; the half wave potential is cathodically shifted 

and the shape of the wave becomes very irregular, as diown 

by Figure 32. 

The reduction current first rises to a maximum, then 

falls as the drop lifetime increases. These are character

istics of an electrode reaction rate limited by penetration 

of a surface film. 

Addition of the polyether alcohol affects the oxida

tion polarograms by filling in the current dip observed on 

the positive side of the G.C.M. This, as Gierst points out, 

must be due to reduction of the charge on the electrode 

surface. The presence of this film also causes an increased 

current near the base of the wave, probably as a consequence 

of displacing, or slowing the formation of, the hydrous oxide 

film which would otherwise be present. The net effect is to 

cause the polarographic wave to approach the shape expected 

for an irreversible reaction without surface effects. 
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Figure 32.--Europium(Hl) Reduction in 2.00 M 
Potassium Chloride Solution with Added Surface Active 
Material. 

Curve a: No added surfactant 

Curve b: .001% 

Curve c: .005% 
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The changes brought about by addition of the poly-

ether alcohol to solutions containing 0.01 M potassium 

chloride supporting electrolyte are illustrated in Figure 

33. 

These supporting electrolytes containing tetraalkyl-

ammoiiium cations were examined for their effect on the 

europium electrode reactions. These polarograms are 

reproduced in Figure 34. 

Replacing potassium chloride by 0.10 M tetraethyl-

ammonium chloride (TEAC1) causes the half wave potentials of 

the europium(III) reduction wave to be shifted cathodically 

to -0,883 v and also decreases the log plot slope to 143 mv 

per current decade. The half wave potential of the oxida

tion wave is shifted to -0.433 v, and the slope to 93 

mv/decade. Current rises normally with drop life over the 

entire wave in both cases, indicating that the double layer 

structure is much more rapidly established than when the 

polyether alcohol is used as the surface active agent. 

Similar effects are obtained tdien the supporting 

electrolyte is changed to tetraethylammonium bromide. The 

half wave potential of the reduction wave is -0.865 v, and 

the log plot slope is 200 mv/decade. Corresponding values 

for the oxidation wave are -0.479 v and 86 mv/decade. 
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Figure 33.—Europium(III) arid (II) Polarograms in 
3.01 M Potassium Chloride with Added Surface Active Material. 

a. Europium(II) oxidation wave, no added surfactant. 

b. Europium(III) reduction wave, no added surfactant. 

c. Oxidation wave and reduction wave, 0.004% poly-
ether alcohol added. 
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Figure 33b 
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Figure 34.—Europium(II) arid (III) Polarograms 
Various Supporting Electrolytes. 
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Changing to tetramethylammoniurn iodide results in 

the appearance of the peaked current vs. drop lifetime curves 

characteristic of the adsorption waves, and consequent deteri

oration of the wave shapes. The half wave potentials of these 

waves are -0.640 and -0.531 v for the reduction and oxidation, 

respectively. The log plot slope of the oxidation wave is 

80 mv/decade and the line is straight, in spite of the fact 

that the current is limited by the presence of the hydrous 

oxide film near the foot of the wave. 

It is apparent from these results that the magnitude 

of the effects caused by the surface active ions studied is 

related to the cation/anion radius ratio. 

Temperature Dependence of the Half Wave Potentials 

The half wave potentials of the europium(III) reduc

tion and the europium(Il) oxidation in 0.10 M potassium 

chloride solution were determined at 5°C temperature inter

vals from 15° to 45°C. The results are shown in Figure 35. 

The temperature coefficients of the half wave potential 

are + 0.0024 v/degree and + 0.0014 v/degree for the reduc

tion and oxidation, respectively, at 25°C. These values 

are in the range usually observed for irreversible reactions. 
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Figure 35.—Half Wave Potentials as a Function of 
Temperature. 

Ciirve II - Oxidation of europium(II). 
Curve III - Reduction of europium(III). 
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The Effect of Formate on the Electrode Reactions 

McCoy (18) determined the potential of the 

europium(III) - (II) couple potentiometrically in 1 M 

potassium chloride solution to which some formic acid 

had been added to retard hydrolysis. In order to determine 

the possible effect of the added formate ion, a similar 

solution was prepared during the course of this study and 

the oxidation and reduction polarograms were obtained. 

Using a supporting electrolyte solution containing 1.0 M 

potassium chloride and .002 M formic acid, and having 

pH = 3.5, no effect was found on the reduction wave. The 

oxidat ion wave was shifted anodically to -0.554 v, and the 

log plot slope became slightly smaller. 

Since McCoy's value for the electrode potential at 

1.0 M potassium chloride concentration is equal, within 

experimental error, to the half wave potential for the 

europium(III) reduction at this concentration, it is 

likely that the added formate had little or no effect 

on McCoy's results. 



XII. POLAROGRAPHY OF EUROPIUM IN 

MISCELLANEOUS SUPPORTING 

ELECTROLYTES 

The results obtained with other supporting electro

lytes are qualitatively similar to those obtained in potas

sium chloride solutions provided that the supporting 

electrolyte ion diich is attracted to the electrode surface 

is small. '^Figures 36 and 37 show that when this condition 

is not satisfied, as illustrated by the results for TMACl, 

the half wave potential for the reduction is shifted catho-

dically from the expected value. 

Since this behavior is the result of changing the 

TMACl concentration, and thus the surface concentration of 

TMA+, it is reasonable to attempt to identify the half wave 

potential shift with the potential across the diffuse part 

of the double layer. 

The latter quantity, the Y °-potential, was cal

culated from the charge data of Grahame (19), using equation 

40 of Grahame*s theoretical treatment of the electrical 

double layer (14). Subtraction of the calculated f° from 

the value obtained in the absence of supporting electrolyte 

gives the change of half wave potential caused by the 

presence of the supporting electrolyte. Since y0 in the 

140 
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absence of supporting electrolyte is not known, it was 

assumed that the corrected value for the. half wave poten

tial at = 0.01 M is -0.625 v. This procedure amounts 

to assuming that ¥° in the absence of supporting electro

lyte is 100 mv. Curve B of Figure 37 shows that the cor

rected half wave potential vs. chloride concentration 

relationship is approximately the same as that obtained 

with the small-cation electrolytes. 

Because of the crudity of the theoretical treatment 

and the rather questionable assumption that the double layer 

charge is the same for TMA+ and Na+, the agreement is 

probably fortuitous. From these results, it appears that 

the double layer correction is applicable only when the 

attracted ion covers a significant fraction of the electrode 

surface. 

As shown in Figure 38, the diffusion current 

decreases with:increasing TMAC1 concentration, and is 

almost obliterated at the highest concentration studied. 

At 5.0 M TMACl, the diffusion plateau is developed over a 

range of only about 0.3 volt; it then decreases almost to 

the residual current level. 
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XIII. THE STANDARD POTENTIAL OF THE 

YTTERBIUM(III) - (II) COUPLE 

The polarography of ytterbium(II) and ytterbium(III) 

was studied with the aid of the same apparatus and techniques 

already described in connection with the europium experiments. 

The half wave potential for both reduction and 

oxidation waves in 0.10 M NH^CIO^, NaClO^, NH^Cl, and KC1; 

and 1.0 M KC1, is -1.414 + .005 v vs. S.C.E. In 0.10 M 

NH^Br, the half wave potentials for reduction and oxidation 

were found to be -1.406 and -1.435 v. For each of the above-

mentioned solutions, the log plot slope of the reduction wave 

is .066 + .003 mv/decade, and a single, straight log plot line 

is obtained over the entire polarographic wave. The only 

significant difference between the ytterbium and europium 

reduction results is the lack of chloride concentration 

dependence, as shown by the results for the ytterbium(III) 

reduction in the potassium chloride solutions. 

The ytterbium(II) oxidation waves are similar in 

appearance to the corresponding europium waves except for 

the fact that their half wave potentials coincide with those 

of the reductions. As in the europium case, the current at 

the foot of the wave is distorted by rfiat is apparently a 

surface film of hydrous ytterbium oxide. The current 
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decreases to zero on the positive side of the E.C.M. only 

in the case of the oxidation in NH^Br solution. In all 

other cases, the full diffusion current is obtained. 

The use of tetraalkylammonium halide supporting 

electrolytes results in more complicated polarographic 

behavior. In 0.10 M TEAC1 and TEABr, the reduction half 

wave potential is cathodically shifted to -1.5 + 0.05 

volt is, but the log plot slope is the same as that observed 

with the small-cation supporting electrolytes. The corres

ponding oxidation polarograms show the presence of two 

distinct waves, the smaller of which (approximately one-

tenth of the total diffusion current) has a half wave 

potential within + .005 volt of that for the corresponding 

reduction wave. The half wave potential of the larger is 

-0.95 + .10 volt. The oxidation polarograms in these solu

tions do not show the adsorption-limited current near the 

foot of the waves. 

The half wave potential for the reduction in 0.10 M 

TMA.I is -1.400 volt. The presence of a large spike maximum 

on the oxidation wave prevents the measurement of its half 

wave potential in the absence of a maximum suppressor, but 

the addition of 0.0027» of the alkyl aryl polyether alcohol 

does not affect the shape or position of the reduction wave, 

does eliminate the spike on the oxidation wave and also 
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eliminates the adsorption e££ect. The half wave potential for 

both waves is -1.400 ± .005 volt in this solution. 

Assuming that -1.414 v vs. S.C.E. represents the 

correct half wave potential for the ytterbium waves in the 

absence of complicating effects, the standard potential for 

the ytterbium(III) - (II) couple should be -1.414 + 0.242 = 

-1.172 volt on the hydrogen scale. 

Laitinen (20) obtained the value -1.168 v vs. N.H.E. 

for the half wave potential of the ytterbium(III) reduction 

wave. He also found - -1.05 v vs. N.H.E. for the 

ytterbium(II) oxidation wave, but this value refers to the 

use of an ytterbium amalgam dropping electrode as the ytter-

blum(II) source. Ytterbium(II) so obtained may be present 

in an intermediate hydration state at the electrode surface, 

and the polarographic wave for this species would not neces

sarily be the same as that for the aquo ion used in the 

present study. 

On the basis of his polarographic work, Laitinen 

concluded that the standard potential fpr the ytterir.. 

bium(III) - (II) couple should be close to -1.15 volts. 

The value obtained in the present work confirms his con

clusion. 

For reasons enumerated in Laitinen*s paper, the 

value of the standard potential of this couple obtained 

potentiometrically by earlier workers is probably seriously 
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in error. It is inexplicable to the author why at least two 

authoritative reference works on electrode potentials continue 

to cite the value obtained potentiometrically while ignoring 

that suggested by Laitinen. 



XIV. THE MECHANISM OF THE 

EUROPIUM(III) - (II) ELECTRODE 

REACTIONS IN AQUEOUS SOLUTIONS 

Possible Hvdroxo Complex Formation 

In Chapter XI, the experimental results for the 

variation of the half wave potential of the europium(III) 

reduction were interpreted as being a consequence of a 

large liquid junction potential at the reference electrode 

compartment. The magnitude of the junction potential 

required to satisfy this contention is much larger than 

that experimentally observed for similar solutions under 

zero-current conditions. For example, the potential of 

the 0.1 M KC1 - 0.1 M HC1 junction has been found to be 

27 mv (21) by direct potentiometry, but the required value 

in the present case is approximately 85 mv. 

This fact, together with the observation interpreted 

as a hydrous europium oxide film at the electrode surface, 

raises a question of the validity of the junction potential 

interpretation of the data. 

If the observed half wave potential shift is 

attributed to formation of a monohydroxoeuropium(III) 

complex, the data can be accounted for by assuming K^, 

149 
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12 
the formation constant for the complex, has the value 10 . 

This value of is not compatible with that established 

by earlier workers (12,22), vho found fl# 10^ to 10®. 

The method used by at least one of these investigators 

refers ambiguously to the first coordination reaction. 

12 
The value = 10 is therefore ruled out, and the observed 

half poterttial shift cannot be attributed to hydroxo complex 

format ion. 

The author is not aware of any attempt to determine 

junction potentials *diile a net current exists as the liquid 

junction. Such an investigation would help to prove or dis

prove the implication made in Chapter XI that the correct 

junction potential in the present case is much larger than 

the zero-current value. 

Chloro and Perchlorato Complexes 

Meier and Garner (13) found that chloride ion 

accelerates the europium(IXI) - (II) exchange reaction, 

but perchlorate does not. Since the chloride presumably 

acts as an electron transfer bridge between the ions 

involved in the exchange, it seems likely that it is 

present in the first coordination sphere of the europium(III) 

chloro complex rather than in an ion pair. By analogy, the 

perchlorate ion probably occupies a similar position in 

the perchlorato complex. The exchange behavior is the only 

reason for the author's preference of the inner sphere 



complex formation assumption, because the magnitude of the 

constant does not permit a distinction to be made between 

coordination and ion association. 

Summary of the Europium Electrode Reaction Mechanism 

The results obtained in Chapter XI are given below, 

where the potassium chloride concentration ranges are those 

over which the listed mechanism is seen to predominate. 

For the reductions: 

0 < [KC1] <0.1 

0.1 < [KC1] < 1.0 

1.0 < [KC1] < 4.2 

[Eu(III)] < 10"4 

For the oxidations: 

0 < [KC1] <0.1 Eu(II) <—> Eu(II)* Eu(III) 

0.1 < [KCl] <4.2 Eu(II) <=:> Eu(II)* —> Eu(III) 

<=> Eu(III) CI 

Water molecules are presumed to occupy all coordina

tion positions not otherwise specified. 

Eu(III) —> Eu(II)* <==> Eu(II) 

Eu(III) CI <—> Eu(III) —> 

Eu(II)* > Eu(II) 

Eu(III) CI + CI" <=> Eu(III) Cl2 

Eu(II)* Cl2 <=r> Eu(II) 

Eu(III) <—> Eu(III) (ads.) 

Eu(II)* (ads.)—> Eu(II) 
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The formation constant for the first europium chloro 

complex is » 10. 

Analytical Implications 

These studies have shown that in ordinary analytical 

work, the europium(lll) half wave potential can be expected 

to vary with temperature, chloride concentration, and europium 

concentration; but not vary with pH unless the analysis solu

tion has a pH of less than four. For most purposes, the 

supporting electrolyte concentration should be somewhat 

below 0.10 M to favor the polarographically reversible aquo 

ion reduction. 



XV. A PROPOSED MECHANISM OF THE 

RARE EARTH ELECTRODE PROCESSES 

IN ACETONITRILE 

The results of several experiments bear upon the 

following mechanism for the reductions carried out in 

acetonitrile. The species involved in the electrode 

reactions are probably either the acetonitrile solvated 

ions, aquo ions, or perchlorato complexes. Experiments 

in vrtiich attempts were made to evaporate acetonitrile 

solutions of rare earth perchlorates to dryness resulted 

in the decomposition of the last traces of the solvent. 

This result indicates that the acetonitrile solvate mole

cules are somevrtiat more tightly bonded to the rare earth 

ions than are perchlorate ions. Giffin (23) obtained 

crystalline acetonitrile solvated rare earth bromides 

having reproducible composition and melting points. 

When water is present in the acetonitrile solutions, 

a precipitate of rare earth hydroxide appears within a 

matter of hours, and simultaneously the polarographic wave 

shows deterioration vrtiich can be attributed to the reduction 

of hydrogen ions instead of rare earth ions. This behavior 

indicates that the tripositive rare earth ions readily . 

liberate a proton from at least one of their solvate . 

water molecules, becoming hydroxo complexes in the process. 
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The charging current oscillations are at a minimum 

at a potential of -0.1 v vs. S.C.E. This may be taken as 

the approximate electrocapillary maximum potential in aceto-

nitrile solutions. 

Europium is reduced at a half wave potential of 

+0.10 v vs. S.C.E. in acetonitrile, on the positive side 

of the E.C.M. Samarium and ytterbium are reduced on the 

negative side. Consequently, polarizable molecules or 

anions, which are likely to be present at the mercury 

electrode surface to a greater extent on the positive 
' s  

side of the E.C.M. than on the negative side, are likely 

to affect the reduction of europium(III) much more than 

the other rare earths. It is observed that when small 

amounts of water are added to acetonitrile solutions, the 

europium wave is shifted cathodically and becomes much less 

reversible. There is only a small cathodic shift of the half 

wave potentials of the ytterbium and samarium waves, and no 

change of the wave slopes. An explanation of this behavior 

in terms of an aquo complex formation theory is difficult, 

because the effects should be approximately the same for 

samarium(III) and europium(III), and even greater for ytter-

bium(III) because of its greater Lewis acidity. It seems 

reasonable to assume that the europium wave is affected not 

by aquo complexing but by the presence of a layer of adsorbed 

water molecules at the mercury electrode surface. This would 
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account for the fact that no comparable result is observed 

for the other two elements, since the potentials at which 

they are reduced are probably too cathodic for the adsorp

tion of a significant amount of water at the electrode 

surface. This, of course, assumes that the orientation 

of adsorbed water molecules is such that the oxygen atom 

is nearest the electrode surface. 

However, the fact that the half wave potential of 

each of the three rare earth ions is shifted anodically in 

acetonitrile as compared to aqueous solutions does indicate 

that aquo complexing substantially stabilizes the higher 

oxidation state. No quantitative comparison of the half 

wave potentials in the two solvents is possible because 

of large, unknown liquid junction effects involved in the 

measurement of the acetonitrile half wave potential vs. 

the S.C.E. However, the potential required for the reduc

tion of europium(III) in acetonitrile is nearly coincident 

with the mercury dissolution potential. Since it seems 

Reasonable to assume that the dissolution potential of 

mercury is approximately the same for the two solvents, it 

follows that the reduction of acetonitrile-solvated rare 

earth ions is possible at significantly less cathodic 

absolute potentials than those required for the reduction 

of the corresponding aquo ions in aqueous solutions. 
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Consideration of the foregoing observations and 

hypotheses indicates that the electrode reactions in aceto-

nitrile probably involve nothing more than direct reduction 

of the solvated ions, without complicating effects other 

than those associated with the electrode surface. 



XVI. A PROPOSED MECHANISM OF 

THE EUROPIUM-YTTERBIUM 

CO-REDUCTION 

It has been previously mentioned that the quanti

tative controlled potential reduction of europium alone in 

methanolic TEABr is not possible when ytterbium is present 

in the solution. No direct experimental evidence can be 

cited in favor of the following theory of the co-reduction, 

but several observations resulting from the polarographic 

and coulometric work, in water, methanol, and acetonitrile 

solutions tend to support it, as will be explained. 

The catalysis of the Eu(III) - (II) isotopic 

exchange reaction by chloride in the concentration range 

0.1 M to 1 M is known from the work of Meier and Garner 

(13). This indicates that the electron exchange probably 

occurs 1 in a chloride-bridged binuclear complex. It seems 

reasonable to suppose that bromide-bridged mixed binuclear 

complexes between europium and ytterbium ions, one being 

dipositive and the other tripositive, are also possible. 

An electron transfer reaction involving such species would 

not be observed in aqueous solutions because of the fairly 

rapid reduction of water by the Yb(II) ion. However, the 
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situation would be somewhat different in methanol, since this 

solvent has a much smaller tendency to oxidize the dipositive 

rare earth ions than does water. 

It is possible that the important result of the 

methanol coordination is the insulating effect of the 

relatively large methanol molecules; that is, a completely 

methanol-solvated rare earth cation should be much more 

inert to electron transfer to an electrode or to another 

ion than the water-so lvated ion because the metal ion is 

completely enclosed in a hydrocarbon sheath of methyl 

groups. One fact tending to substantiate this theory 

is the impossibility of obtaining a polarographic wave 

for either Eu(II) or Yb(II) in the methanolic solutions. 

This leads to the further conclusion that the halide ion 

(as otherwise expected) is coordinated to the tripositive 

ion. 

The final necessary assumption is that the 

europium(III) ion vfaich takes part in the reaction at the 

electrode is the monobromo complex. 

From the foregoing information, the co-reduction 

mechanism devised is as follows. 
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Although the equilibrium for this reaction should 

be very far in favor of Yb(III) and Eu(II), arguing from 

the relative magnitude of the standard potentials in 

aqueous solutions, it is only necessary for the reaction 

to go to some extent in the direction shown in order for 

the net result to be that indicated by equation V. 

\ /H3 CĤ  /H 
H 0 Q CH, 
V I +3 . I +2 / 3 CH30H 

V. v .0—Eu— B r ——Yb±=—0 —* > 

/ T I \ 
CH3 A P. H 
/ \  

CH3 H CH3 

HV CH, H .CH. 
\ / 3 \ / 3 

CH, 0 CH, 0 H 
^ 1 + 3  ^  1  + 2  /  0—iu+— Br" + 0<—Ybtf—0. 

/ I / I \ H y\ H A CH3 

CH3 H CH3 H 

The net result is the reduction to dipositive ytterbium 

and return of the europium to the tripositive state, vrfiere 

it can again undergo the electrode reaction. It is there-

+3 
fore to be expected that all Yb would thus be reduced 

were it not for the usual slow reduction of methanol by 

ytterbium(II). The net effect is the near-quantitative 

reduction of both europium and ytterbium. 
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The difference in basicity or electronegativity of 

acetonitrile1s nitrogen donor atom and methanol's oxygen 

donor atom probably accounts for the fact that the ytter

bium co-reduction is not observed in acetonitrile solutions. 

Such a theory is based on the presumably greater lability 

of the acetonitrile solvate molecules, vhich would destroy 

the "insulating effect" which occurs when the solvate mole

cules are methanol. An investigation of the behavior of 

europium and ytterbium in other non-aqueous solvents such 

as higher aliphatic alcohols and amides would be of interest 

in connection with this point. The effect of changing the 

supporting electrolyte salt from TEABr to TEACIO^ in 

methanol solutions should also be examined. 

Certain features of this mechanism are subject to 

experimental verification. First, the rate of the electrode 

reaction can be found from an examination of the electrolysis 

current as a function of time in a controlled potential 

reduction, with appropriate variation of the total amounts 

of europium and ytterbium in the solution. The experimental 

results can then be compared with those expected from the 

theory described above. It will also be necessary to deter

mine the cell constant for the europium reduction and the 

rate constant for the reduction of methanol by ytterbium(II) 

in separate experiments. Second, it may be possible to 

determine the rate constant for the homogeneous electron 



transfer between europium(II) and ytterbium(III) in the 

methanolic solutions. This could in principle be done 

by simply mixing solutions of the two ions and following 

the changes of concentration with time by polarographic 

methods. 



APPENDIX I 

CONTROLLED POTENTIAL COULOMETRIC 

DETERMINATION OF EUROPIUM AND 

YTTERBIUM-IN METHANOL 

Introduction 

The application of controlled potential coulometry 

to the determination of the rare earths had led to the 

development of an excellent method for the determination 

of europium (24). This involves reduction of the trivalent 

europium in dilute hydrochloric acid, followed by quantita

tive coulometric oxidation of the divalent ion. However, 

the extension of this method to the determination of the 

remaining rare earths is not feasible because of the rapid 

oxidation of their dipositive ions in reactions of the type 

M+2 + H20 > M+3 + 1/2H2 + OH" (1) 

M+2 + H+ > M+3 + L/2H2 (2) 

Although reduction of europium(III) in aqueous ammonium 

chloride is nearly quantitative when proper background 

correction is made (25), the use of a less easily reduced 

solvent would be expected to yield reductions in which these 
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interfering reactions do not occur. Absolute methanol proved 

to be a satisfactory solvent for the determination of europium 

and ytterbium by the one-electron reduction of the trivalent 

ions. Europium alone in a supporting electrolyte consisting 

of 0;1 M tetraethylammonium bromide (TEABr) in methanol is 

reduced with very nearly 100% current efficiency, with the 

final electrolysis current approximately that due to the 

supporting electrolyte. Ytterbium(II) reacts with the 

methanol in a manner similar to the reaction with water 

described above, thus giving less than 100% current efficiency. 

However, the rate of this reaction is sufficiently small that 

a satisfactory correction for its effect can be made. 

When both europium and ytterbium occur in the same 

sample, only their sum can be determined by reduction, since 

the reduction of ytterbium is induced by the reduction of 

europium. A method of correcting for this induced reduction 

has been devised (6), but the magnitude of the correction 

is too great to allow reasonable accuracy in the results for 

the individual metals. Better results were obtained by 

determination of the sum of ytterbium and europium at a 

potential sufficient to cause quantitative rsduction of both 

elements, and determination of the europium in a separate 

sample by the coulometric oxidation method developed by 

Shults (24). 
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Suitable control potentials for europium and ytter

bium were determined polarographically in the methanol-TEABr 

electrolyte. Half-wave potentials were approximately 0.0 

and -0.79 volt vs. the methanolic silver-silver bromide 

electrode. The waves appeared to be well formed, but a log 

i/Ci^-i) vs. E. plot indicated that the reduction of ytter

bium in this medium is very irreversible, the reciprocal of 

the slope being 0.071 rather than the expected 0.059. Pre

liminary electrolysis and polarographic experiments indicate 

that the reduction potentials of europium(III) and ytter-

bium(III) in this system do not differ by more than 0.13 

volt. A similar effect may be operative in aqueous solutions 

and could account for the discrepancy between the reported 

+2 +3 
values for the standard potentials of the Yb - Yb elec-

trode (20,26). Further study of this reaction is in progress 

in this laboratory. 

Any potential more negative than -0.3 volt was suit

able for the determination of europium, while reduction of 

ytterbium was most satisfactory at -1.2 volts vs. the silver-

silver bromide electrode. Hydrogen ion and water interfere 

with the determination of ytterbium, causing high and erratic 

results. Therefore, all water and acid must be removed from 

the samples and the components of the supporting electrolyte. 

The consistently low continuous background currents obtained 
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in this work, on the order of 1.5 x 10"^ microfaraday per 

second (15 |ia), were the result of purification of the 

reagents and efficient removal of the trace of oxygen 

present in the argon used in purging the system. Another 

factor essential to the establishment of low background 

currents is. the maintenance of a slight positive pressure 

in the electrolysis compartment to ensure the absence of 

atmospheric oxygen. 

Tetraethylammonium bromide was selected as the 
I 

supporting electrolyte because of its very negative decom

position potential which we found to be -2.0 volts vs. 

silver-silver bromide, solubility in methanol, and relative 

ease of purification. The value for the decomposition 

potential obtained by Ehlers and Sease (27), approximately 

-2.4 volts, is probably due to the effect of a trace of 

water in the solvent on the silver-silver bromide electrode. 

Neodymium and samarium appear to be slowly reduced 

at -1.2 volts, and thus interfere with the ytterbium deter

mination. The interference resembles a continuous faradaic 

background current tfiich is proportional to the interferring 

ion concentration. When the concentration ratio of neodymium 

to ytterbium is about three to one, the continuous current 

due to neodymium reduction is equal to the kinetic current 

of the ytterbium determination. The samarium interference 

is much smaller than that of the neodymium. Similar 
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co-reductions were noted by Marsh (28,29) during the 

preparation of europium materials free from other rare 

earths. 

Apparatus and Reagents 

A potentiostat-integrator similar to that described 

by Booman (4) was used for all quantitative work. Integrator 

readout was by a Fluke Model 801 differential voltmeter. A 

Varian G-10 recorder was used for continuous recording of 

the current-time curve. Stirring was by a Heller GT-21 

constant speed laboratory mixer, used at 550 r.p.m. Electro

lysis times were measured with a Lab-Chron electric stop 

clock. A Kin-Tel tfodel 204A electronic galvanometer was 

occasionally used for determination of electrolysis currents. 

Cell.—The construction of the cell is shown in Figure 

17. It could be made in slightly modified form from a Sargent 

S-29311 Polarograph Cell by the addition of a mercury seal 

stirrer to the upper part, and an anode chamber and drain to 

the solution cup. The top of the cell shown was made from a 

1/8-inch sheet of Lucite attached to the glass parts by Epoxi-

Patch cement. Glass wool packed in the working anode chamber 

greatly reduced its volume and the attendant problem of solu

tion transfer across the sintered-glass disk due to ambient 

temperature changes. Both working and reference silver-silver 
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bromide electrodes contained deaerated 0.1 M TEABr as elec

trolyte. The reference electrolyte was saturated with 

silver bromide by the addition of a drop of methanolic 

silver nitrate solution to the electrode compartment. In 

addition to the parts shown in the figure, a gas vent tube 

and a dropping mercury electrode were attached through the 

cell top. The dropping mercury electrode is not needed in 

the present work, but is convenient for other investigations. 

Cell constants are on the order of 0.5 to 0.6 min"^" when the 

solution volume is 5 ml. 

Reagents.—Mallinckrodt analytical reagent grade 

methanol was refluxed for 2 hours with an iodine crystal 

and sufficient magnesium turnings to react with three 

per cent water. The product was distilled and the constant 

boiling fraction at 64.5°C taken for use. It was stored in 

glass, since storage in polyethylene for extended periods 

resulted in deterioration of the alcohol.. 

Eastman No. 1516 tetraethylammonium bromide was dis-, 

solved in the minimum amount of one to three methanol-acetone, 

an equal volume of hot acetone added to the boiling solution, 

and the flask and contents allowed to cool to room temperature. 

The crystals were collected, washed twice with acetone, and 

dried at 90°C for fifteen minutes. The product was stored 

over phosphorus pentoxide, Fresh solutions of TEABr (0.1 M) 
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in methanol were prepared daily, as some deterioration as 

evidenced by lowered decomposition potential was noticed 

with week-old solutions. 

Matheson 99.998% argon was passed over copper turn

ings in a tube furnace at 500°C and through a methanol-

filled gas saturator before entering the electrolysis cell. 

The copper was regenerated when necessary by passing hydro

gen through the system. Regenerated copper is much more 

efficient in removing oxygen than fresh copper turnings. 

Ytterbium, samarium, and neodymium oxides were 

obtained from the Ames Laboratory of the United States 

Atomic Energy Commission, and the europium oxide from 

Research Chemicals, Inc., Burbank, California. These were 

taken as 100.0% ̂ 0^ after ignition at 900°C overnight. 

Stock solutions of the chlorides were prepared by dissolv

ing weighed amounts of the oxides in 6 N hydrochloric acid 

with warming, followed by transfer to volumetric flasks. 

Methanol stock solutions of the individual metals were 

made daily be evaporation of aliquots of the aqueous stock 

solutions in a hot water bath in a stream of air, and 

resolution in measured volumes of the purified methanol. 

Samples were taken for analysis by pipetting aliquots of 

the methanol solutions. 

Mallinckrodt analytical reagent grade and Metalsalts 

Corporation mercury were used interchangeably with recovered 
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mercury -which had been purified by a Bethlehem Instruments 

Company oxifier and gold adhesion filter. 

Procedure 

Introduce sufficient cathode mercury to reach 

within 2 mm of the reference electrode and 5 ml of support

ing electrolyte into the cell and deaerate for five minutes 

at an argon flow rate of about 0.15 cubic foot per hour and 

a stirring rate of 550 r.p.m. Pre-electrolyze at -1.2 volts 

and record the final background current. Add the sample 

aliquot, which should be on the order of a few hundred 

microliters, and deaerate for an additional three minutes. 

Zero the integrator and electrolyze at -1.2 volts. When the 

electrolysis current drops to an apparently final constant 

value, record the integrator reading without interrupting 

the electrolysis. Continue to record the integrator reading 

at 100-second intervals until it is obvious that the current 

is constant. Determine the blank by repeating the above 

procedure with a like volume of the purified methanol in 

place of the sample solution. The sum of europium and 

)tterbium is found by application of background corrections 

given in the following section. 

The procedure for the determination of europium 

as described by Shults (24) was modified slightly to the 

following. The sample aliquot, in 0.10 N hydrochloric acid, 
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is reduced at -0.9 volt vs. the silver-silver chloride 

electrode in a cell similar to that used in the work with 

methanol solutions. When the current appears to have 

reached a constant background value, the electrolysis is 

stopped and the potentiostat set for an oxidation at -0*1 

volt. About a minute is allowed to elapse before the 

oxidation step is begun so that any co-reduced ytterbium 

may be re-oxidized by the acid. The electrolytic oxidation 

is then performed, the background current eventually drop

ping to a small constant negative value. The blank and 

background current are determined as in the above procedure. 

Results and Discussion 

» 

Europium when alone was successfully determined 

by assuming that the total integrated current, after sub

traction of the appropriate blank, corresponded to the 

reduction 

Eu+3 + e —> Eu+2 (3) 

and a continuous faradaic current. The blank is believed 

to represent mainly the faradaic impurity quantity of 

electricity associated with the oxygen dissolved in the 

methanolic sample aliquot. Experimental results of deter

minations of europium by reduction are given in Table AI. 
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TABLE AI 

EUROPIUM DETERMINATION BY REDUCTION 

Europium , [ieq. Error, 
neq. Taken Found 

Error, 
neq. 

0.91 0.86 -0.05 
0.91 0.89 -0.02 
0.91 0.86 -0.05 
0.91 0.89 -0.02 

2.26 2.32 +0.06 
2.26 2.31 +0.05 
2.26 2.32 +0.06 
2.26 2.26 +0.00 

9.06 9.05 -0.01 
9.06 9.08 +0.02 
9.06 9.09 +0.03 
9.06 9.09 +0.03 
9.06 9.10 +0.04 

22.64 22.66 +0.02 
22.64 22.66 +0.02 
22.64 22.63 -0.01 
22.64 22.56 -0.08 

Ytterbium reductions yielded final background cur

rents of many times that found in the pre-electrolysis. 

The total integrated quantity of electricity was corrected 

by considering the total background to be the sum of the 

blank, a continuous faradaic current, and a kinetic current 

\rtiich is believed to arise from the reaction 

Yb+2 + MeOH —> Yb+3 + OMe" + 1/2H2 (4) 
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The kinetic quantity of electricity was estimated from the 

equation 

Qk = 0.70iftf (5) 

where t^ is the time required to reach the constant background 

current, estimated to the nearest 100 seconds from the current-

time graph. The difference between the final background cur

rents measured after the sample run and pre-electrolysis, 

i^, is measured in microfaradays per second. The constant 

0.70 was determined empirically from a series of experiments 

using amounts of ytterbium in the range 0.73 to 20 M-eq. The 

correction of the kinetic current is also discussed by Meites 

and Mbros (6). Experimental results of determination of 

ytterbium by reduction are given in Table All. 

The sum of europium and ytterbium was determined 

in an aliquot of a sample solution by reducing them both at 

-1.2 volts and calculating their sum by applying the same 

background correction given above for the reduction of ytter

bium. The presence of europium did not change the value of 

the constant in the background correction equation. Europium 

was determined in a second aliquot of the solution by oxidation, 

and the quantity of ytterbium was calculated by difference. 

Experimental results are given in Table AIII. 

The over-all accuracy of the method is roughly that 

of the more recently reported complexometric titration 



TABLE All 

YTTERBIUM DETERMINATION BY REDUCTION 

Ytterbium, ̂ eq. Error 
lie q. 

Taken Found 

Error 
lie q. 

0.37 0.34 -0.03 
0.37 0.33 -0.04 
0.37 0.33 -0.04 
0.37 0.34 -0.03 

0.73 0.74 +0.01 
0.73 0.72 -0.01 
0.73 0.74 +0.01 
0.73 0.72 -0.01 

0.81 0.83 +0.02 
0.81 0.82 +0.01 
0.81 0.82 +0.01 

4.03 4.04 +0.01 
4.03 4.01 -0.02 

8.05 8.11 +0.06 
8.05 7.99 -0.06 

20:14 20:17 +0; 03 
20.14 20.15 +0.01 
20.14 20.17 +0.03 
20.14 20.15 +0.01 
20.14 20.17 +0.03 
20.14 20.11 -0.03 
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TABLE AllI 

ANALYSIS OF SAMPLES CONTAINING 
BOTH EUROPIUM AND YTTERBIUM 

[xeq.  Taken lieq. Found ueq. Error 

Eu + Yb = = Total Totala - Eub = YbC Eu Yb 

0.76 6.71 7.47 7.32 0.72 6. 60 -0.04 -0.11 
0.76 6.71 7.47 7.44 0.73 6.71 -0.03 +0.00 

5.66 5.00 10.66 10.65 5.58 5.07 -0.08 +0.07 
5.66 5.00 10.66 10.57 5.58 4.99 ^0.08 -0.01 
5.66 5.00 10.66 10.70 5.68 5.02 +0.02 +0.02 
5.66 5.00 10.66 10.63 5.68 4.93 +0.02 -0.05 
5.66 5.00 10.66 10.70 5.69 5.01 +0.03 +0.01 
5.66 5.00 10.66 10.64 5.71 4.93 +0.05 -0.07 
5.66 5.00 10.66 10.71 5.68 5.03 +0.02 +0.03 
5.66 5.00 10.66 10.74 5.70 5.04 +0.04 +0.04 

9.06 0.40 9.46 9.45 8.99 0.46 -0.07 +0.06 
9.0& 0.40 9.46 9.41 9.01 0.40 -0.05 +0.00 

aBy reduction. 

^By oxidation. 

By difference. 
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procedures for the individual rare earths (30,31), and is 

superior to the existing polarographic methods (32,8) with 

samples larger than about 2 |ieq. of rare earth metal per 

5 ml of solution. Accuracy of 0.2% is to be expected with 

samples of 20 neq. or more. 



appendix ii 

notation 

n number of Faradays transferred to or from the 
reacting ion per mole of reaction 

F Faraday's constant, 96494 coulombs/equivalent 
or 23060 cal/equivalent 

2 
A electrode area, cm 

kg ^ first order heterogeneous electrode reaction 
' rate constant for aquo ion reactions, cm/sec. 

k , heterogeneous electrode reaction rate constant 
' for a complex ion reaction, cm/sec. 

Cq, CR surface concentration of the oxidized and reduced 
forms of the depolarizer ions 

C®, Cg bulk concentration of the oxidized and reduced 
0 forms of the depolarizer ions 

, C0 „ surface concentration of the oxidized and 
0, s * R, s 

reduced aquo ions 

C q C >  C r c surface concentration of the oxidized and 
' ?, reduced complex ions 

a, (1-a) cathodic and anodic transfer coefficients 

R gas constant 

T absolute temperature, degrees Kelvin 

E electrode potential 

E^2 half wave potential 

E° standard potential 

E° E° formal potential of the aquo ion couple, of the 
complex ion couple 
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net electrolysis current, diffusion current 

cathodic (reduction) component of the current 

anodic (oxidation) component of the current 

diffusion coefficient of the oxidized and reduced 
forms of the depolarizer, cur/sec. 

mean of Dq and Dr 

time elapsed since formation of the mercury 
electrode drop, sec 

formation constants for oxidized and reduced 
complexes 
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