
THE POLAROGRAPHEC BEHAVICR OF

DYSPRGSWM (BEE) AME SAMAREUM (REE)

EN GEEMETHY’L $ULFOXEDE

Thesis For EEG Dawn of {351. D.

MECHE’EAN STATE UNEVEBISITY

Raymond ”Phomas O‘Demell

3:967



   

    

  

LIBRARY

Michigan State

University

-_—-—-——-v

“45818

 

This is to certify that the

thesis entitled

"The Polarographic Behavior of Dysprosium (III)and

Samarium (III) in Dimethyl Sulfoxide"

presented by

Raymond Thomas 0 ' Donnell

has been accepted towards fulfillment

of the requirements for

PhD _ Chemistry

degree in—

gay/M44)$
773,544

.,_ A

Major professor

Date September 28, 1967
 

0-169



ABSTRACT

THE POLAROGRAPHIC BEHAVIOR or DYSPROSIUM(III)

AND SAMARIUM(III) IN DIMETHYL SULFOXIDE

by Raymond Thomas O'Donnell

In the investigation of the polarographic behavior of

Dy(III) and Sm(III) in DMSO of very low water content con—

taining 0.1 g_LiCl, one wave, with E1/2 at -2.06 volt XE-

SCE, was obtained for Dy(III), whereas two waves, with E1/2

values of -2.00 and -2.18 volt X§n SCE, were obtained for

Sm(III).

The wave related to Dy(III) in DMSO, which is 4-5 mg;

in water,is shown to be irreversible by the curvature and

dissymmetry observed in the plot of log i/(id - i) gs, Ed.e.’

by the slope of 108 mv in this plot, and by the high tempera-

ture coefficient of +6 mv per degree for E1/2-

Positive chemical tests for dySprosium in the mercury

cathode after prolonged electrolysis at —2.22 volt gs. SCE

and the decrease in wave height in the polarograms recorded

after such electrolysis demonstrate that the ultimate reduc-

tion product is dysprosium.

Evidence for a combination of diffusion and adsorption

control is obtained from the effect of mercury pressure on

wave height, the form of i — t curves, the curvature in

the plot of id against Dy(III) concentration and the 0.7%

temperature coefficient for the wave height. The diffusion

coefficient for Dy(III) is 1.56 x 10.6 cm2 sec-1.

On increasing the water concentration in a 10 m§_Dy(III)

solution from 4 to 3890 mg, the E1/2 was shifted in a
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non—linear manner from -2.06 to -1.86 volt gs. SCE, the

latter value being only 0.05 volt more negative than E1/2

for the Dy(III) aqueous system. As the water content is

increased from 4 to 60 mg, id decreases. In addition to

the effects on interfacial tension, viscosity, junction po-

tential and dielectric constant that water has on the system,

it must also alter the species and chemical reactions as-

sociated with the electrode process.

The waves related to Sm(III) in DMSO, which is approxi-

mately 5 mg in water, are also shown to be irreversible by

curvature and dissymmetry observed in the plot of log i/(id —i)

':__ d.e. and by the slopes of 109 and 127 mv in this plot

for the first and second wave respectively. Although the

temperature coefficients for E1/2: +1.7 and +2.5 mv per

degree for the first and second wave respectively, suggest

reversibility, the possibility that the process is irrevers-

ible cannot be excluded.

Chemical tests for samarium in the mercury cathode after

prolonged electrolysis at -2.36, -2.45 and -2.60 volt gs.

SCE indicate that the metal is not the ultimate reduction

product. Spectral and vpc evidence suggest that dimethyl

sulfide is a reduction product.

From the ratio of the first to the second wave height,

one and two—electron reduction steps are assumed. Transfer

coefficients of 0.539 and 0.464 are obtained for the first

and second step respectively.
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That both waves are principally duffusion controlled

is concluded from the effect of mercury pressure on each

wave height, the temperature coefficients for the wave

heights of 1.04% and 0.75% reSpectively for the first and

second wave, and the linearity in the plots of id and id'

against Sm(III) concentration. The form of i - t curves

obtained at potentials corresponding to the plateau of the

second wave suggests some adsorption influence. The dif—

fusion coefficient for Sm(III) is 2.9 x 10-6 cm2 sec-1, and

the diffusion current constant is 1.038.

As the water concentration is increased from 54. to

1000 mg, E1/2 remains constant at -2.00 volt Kg, SCE for

the first wave but becomes more positive at a rate of 0.06

mv/m§_for the second wave which indicates that water in-

fluences only the electrode process associated with the

second step. The wave heights increased approximately 5 and

10 percent for the first and second waves respectively as the

water content was varied from 5.4 to 550 mg, then remained

constant as the water concentration was increased to 1.0 g,

It is proposed that the first step is due to the reduc-

tion of Sm(III) to Sm(II) and the second step is due to the

reduction of DMSO coordinated with Sm(III) to dimethyl sul-

fide. Since the wave height for the first step of a solu—

tion containing Sm(III) is unchanged after prolonged electrol—

ysis, it is concluded that Sm(II) formed in the first step is

re-oxidized by DMSO.
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The aqueous polarography of the tripositive lanthanide

ions has been characterized by two typasof behavior. In one

group, which includes europium(III), ytterbium(III), and

samarium(III), reduction to the divalent state followed

by reduction to the metallic state has been reported.

Varied explanations have been presented pertaining to the

polarographic behavior of the remaining group, and none

hash conclusively demonstrated what electrode processes oc-

cur, In general, the following processes have been pro-

posed:

(a) reduction of the tripositive state to the diposi-

tive state with subsequent reduction to the metal;

(b) direct reduction of the tripositive state to the

metal;

(c) reduction of hydrogen ion to hydride ion which

results in the formation of lanthanide hydride;

(d) reduction of a hydrogen ion dissociated from a

hydrated lanthanide species.

Since conclusions in the most recent investigations

assume the involvement of hydrogen ions in the elctrode

process in aqueous media, this investigation was undertaken

to examine the polarographic behavior of lanthanide ions in

an aprotic solvent. By adding varying amounts of water to

an initially anhydrous system, the role of protons from

water in the electrode process in the aqueous system could

possibly be established.
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The following guide-lines were established as criteria

in the selection of a suitable solvent:

(3)

(f)

(9)

The solvent must be easily purified to the an-

hydrous state.

The solvent should have a convenient liquid range.

The solvent should have a reasonable dielectric

constant.

The solvent should be non—protonic to avoid hydro-

gen ion involvement in the electrode process.

The solvent should not be too viscous so that re-

ducible substances have reasonable diffusion

coefficients.

The solvent must readily dissolve supporting elec-

trolytes and lanthanide salts.

The solvent should be miscible with water.

Since dimethyl sulfoxide (DMSO) appeared to meet these

requirements, it was selected as the solvent for this in-

vestigation.
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The initial report pertaining to the polarographic

behavior of the tripositive lanthanide ions was that of

Noddack and Bruckl (34), who electrolyzed sulfate solutions

of all the available lanthanides without supporting elec—

trolyte. These authors noted the appearance of a double

wave for all the tested lanthanide ions, which they at-

tributed to the stepwise reduction of the trivalvent ion to

the divalent ion and then to the metal, and reported decom-

position potentials for the two-step process. Since the

appearance of this report, some workers have obtained sup-

porting results while others have obtained conflicting

results.

Those lanthanide ions having a stable dipositive state

in aqueous solution would be expected to be reduced under

polarographic conditions to the dipositive state, and this

has been conclusively demonstrated that europium(III),

Eu(III), is reversibly reduced to Eu(II) in 0.1 M ammonium

chloride and the half-wave potential has been reported as

—0.671 volt gs. saturated calomel electrode (SCE). This

reduction also proceeds in acid medium, and since the half—

wave potential is considerably less negative than that for

any of the other lanthanide ions, europium may be quantita-

tively determined in the presence of the other lanthanide ions

by the polarographic method.

Laitinen and Taebel (19) also demonstrated that

ytterbium(III), Yb(III), is reversibly reduced to the
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divalent state in 0.1 M ammonium chloride, and the half-

wave potential was reported as -1.169 volt XE: SC E. How-

ever, this reduction cannot be carried out in an acid

medium as the wave due to the discharge of hydrogen ion db-

scures the Yb(III) -—> Yb(II) wave. Quantitative deter—

minations of ytterbium based on this process have been

reported (11,19,36).

Laitinen and Taebel reported that no second wave for

either europium or ytterbium was observed in 0.1 M ammonium

chloride, but other authors have observed a second wave

for both of these ions in other media (13,26).

The only other lanthanon exhibiting a dipositive state

in aqueous solution is samarium, and samarium(II), Sm(II).

is quite unstable in aqueous solution. Timnick and Glockler

(56) studied the polarographic reduction of Sm(III) and

reported a two step wave in either 0.1 M_tetramethylammonium

iodide or 0.1 M lithium chloride, with half-wave potential

values of -1.80 v. and -1.96 volt 35_ SC E. The authors

noted a discrepancy between the calculated and experimentally

determinedId values which they rationalized by considera-

tion of a cyclic reoxidation of Sm(II) formed in the initial

reduction by reaction with water and subsequent precipita-

tion of a portion of the Sm(III) by the hydroxide ion pro-

duced in the reoxidation process.

Purushottam and Raghava Rao (38) have suggested the

two step reduction process for samarium.
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Iwase (12) reported only a single wave for Sm(III)

employing either lithium chloride or tetramethylammonium

iodide as a supporting electrolyte, and attributed the wave

to direct reduction to the metallic state. Yakubson and

Kastromina (61) also reported the process as the direct

reduction to the metallic state.

As for all the other lanthanons, no evidence for the

existence of the dipositive state in aqueous media has been

presented, and the reports concerning the polarographic

behavior of their tripositive ions have been quite varied.

Purushottam and Raghava Rao (38) studied the polaro-

graphy of yttrium(III), Y(III), lanthanum(III), La(III).

praseodymium(III), Pr(III), neodymium(III), Nd(III).

gadolinium(III), Gd(III), and dysprosium(III), Dy(III).

and reported a double wave for all of these lanthanide ions

in 0.1 M lithium chloride and attributed the waves to the

stepwise reduction process. Sarma and Raghava Rao (45) also

reported a stepwise process for the reduction of holmium

(III), Ho(III), erbium(III), Er(III), terbium(III), Tb(III),

thulium(III), Tm(III), and 1utecium(III), Lu(III).

Swensen and Glockler (52) reported only a single polar-

ographic wave for Pr(III) in either 0.1 M lithium chloride

or 0.1 M tetramethylammonium iodide and attributed the

wave to direct reduction to the metal. Similar observations

were noted by Estee and Glockler (6) for Nd(III) in 0.1 M

lithium chloride or 0.1 M_tetramethylammonium chloride.
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Iwase (13) reported only a single wave in 0.1 M

lithium chloride for Gd(III), Dy(III), Ho(III), Er(III).

Tm(III) and attributed the wave to the direct reduction to

the metal. Misumi and Iwase (28,29) have reported a

single wave for both Pr(III) and Nd(III).

Yakubson and Kastromina (61) reported only a single

wave for La(III), Nd(III), and cerium(III) in 0.1 fl tetra-

methylammonium iodide and suggested direct reduction to

the metal. These authors also noted that the wave believed

to be due to reduction of the simple ion disappears upon

addition of citrate or tartrate ion, and no wave for the

redution of a complex is observed.

Misumi and Ide (26) obtained for Y(III) in tetramethyl-

ammonium iodide and lithium perchlorate a double wave in

halide medium and only a single wave in perchlorate medium.

These authors suggested that for both media, the first wave

was due to reduction of hydrogen ion produced by dissociae

tion of the hydrated Y(III) ion but offered no rational

explanation for the origin of the second wave.

Treindl (54) studied the polarographic behavior of

La(III), cerium(III), Pr(III), Nd(III), and Sm(III) and

reported a single wave in a lithium halide solution which

was not observed in solutions containing other alkali.

metal. ions nor in the presence of sulfate or perchlorate

ions. Treindl also employed impulse polarography and

polarography with a periodically changed rectangular voltage,

and with the results from these two methods quoted as
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evidence, has proposed that the polarographic reduction of

the ions studied involved the formation of lanthanide hydrides.

Considerable interest has been shown in the electro-

lytic separation of the lanthanons by reduction at mercury

or amalgam electrodes (35,41,42,43,50). The conditions

employed in gross electrolysis differ greatly from those

employed in polarographic work in that large electrode sur—

face areas, very high potentials, and high current densities

are employed. However, some of the information gained from

this work is of interest, and the basic observations are

the following: (1) the reduction from ordinary solutions

gives a very poor yield, (2) the addition of citrate or

tartrate ions considerably improves the yield, (3) precipi-

tates are sometimes formed at the electrode.

Hamaguchi, Hashimoto, and Hosohara (10) carried out

neutron activation analysis on mercury drops collected in

a Ho(III) solution at an applied potential corresponding to

that at which limiting currents are attained. Much less

holmium than would be expected was found in the mercury,

and these authors concluded that there was no reduction to

the metallic state. However, no precautions were taken in

their work to avoid redissolution of any holmium that might

have been present as an amalgam.

In a recent study (21) of the polarographic behavior

of Dy(III), Large and Timnick Observed two-step polaro-

grams in aqueous 0.1 M LiCl, 0.01% gelatin. Their observa-

tions lead to the conclusion that two-step polarograms
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recorded with solutions containing lanthanide ions which

do not yield dipositive ions in aqueous solutions, result

from the reduction of hydrogen ions produced by the hydrol-

ysis of the hydrated lanthanide ions in the immediate vicin-

ity of the electrode and the subsequent reduction of

additional hydrogen ions from water associated with the

adsorbed lanthanide hydrous oxide.

Under gross electrolysis conditions, Moeller and co-

workers (30,31,32) found "metallic" deposits on cathodes

of platinum and copper from solutions of Nd(III), Gd(III)

and La(III) in ethylenediamine, pyridine, N,N'-dimethy1-

formamide, and acetonitrile; however, conclusive evidence

for the deposition of the metals was not Obtained.

Hall and Flanigan (9) observed single, irrversible

waves for La(III) and Pr(III) acetates in anhydrous ethyl-

enediamine using 0.1 M tetrabutylammonium perchlorate sup-

porting electrolyte. Coulometry established three electron

reduction steps. That metal amalgams were formed was shown

by chemical tests.

Kolthoff and Coetzee (15) studied the polarography of

the perchlorates of seven lanthanide ions and yttrium in

acetonitrile with tetraethylammonium perchlorate as sup-

porting electrolyte. Neither the solvent nor the perchlor-

ates were anhydrous. Single waves were obtained for La(III).

Pr(III), Nd(III), Gd(III), Y(III). and Sm(III) and double

waves for Eu(III) and Yb(III). The first step for.

Eu(IIIOi.'and ; Yb(III) as well
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as the only step for Sm(III) was attributed to the reduction

of the tripositive state to the dipositive state. The

second step for Eu(III) and Yb(III) as well as those yield-

ing only a single step was attributed to the discharge of

a proton resulting from a solvolysis reaction.

Coetzee and Siao (5) also reported interference from

hydrogen ion discharge when hydrated lanthanide perchlor—

ates were studied polarographically in acetone.

Interest in dimethyl sulfoxide (DMSO) as a polaro-

graphic solvent has been relatively recent. The initial

report by Gutmann and Schober (8) concerned the reduction

of ten alkali and alkaline earth ions and six other metals

as halides or organo-metallic species with tetraethylam-

monium nitrate as supporting electrolyte.

Gritzner, Gutmann and Schober (7) reported that La(III),

Ce(III), Pr(III), Nd(III), Gd(III), Tb(III), Dy(III), Ho(III),

and Er(III) gave one wave and Sm(III), Eu(III), and Yb(III)

gave two waves in DMSO and DMF using 0.1 M tetraethylammon-

ium perchlorate as supporting electrolyte. The electrode

reactions were all irreversible and diffusion controlled in

4 to 10-3 M concentration range at 21°C. The in-the 10-

fluence of water was investigated for La(III), Ce(III), Pr

(III), and Nd(III). The addition of water lowered the wave

height and greater than 1 percent water caused drop time

irregularities. The absence of maxima at less than 3 per-

cent water was also noted. No conclusive proof for the
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formation of lanthanon amalgams was given and the effect

of water was considered negligible.

In a recent review article by Butler (4), halfdwave

potentials which have been observed by various authors for

various ions in DMSO are listed. These have been generally

referred to an aqueous saturated calomel electrode (SCE).

The liquid junction between the aqueous KCl and DMSO elec-

trolyte appears to be stable to t 3 mV and was found to be

the same for 0.1 M_tetraethylammonium perchlorate and 0.1 M

tetraethylammonium nitrate. In general, the order of the

half-wave potentials in DMSO is similar to that in aqueous

solutions (46,22), and the DMSO—H20 liquid junction potential

has been estimated to be approximately 120 mV by equating

the redox potentials of large ions in the two media (46).

Many polarographic reductions appear to beiIIeversible in

DMSO according to the shape observed for the waves (22,47).

Kolthoff and Reddy (17) reported on the polarography

of several acids, cobalt(II) and nickel(II) using 0.1 M

sodium perchlorate as supporting electrolyte in DMSO.

Reddy (39) also estimated DMSO to be a weaker acid and a

stronger base than water.



THEORETICAL

l3



14

Introduction

The experimental information Obtained by classical

polarography is represented by the current-potential curve

observed in the electrolysis of the solution under investi-

gation using a polarizable dropping mercury electrode,

(DME), combined with a large, nonpolarizable reference

electrode such as the saturated calomel electrode, (SCE).

The electrode is polarized by an external voltage which is

aSsumed to be constant during the measurement of the cur—

rent.

Electrode processes occurring at the polarized elec-

trode fall into two extreme classes, reversible and ir-

reversible.

Electrode processes in reversible reactions are so

rapid that thermodynamic equilibrium is very nearly attained

at every instant during the life of a drop at any potential.

For such reactions the variations of current with changing

potential reflect changes in solution composition at the

electrode surface as described by the Nernst equation. The

definition (23) of reversibility is therefore a practical

one: a reaction is said to be reversible if, within the

limits of experimental error, its behavior cannot be dis-

tinguished from that of an infinitely fast reaction.

At the other extreme is the class of ”totally irrevers-

ible” reactions, which are so slow that they proceed only

a fraction of the way toward equilibrium during the life of
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each drop. For these reactions it is the rate of the elec-

tron-transfer process, and the manner in which this is in-

fluenced by the electrode potential and/or species at the

electrode surface, that govern the relationship between cur-

rent and potential.

When the electrode is polarized a net transfer of

electrons to or from the solution (an electrode process)

takes place, tending to change the concentrations of the

electroactive species at the electrode surface in accord

with the new conditions and disturbing the homogeneous

concentration distribution and chemical equilibria in the

solution. The rate at which electrons are transferred across

the boundary and the direction of this transfer depend on

the sign and magnitude of the deviation from equilibrium

conditions, and,at the same time, on the dynamic electrode

properties of the components of the solution. The system

tends to reestablish the disturbed equilibrium in the solu—

tion near the electrode by supplying species consumed by

the electrode process, either from the bulk of the solution

or from the electrode itself. The electrode process thus

induces a mass transfer to and from the electrode surface

and the net faradaic current flowing through such an elec-

trode is directly proportional to the flux of the electro—

active species at the electrode surface. The greater the

deviation from equilibrium the greater the flux induced and

the greater the current which flows through the electrode.

The flux and also the current increase with increasing
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deviation from equlibrium to some limiting value, which

depends on the nature of the equilibrium which has been

disturbed by the electrode process and on the composition

of the solution. If only the concentration distribution

has been disturbed, the mass transfer is governed by dif—

fusion and the current is limited by the highest rate of

diffusion possible for the given concentration of the de—

polarizer in theesolution studied. If chemical equilibria

have been disturbed, the mass transfer is governed by the

rate of diffusion or by the rate of reestabilishment of chem-

ical equilibrium, depending on the relative velocities of

these processes. In the latter case, the current is limited

by the highest rate of formation of the Species reacting

directly with the electrode (reaction-rate-controlled cur-

rent).

Criteria for Reversibility

Of the various criteria for reversibility the most

widely applicable, and most commonly used, is based on a

plot of log 1/(1d - 1) against Ed.e.'

For reversible waves, the current-potential curve can

be described, at 25°, by

0.059 1

—,;-— g——— (1)

where Ed e and E1/2 are usually related to the potential

of some chosen reference electrode. The "log plot" should

be linear and possess a slope of (59/nd) mv, nd being the

number of electrons involved in the reduction.
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For irreversible waves, the current-potential curve

can be described, at 25°, by

 

_ , o .059 i

Ed.e. - E1/2 _ a na log id — i (2)

where, again, Ed.e. and El/z are referred to some chosen

reference electrode. In this case na is the number of

electrons involved in the rate-determining electron transfer

step and a is the transfer coefficient for the reduction

process (5 = 1 - a, for the oxidation process). Although

in principle na could have any integral value between one

and nd, it has never been found to exceed two and most

generally might be expected to be one. Values for a are

rarely far from 0.5 and values of ana, Obtained from the

slope of the "log plot", between 0.3 and 0.6 may be con-

sidered to correspond to a rate determining electron-transfer

step involving one electron (24).

From an analysis of the experimental current-potential

curves three main parameters can therefore be Obtained:

the half-wave potential, E1/2, the limiting current, id,

and the transfer coefficient, a.

Although it may not be clear from equations (1) and (2),

the half-wave potential of an irreversible wave is a purely

kinetic function of no thermodynamic significance (23,24).
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Comparison of Diffusion, Kinetic, Catalytic and Adsorption?

controlled Waves.

The most simple mass transfer takes place by diffusion

which is induced by the difference in the concentration of

the depolarizer in the bulk of the solution and at the elec-

trode surface. In such a case the Ilkovic equation,

1

id = 607 nle/ZCm2/3t /6 , (3)

or one of its extensions should apply. An estimate of the

value of nd or id for the substance studied and com-

parison with the limiting current experimentally Observed

generally gives a first insight into the mechanism of the

electrode process.

The general mechanism for a kinetic wave may be writ-

ten

:
8
"

f

kb

 

Y > O
< 

 

O+ne >R

where kf and kb are first or pseudo—first—order rate con-

stants. The height of the kinetic wave depends both on the

ratio of the equilibrium concentrations of Y and O in

the bulk of the solution and the rate constants for their

interconversion. When the concentration of O is negligibly

small and when the transformation of Y to O is very

slow it can be shown that

ik = 493 n D1/2 CY m2/3 121/6 (kf/kbi/Z). (4)
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The general mechanism for a catalytic wave may be

written

 

O + ne

 

 

in which a substance Z, which would not be reducible at a

certain potential if it were present alone, causes the cur-

rent obtained from the reduction of an electroactive sub-

stance O at that potential to increase by reacting with

the product R to regenerate O or to form some other

substance that is reducible. Here kfcg describes the

pseudo-first-order rate constant where kf is the second

0

Z

centration of 2 at the surface of the electrode. If

or pseudo-second-order rate constant and C is the con-

kfc; is small, very little R will be reoxidized and the

wave height will be practically equal to the diffusion cur-

rent of 0, but as ka2 increases the catalytic current

becomes more important. The average catalytic current over

the life of a drop is given by

iC = 493 n Dé/z CO m2/3t1/6[(kf + kb)C;]1/2 (5)

o . . .

If CZ remains constant the average catalytic current 18

proportional to C8, or if c: remains constant, the aver—

1

age catalytic current is proportional to (C2) /2

If in the reaction

 

0 + ne > R,

R is adsorbed, an adsorption wave results. If the activity
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of R is lower in the adsorbed state than in solution, the

reduction of O is facilitated. At very low concentration

the wave would be diffusion controlled, but as the concen-

tration of O is increased, a point is reached at which

enough R is formed during the life of the drop to cover

its entire surface. More than this amount of R can be

formed only if the excess remains in solution. Since it is

more difficult to reduce O to dissolved R than to re-

duce it to adsorbed R, the reduction of excess 0 can pro-

duce a second wave at a more negative potential. The original

wave is the adsorption wave, whose height will be constant

and independent of any further increase in the concentration

of O: the second wave is the normal wave which represents

the reduction of O to dissolved R. Only the total height

of the double wave corresponds to the reduction of all the

O diffusing to the surface of the drop, and is therefore

diffusion controlled. The average adsorption current over

the life of a drop is given by

. 2 1 : 6
1a = 13.66 n m /3 t /3/a ( )

where a is the area (in 22) covered by each adsorbed mole-

cule.

Dependence of Wave Height on Mercury gressure

In establishing the character of the limiting current,

the dependence of the wave height on mercury pressure and

on concentration of depolarizer usually furnishes the primary
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information. A change in the heff changes both the drop

time, t, and the rate of mercury flow, m, but the product

mt remains constant. It is thus possible to demonstate

the effect of mercury height on the limiting current for

each of the preceding cases and this (62) has been done as

shown in Figure 1.

erendence of Wave Height on Interfacial Tension Between

the Solvent and Mercury

The wave height, as shown in a preceding section, de-

pends on the capillary characteristics, m and t. The

Poiseuille equation relates m to the interfacial tension

between the solvent and mercury and may be written

 

1251rrzdHg dé/3 O

m = in [hhgdhgg - hsolndsolng - 43'1 (mt)173] (7)

where m is the rate of mercury flow (mg sec-1), IC and

z are the radius and length of the capillary (cm), ng

and n (are the density and viscosity of mercury, hHg and

hsoln are the heights (cm) of the mercury column and of

the solution, respectively, above the capillary tip, dsoln

is the density of the solution, O is the interfacial ten-

sion (dynes cm-l) between mercury and the solution, 9 is

the gravitational constant and t is the drop time (sec),

The interfacial tension between mercury and dilute

aqueous salt solutions is on the order of 400 dynes cm-1

and between mercury and many organic solvents is of the

Order of 350 dynes.cm-1 (5).
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Kb
(a) (b) (C)

Dependence of limiting current on concentration.

a) Diffusion and most kinetic currents

b; Adsorption currents

c Catalytic and some types of adsorption

currents.

kit-gt
h1/2h1/E :1/2

LLZ
(g) (h) (i)

 

Dependence of limiting current on mercury pressure, h.

 

d), gv Diffusion control

e), h Kinetic control

f , i Adsorption control.

 

Figure 1. Dependence of limiting current on concentration

and mercury pressure (ref. 62).
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For dilute aqueous solutions it has been shown (23)

that the drOp time is essentially proportional to the inter-

facial tension.

Dependence of id and EI/z on Temperature

 

Changes in temperature affect the diffusion coefficient

and therefore the wave height. Meites (23) has recommended

that temperature coefficients be calculated from the ex-

pression (2.303/AT) log(id2/id1). Temperature coefficients

much larger than 2%/deg are probably at least partially due

to kinetic or catalytic behavior since the rates of most

chemical reactions increase much more rapidly with temper-

ature than do rates of diffusion.

Generally the temperature coefficient for E1/2 is

found to be i 2 mv/deg. For a reversible wave.it may be

positive or negative; for an irreversible wave it is usually

positive and may exceed several millivolts per degree.

Dependence of CUrrent-time Curves on the Electrode process

It was previously stated that for a diffusion controlled,

reversible process, id is prOportional to t1/3 and thus

the rise in current during the drop lifetime should follow

a sixth order parabola. Other types of electrode processes

cause deviations from this interrelationship. These devia—

tions can be employed to ascertain the nature of the elec—

trode processes.
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Vlcek (59) has summarized how various effects, such

as diffusion, kinetic, adsorption and catalytic, influence

the form of the recorded current-time (i - t) curves. A

general expression for the i - t curve is of the form

1 - (constant)(t)7, where y is a function of i/id. Con-

clusions regarding the nature of the electrode process may

be deduced from variations in the y values as follows:

1. for a reversible electrode process, both forms of

the redox system in the solution, 7 = 1/6 for all

i/11 at t > 0.5 sec;

2. for a reversible electrode process, but reduced

form in the solid phase (electrode), y changes

from 0.1 to 0.19;

3. for a slightly irreversible process, y changes

from approximately 0.4 through a maximum to 1/6;

4. for an irreversible electrode process y changes

from 2/3 to 1/5 (1/6), y being not completely

constant with t;

5. for decomposition of the product, y changes from

2/3 to 1/5 (1/6):

6. for catalysis by adsorption of electro-inactive

species, 7 changes from > 2/3 to 1/6.

Also, i - t curves may be obtained which cannot be

described by the general expression over the life of the

drop because of the development of a maximum. The types of

current-time curves for these complicated cases as well as

the normal curves are shown in Figure 2.
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t t

(a) (b)

t t

(C) (d)

t t

(e) (f)

diffusion controlled current

reaction rate controlled current

autocatalysis or catalysis by adsorption

adsorption of the electroactive species

hindrance of the electrode process by the '

adsorption of an electro-inactive species

same as (e), the rate at covered surface

different from zero.

Figure 2. Types of current-time curves (ref. 59).
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Dependence of 1d and E1/2 on Solution Composition

 

To find out which components of the solution play a

role in the electrode process, the dependence of id and

E1/2 on the concentration of all components of the solution

must be followed.

Vlcek (59) classifies components as (a) electroactive

(b) electro-inactive but taking part in the complexation

of an electroactive component or (c) electro-inactive and

non-complexing.

In the case of an electroactive component, either id

will increase to a limiting value or = (constant)(C)y,
id

where C is the concentration of the electroactive com-

ponent. In the latter case, if y = 1, all equilibria or

reactions involved in the electrode process are first-order

with respect to the depolarizer, the concentration of ligand

and all other components are much higher than C. If y i 1,

some of the equilibria or reactions could be of higher order

with reSpect to the concentration of the depolarizer or the

ligand or some other component could be comparable or lower

in concentration than C. If yi< 1, it is indicative of a

preceding dissociation while if y > 1, it is indicative of

an auto-catalytic process. In the case of adsorption cur-

rents or when the electrode process is hindered by the pro-

duct, id increases only to a limiting value.

El/z is a function of C when the electrode process

is complicated by chemical reactions of higher order with

respect to the depolarizer or the product of the electrode
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process is adsorbed and influences the rate of the electrode

process.

The dependence of 1d on the concentration of an

electro-inactive complexing component, [X], cannot be

simply stated since a knowledge of the various species

present along with their stability constants would be re-

quired to calculate the concentration of the depolarizer C.

Thus [X] effects through its effect on the concentra-
id

tion of C. Prediction of how [X] influences id is further

complicated by the possibility that the product of the elec—

trode process may react with X “to give a species which is

active at the same or more positive (negative) potential

than the electroactive species itself.

The dependence of E1/2 on the concentration of such

a component differes for reversible and irreversible pro-

cesses. For a reversible process, E1/2 will be a function

of [X] if the oxidized and reduced forms differ in the num-

ber of X particles bound in their respective complexes.

For an irreversible process, E1/2 will be a function of

[X] if a preceding chemical reaction is influenced by [X].
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instrumentation

The following instruments were employed in this investi-

gation

A

for the purposes described:

Sargent Model XXI Polarograph to obtain recorded

current-potential curves;

Sargent Number S-30260 Potentiometer to measure the

applied potential values;

Tektronix Type 564 Storage OscillOSCOpe to obtain

current-time curves during the growth of mercury

drop;

Tektronix Type C-12 Oscilloscope Camera Mounting

equipped with a Polaroid Camera and type 107 film

to record current-time curves;

Hewlett-Packard Model 412 A Vaccum Tube Volt Meter to

measure the potential in the prolonged electrolysis

studies.

Serfass Model RCM 15 Resistance bridge to measure

the resistance of the cell:

Sargent Number S—2770 constant temperature bath to

insure temperature control at 25.0:i 0.1°C when

temperature in the laboratory was not controlled;

Model A-90-P Aerograph Gas Chromatograph utilizing

a 15% Ucon Polar column (designated: 50-HB—2000,

Support 60-80 mesh chromadsorb W, 8 feet, 1/8 inch

stainless steel column) to determine the purity of

dimethyl sulfoxide;
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A Model IR5-A Beckman Infrared Spectrophotometer to

test the purity of dimethyl sulfoxide:

A Model A-60 Varian Associates Nuclear Magnetic Reso-

nance Spectrometer to determine the purity of

dimethyl sulfoxide;

A Fischer Scientific Co. "Isolator/lab.," Helium

filled dry box to place rare earth trichlorides

into weighing bottles;

Two Heathkit Modules, EUW—16 and EUW-19 were used for

prolonged electrolysis studies.

Other Equipment

The electrolysis cell employed in this work is shown in

Figure 3 and consists of three compartments separated by

sintered glass discs. The sample compartment is fitted

with a side arm to allow nitrogen to be bubbled through the

solution and is separated from the central compartment by

a fine porosity sintered glass disc. The central compart—

ment is filled with a solution of supporting electrolyte

and is separated from the third compartment by a medium

porosity sintered glass disc. The third compartment is

also filled with a solution of supporting electroltye into

which the side arm of the SCE is placed. This cell design

provides adequate electrical connection while minimizing

contamination of the sample solution by foreign ions, agar,

or water from the side arm of the reference electrode. In

practice the cell is rinsed, dried at 110°C, and cooled in
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a desiccator prior to each run, although the design permits

the sample and central compartments to be filled with new

solution prior to each run. Teflon stopcocks were used in

all equipment.

A ball-joint is provided on the side arm of the refer-

ence electrode so that the agar arm may be replaced when it

becomes contaminated without preparing a new reference elec-

trode.

The reference electrode employed was prepared using

triple distilled mercury, saturated KCl solution, and mer-

curous chloride especially prepared for electrode use.

After any residual charge on the mercury is removed,

the total resistance between the D.M.E. and the reference

electrode when all three compartments contain 0.1 M;LiCl

in dimethyl sulfoxide is 9000 ohms.

The capillaries were connected to the mercury reser-

voir with neoprene tubing previously boiled in KOH solution

to remove sulfur.

For recording the current-time (i - t) curves a

10K i 1% resistor was inserted in series with the polaro—

graphic cell and the potential drop across this resistor

followed with the oscilloscope.

The apparatus constructed for purifying the solvent is

shown in Figure 4. A glass probe was inserted almost to

the stopcock of a four-liter separatory funnel. Into this

probe could be inserted either a heating element or a

thermometer. A sidearm, through which nitrogen could be
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Figure 4. Apparatus for purification of solvent.
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introduced, was sealed to the top of the probe. The entire

apparatus was placed in a cold room which was maintained at

1°C until the contents were completely frozen. The core

of the frozen mass was melted by the heating element and

the resulting liquid was withdrawn through the stopcock.

These Operations were repeated until the water content in

the DMSO reached the desired level. This procedure was

originally suggested by Sears (49).

After purification, the DMSO was transferred to a

storage vessel, shown in Figure 5, which had been previously

filled with dry, prepurified nitrogen. Molecular sieve,

type 4A, was placed on the bottom of the storage vessel.

In the preparation of solutions, a volumetric flask could

be attached at a standard taper joint "B" and the intro—

duction of solvent was accomplished by the application of

dry, prepurified nitrogen to side arm "A".

Reagents
 

The chemicals, labeled purities, sources and treatments

used in this work were as follows:

Lanthanide Trichlorides were prepared from anhydrous 99.9%

lanthanide oxides and supplied by the Lunex Company, Pleasant

Valley, Iowa. These were then used with minimum exposure

to air. X—ray powder diffraction patterns obtained for these

salts yielded no evidence for the presence of oxychloride;

however, it is doubtful if less than 10% oxychloride could
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be detected by this method. Aqueous, acid solutions of

the trichlorides were used for analysis. Lanthanide ion

content was determined by titration with EDTA (1,2,48), and

chloride by precipitation as silver chloride. Water was

determined by Karl Fischer titration on the solid as received.

The following analytical results were obtained.

  

Found Theoretical

Compound %Cl %Lanthanide %HZO %Cl %Lanthanide

DyC13 38.19 57.06 1.48 39.56 60.44

SmC13 40.58 56.80 none 41.43 58.57

Lithium Chloride, obtained as reagent crystals from Matheson

Coleman and Bell, was dried for five hours at 110°C in a

vacuum oven prior to use.

Tetra-beutylammonium perchlorate, polarographic grade, ob-
 

tained from Matheson Coleman and Bell was used without

further purification.

Prepurified Nitrogen was obtained from Matheson Coleman and
 

Bell.

Dimethyl Sulfoxide was obtained from Matheson Coleman and
 

Bell (m.p. 18-19°). Dry, prepurified nitrogen was passed

through the solvent, which was maintained at 60° for a period

from three to six hours. The solvent was then placed in the

purification apparatus, Figure 4, and repeatedly frozen and

melted six times. The solvent was then stored in the storage
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vessel, Figure 5, over Linde molecular sieve, type 4A.

After this purification process, the solvent yielded only

a single peak when analyzed by vapor phase chromatography.

A single sharp nmr signal was obtained at 1 = 7.44

(TMS) from the purified solvent in carbon tetrachloride.

The infrared spectrum for the purified dimethyl sulf-

oxide was identical to the reference spectrum recorded in

the Sadtler Standard Spectra (44). Two small peaks at 2.9

and 6.1 microns were due to traces of water, the presence

of which was confirmed by Karl Fischer titration.

Water was determined frequently throughout this work

by the Karl Fischer method. It was found that the last

traces of water could be removed by molecular sieve, the

latter treatment reducing the water content from 0.03% to

0.01% or less.

Dimethyl sulfoxide, spectro-grade, obtained from

Crown Zellerbach appeared to be of the highest quality, since

it yielded only one nmr peak, one vpc peak, and the water

content was so low that it was not detectable by Karl

Fischer titration.

In most of the experimental work, this grade solvent

was used without further purification.

Experimental Procedures

Preparation of Supporting Electrolyte Stock Solutions

Weighed amounts of the salts were introduced into a

volumetric flask which had been previously flushed with dry,
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prepurified nitrogen. The flask was then attached to

the storage vessel and dimethyl sulfoxide was added.

Preparation of Sample Solutions
 

Lanthanide trichlorides, transferred to weighing bot-

tles in a dry box, were weighed by difference and intro-

duced into a volumetric flask which had been previously

flushed with dry, prepurified nitrogen. They were then dis-

solved in the stock solution of supporting electrolyte in

DMSO. Sample solutions were prepared both directly and by

dilution of more concentrated stock solutions. Water was

determined by Karl Fischer titration separately on the sol-

vent, solvent plus supporting electrolyte and lanthanide

trichlorides. The water concentration was found to increase

to the 4 to 5 millimolar level upon the addition of support-

ing electrolyte; however, insignificant additional water

appeared to be added by the lanthanide trichloride.

Water was added directly to the sample solution in

determining its effect on the polarographic properties, its

concentration being determined by Karl Fischer titration.

Removal of Dissolved Oxygen

Dissolved oxygen was removed from all solutions in the

polarographic cell by bubbling a stream of nitrogen, pre—

viously bubbled through pure dimethyl sulfoxide, through

the solution for a period of 15 minutes.
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Recording of Current—Potential Curves

To assure regular mercury flow through the capillary,

it was cleaned periodically by immersing it in concentrated

nitric acid for a few minutes, while mercury was flowing

through it, rinsed thoroughly with distilled water, and

immersed in dimethyl sulfoxide for 15 minutes to one-half

hour. Just prior to insertion into the cell, the capillary

was rinsed with dimethyl sulfoxide and the sides wiped dry

with absorbent paper. Care was taken to remove any nitro-

gen bubles from the tip by a few gentle but quick flicks

of a finger against the upper stem of the capillary just

before each run.

The majority of the current-potential (i - E) curves

were recorded with an initial voltage of —1.00 volts XE:

SCE and a span voltage of -2.00 volts Kg. SCE. The initial

potential was measured at the beginning of each i — E curve.

It was found that the span and initial voltage dials on the

instrument could be reproducibly set to within i 1 mv, and

that the combination of initial voltage, span voltage, and

bridge position could be set within i 2 mv by advancing the

bridge with the driving motor to the desired position. The

combination of this uncertainty with that of the measure-

ments from the chart of i 2 mv results in a total instru-

mental uncertainty in the reproducibility of the individual

potential values of i 4 mv.



.40

Evaluation of E1/2 and id

 

Since the i - E curves obtained in this investigation

were not symmetrical, graphical procedures similar to those

described by Meites (23) were devised for obtaining practical

half-wave potentials (El/2) and difquion current (id) values.

The procedure for dysprosium is illustrated in Figure 6.

To evaluate 31/2: line AB was drawn through the mid—»

points of the oscillations of the residual current, line

CD was drawn through the midpoints of the oscillations on

the rising portion of the wave, line EF was drawn through

the midpoints of the oscillations on the plateau of the wave.

The intersection of lines AB and CD was used as vertices

to construct a parallelogram about the rising portion of

the wave with the point of intersection of the diagonal

GH with line CD taken as the un-corrected half-wave

potential. Because of the large resistance incurred in

non-aqueous systems, these values were then corrected for

the 1R drop across the cell. All values were then
ic1

taken at a convenient, fixed, potential just beyond the

rising portion of the curves and were obtained by subtract—

ing the average current value for supporting electrolyte

solution alone, run under identical conditions, from the

midpoint of the oscillations on the plateau.

The procedure adopted for samarium was slightly dif-

ferent as shown in Figure 7. The first wave was evaluated

as just described. However, to evaluate E1/2 for the
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Representation of graphical procedure used for

evaluation of EI/z and id for Sm(III).

 
  

  
 

Potential
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second wave line AB was drawn through the midpoints of

the oscillations on the rising portion of the wave, line

CD passing through the midpoints of the second plateau.

The intersection of lines AB and CD and the intersec-

tion of the line AB with the line EF were used to con-

struct a parallelogram. The intersection of the diagonal,

OH, with AB was taken as the un-corrected half-wave po-

tential. Because of the proximity to the discharge region

the diffusion current measurement (ié) on this second wave

was taken at a fixed potential beyond the rising portion

of the curve and was obtained by subtracting the value de-

scribed by line IJ, drawn parallel to the residual current

line previously described, from the midpoint of the oscilla-

tions on the plateau.

The total resistance of the polarographic cell system

using 0.1 M LiCl was found to be quite reproducible at 9000

ohms. All un-corrected EI/z values were therefore cor-

rected for an iR drop using the current value at the given

potential and the above value of R. This rather large cor-

rection, in addition to the instrumental error level de-

scribed previously, prompts the reporting of 31/2 values

only to f 10 mV.

Measurement of Capillary Characteristics

The drop time (t, seconds per drop) at various poten-

tials and mercury levels was evaluated by timing the fall

of 20 drops with a stop watch and calculating an average.
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The variation in dIOp time with change in potential is shown

in Figure 8. The electrocapillary maximum at approximately

- 0.4 volt yg, SCE is consistent with that found for other

supporting electrolytes in DMSO (48). Electrode character-

istics at h = 30 cm are given in Table I. Measurements

 

 

eff

of i for Dy(III) were taken at E = -2.24 volt vs.

d appl -—

SCE and for Sm(III) at Eappl = -2.16 and -2.52 volt 15.

SCE respectively.

Table I. Electrode characteristics at 25.00 and heff = 30 cm.

app m t mt / /

2 3 1 2

(volt gs. SCE) (mg/sec) (sec/drop) (mg/drop) m t

open circuit 0.771 9.14 7.06 1.217

-2.24 0.784 3.66 i 2.87 1 055

-2.16 0.768 4.12 3.16 1 063

-2.52 0.784 3.06 2.39 1.025

 

Since the composition of the solution also affects the

drop rate, the drop time employed for a calculation pertain-

ing to a particular solution was always that measured in

a solution of specific composition. The rate of mercury

flow (m, mg per second) was evaluated by determining the

average drop weight (mt) from the weight of 20 drops delivered

under a particular set of conditions, and calculating n1_pre-

viously determined values of t for the same conditions.
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Curve A, h = 30.0

eff

Curve B, heff - 40.0

C h

D h

i 1 i

—0.50 -1.00 -1.50 -2.00

Figure 8.

E volt vs. SCE

d.e. -———

Variation of drop time with potential at

selected mercury height values for 0.1 M

LiCl solutions in DMSO at 25.00.

cm.

cm.
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Measurements Related to the Effect of Mercury Pressure

fled

To measure the height of the mercury head (h, cm), a

meter stick was attached to the mercury leveling column and

the height from the tip of the capillary to the top of the

mercury column was noted. The carriage for the mercury

leveling bulb was equipped with a Fisher leveling bulb sup-

port with screw adjustment to allow accurate adjustment of

the height. Since the position of the DME was fixed due to

the cell construction, just enough sample solution was

placed in the sample compartment to provide an immerision

of the DME of 0.4 cm into the sample solution. All h

values were corrected for back pressure in a manner suggested

by Coetzee ( 5) to yield the effective pressure of mercury

(heff’ cm).

Recording of Current-Time Curves

To obtain current-time (i - t) curves, a 10K i 1%

ohm resistor was inserted in series with the polarographic

cell and the potential drop across this resistor followed

with an oscilloscope. The output of the Sargent Model XXI

Polarograph was employed as a potential source, with the

recording portion of the instrument disconnected. The

bridge was advanced by means of the driving motor. Since

no precise potential values were necessary in this portion

of the work, only the un-corrected applied potentials are

listed so as to give the relative position on the rising
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portion of the curve. The usual operating conditions for

the Tektronix Type 564 Storage Oscilloscope were: sweep

time — 1 second per division, calibrated; sensitivity — 5

to 50 mV per division.

For the instantaneous current-time curves the potential

was applied just after the fall of a drop and the oscillo-

sc0pe was simultaneously triggered.

Prolonged Electrolysis Procedure

The cell used for these studies is shown in Figure 9.

Sufficient mercury was placed in the cathode compartment, C,

approximately 1 1/2 inches in diameter, to cover the platinum

wire. The solution to be electrolyzed was then placed in

the compartment and nitrogen, was introduced through a

frittedgglass bubbler, the exit being protected by a drying

tube containing Ascarite and magnesium perchlorate. Com-

partments A and B contained supporting electrolyte solu—

tion. A reference electrode, previously described, was in-

serted into compartment B. The working anode, in compart-

ment A, consisted of platinum wire in the form of a helix.

A schematic diagram of the circuit used for prolonged elec-

trolysis is shown in Figure 10. The current flowing at

various electrolysis times was calculated after measuring

the voltage drop across the 100K resistor placed in the

working anode circuit. The cathode potential, Kg, SCE.

was measured with the VTVM previously described.
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At the end of a given electrolysis, before discon—

necting the cell, a portion of the cathode solution was

drawn off and placed in the polarographic cell for the

recording of a polarogram and a portion of the mercury

cathode was drawn off, from below the surface, washed with

M distilled water and lanthanon stripped out by boiling in

concentrated hydrochloric acid for two hours. The solution

was then taken to dryness and the residue dissolved in ap-

proximately 15 ml of water. A test described by Rinehart

(40), in which a complex (which absorbs at 550 mu) is formed

between lanthanide ion and Alizarin Red S in an acetic acid-

ammonium acetate buffer, was then applied to prove the

presence of lanthanon. Blanks were also run on.mercury

which had been in contact with the solution containing

lanthanide ion.
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Introduction

Although this study is on Dy(III) and Sm(III) in 0.1 M

LiCl, polarograms were also recorded for Ho(III) and Pr(III)

in this supporting electrolyte as well as polarograms for

Dy(III) and Sm(III) in 0.1 M_tetra-gfbutylammonium perchlorate

to determine the effect of supporting electrolyte on E1/2

and how closely El/z values obtained in this laboratory

agreed with those obtained by Gritzner, Gutmannand Schober

(7) for Dy(III) and Sm(III) in 0.1 M_tetraethylammonium

perchlorate. With the exception of the second wave for

Sm(III), the E1/2 values are somewhat more positive for

LiCl supporting electrolyte. There is good agreement, how-

ever, when E1/2 values for Dy(III) and the first Sm(III)

wave are compared in quaternaryammonium perchlorate support-

ing electrolytes. The E1/2 value obtained for the second

Sm(III) wave is more negative in 0.1 M_tetra-beutylammonium

perchlorate.

These results are summarized in Table II.

Characteristics of the Dysprosium Wave

Irreversible Nature of the Wave

Plots of log i/(id - i) gs, Ed are shown in Figure 11.

These plots show curvature and are not symmetrical about the

zero log intercept. The slope is 108 mv which yields an ana

value of 0.546 or a nd value of 0.546, the latter result being

unreasonable.
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Table II. Comparison of E143 values in various supporting

electrolytes at 2 .

 

 

J...

HoC13 0.1 M LiCl -2.01

Dycl3 0.1 M LiCl —2.06

PrC13 0.1 M LiCl —2.11

Smcl3 0.1 M LiCl -2.00

0.1 M LiCl -2.18

DyCl3 0.1 M Bu4NClO4 -2.08

SmC13 0.1 M Bu4NClO4 -2.03

0.1 M Bu4NClO4 -2.14

HoCl3 0.1 M Et4NClO4* -2.09 (Ref. 7)

DyCl3 0.1 M Et4NClO4* -2.08 (Ref. 7)

PrCla 0.1 M Et4NC1O4* -2.20 (Ref. 7)

SmCl3 0.1 M Et4NClO4* -2.12 (Ref. 7)

 

*-

temperature 21°.

These three observations demonstrate the irreversibil-

ity of the electrode process. Assuming the rate-determining

step is the transfer of one electron, a would be 0.546.

1

Variation of Wave Height with he and (h ) /2
ff eff

Figures 12 and 13 show the effect of mercury pressure

on wave height for different concentrations of Dy(III).

In general a combination of both diffusion and adsorption
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.-— A. 5.16 mM Dy(III), heff = 30 cm.

B. 5.16 mM Dy(III), he 50 cm.

ff

  

 

(5

    

 

 

 

 

C. 2.58 mM_Dy(III), heff = 30 cm.

D. 2.58 mM_Dy(III), heff : 50 cm.

1 l, I

-1.96 -2.04 -2.12

Ed.e.' volt XE: SCE

Figure 11. Variation of log i l_ i with Ed e for Dy(III)

d

in 0.1 M LiCl at 25.00.
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A 0.516 mM Dy(III)

B. 2.58 mM Dy(III)

c 5.16 nM Dy (III)

D 12.9 RM Dy (III)
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Figure 12. Variation in 1d with changes in heff

for Dy (III) in 0.1 M LiCl at 25.00.
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control is indicated by a comparison of these results with

curves d, f, g, and i, in Figure 1. Lower concentrations

favor diffusion control, but the lowest concentration in-

vestigated did not yield results consistent with complete

diffusion control.

Current-Time Curves for Various Regions of the Wave

Current-time curves for various regions of the wave

are quite reproducible and are shown in Figure 14. Com-

parison with curves a and d in Figure 2 shows some

diffusion control in the toe region of the wave, but i - t

curves developed on the plateau of the wave are clearly

indicative of adsorption of the electroactive species.

Kuta and Smoler (18) theorized that the i — t curves

for irreversible waves should demonstrate whether the rate-

determining step is a slow electron transfer or a more

complicated process. These authors interpreted the change

in shape of the i - t curves through the rising portion

of the wave developed from solutions of Ni+2 in 0.1 M

NaNO3 as evidence for a complicated mechanism.

Since a more definite explanation of the exact nature

of such a complicated mechanism is still lacking, it can

only be concluded that the mechanism for the reduction of

Dy(III) appears more complicated than slow electron transfer.
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A. -2.32 (plateau)

B -2.20 (plateau)

C. -2.10 (El/2)

D - 2.00 (toe)

 

1 sec.  
 

Figure 14.

time, sec.

Current-time curves at various applied

potentials for Dy(III) in 0.1 M LiCl at

25.0°.
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The Effect of Temperature on 1d and E1/2

Y— 

The influence of temperature on id and E1/2 is sum-

marized in Table III.

Table III. Effect of temperature on E1/2 and i values

 

 

of Dy(III). d

'(EI/z) i0 corr d
Temperature ( C ) VOlt XS—' SCE microamp .

25 2.06 2.61

36 1.99 2.76

46 1.95 3.06

 

The temperature coefficient for the wave height is 0.7%

which eliminates kinetic or catalytic control. The tempera-

ture coefficient for E1/2 is +6 mv per degree which is

indicative of an irreverSible electrode process.

Using equation (2) for an irreversible wave, and with

the conditions that the rate constant for the electrode

process obeys the Arrhenius equation and the process is dif—

fusion controlled, Vlcek (58) defined expressions from which

the activation energy of the electrode process may be calcu—

lated. One of these expressions demonstrates that a plot

of log i/(id - 1) against 1/T should be linear. Such a

plot for Dy(III) was found to exhibit curvature which leads

to the'conclusion that the electrode process is not diffusion

controlled, and furthermore, no activation energies could be

calculated.
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Variations of id with Dysprosium(III) Concentration

 

Figure 15 shows the effect on wave height (measured

at E = -2.24 volt Kin SCE) of increasing amounts of
appl

dySprosium(III).

The result obtained suggests intermediate behavior.

The process cannot be completely adsorption controlled

since a limiting value should be reached, and the curvature

at higher concentrations eliminates a completely diffusion

controlled process. The development of a second wave, char-

acteristic of adsorption control is not likely to be ob-

served at such negative potentials.

Using data obtained for the lowest concentration in-

vestigated, 0.516 mM_Dy(III), and assuming a value of

1
nd = 3, a diffusion coefficient of 1.56 x 10"6 cmzsec'

was calculated.

Variation of 1d and E1/2 with Water Concentration

 

The influence of increasing water concentration on id

for a 10 mM_Dy(III) system is shown in Figure 16. The in—

fluence of several factors was considered in an attempt to

explain the observed initial decrease in id with increasing

water concentration.

At an applied potential of —2.24 volt Mg. SCE, mt was

found to be 10.57 mg (t = 5.32 sec, m = 1.99 mg/sec), in

an aqueous 0.1 M LiCl solution for the electrode used in

this study. By comparison, the mt value for DMSO (Table I)
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Figure 15. Variation in 1d with Dy(III) concentra-

tion at 25.0°.
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<

.0-

C>~ <3

0 heff = 30 cm

' Dy(III) = 10 mM

1 1 l 1 1

20 40 60 80 100

H20 Conc., mmol/l

Figure 16. Variation in 1d with water concentration

at 25.0°.
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is 2.87 (t = 3.66 sec, m = 0.784 mg/sec) which reflects a

2.68-fold increase in the interfacial tension, O, when the

solvent changes from DMSO containing 4-5 mM_water to pure

water.

Changes in current are related to changes in m and

t. For either diffusion or adsorption control, the current

is proportional to m2/3. Thus the increase in m should

cause a proportionate increase in current. For diffusion

control the current is proportional to tl/6 while for

adsorption control it is proportional to t—1/3. Thus an

increase in t should increase the current if diffusion

controlled or decrease the current if adsorption controlled.

These are expected changes in currents influenced by

m and t changes when comparing the DMSO system containing

only a small amount of water to a pure water system.

The experimental results shown in Figure 16, reflect

a current decrease as the water content was varied from 4 mM

to 60 mM and then remained relatively constant as the water

content was increased to 100 mM. Only variations in t

were determined in this experiment. When the water content

was increased from 4 mM to 60 mMJ t decreased from 3.5 sec

to 2.8 sec. This would reflect diffusion control but the

0.7 sec decrease in t does not account for the 1.0 ua de-

crease in current. The experimental results provide only

further evidence that the current is neither purely diffusion

Controlled, nor purely adsorption controlled if changes in
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electroactive species composition is ignored as water con—

tent in DMSO is varied.

Changes in current may also be related to changes in

the viscosity of the solvent system, since viscosity influ—

ences diffusion. The viscosity of water at 25° is 0.894 cP

while that reported (4) for DMSO at 25° is 1.96 cP. If

current is diffusion controlled in two solvent systems, m

and t are identical in the two solvents, and if there is

no change in species composition in the two solvents, the

currents vary inversely with the square root of the viscosi—

ties. Assuming that only the viscosity in the DMSO system

would decrease as the water content is increased, the cur-

rent should have increased with increasing water content.

Experimentally the reverse effect was observed.

In the individual considerations of interfacial tension

and viscosity effects on current as the water content in

DMSO is increased, all influencing factors, including changes

in electroactive Species composition were ignored. It is

apparent that neither interfacial tension nor viscosity

changes account for the experimental observations, and thus

it must be concluded that either a change in chemical species

or a change in mechanism or both occur as the water content

in DMSO is increased from 4 to 60 mM. Beyond this concen-

tration region, the effect of increasing water in DMSO on

id is relatively constant.

To examine the effect of water content on El/z, measured

quantities of 0.1 M_aqueous LiCl were added to 20 ml of 10 mM;
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Dy(III) in DMSO which was also 0.1 Mgin LiCl. The water

concentration was varied from 4.1 to 3890 mM_and E1/2

varied as shown in Figure 17. The greatest rate of change

in El/z, approximately 2 mv/mM, occurred as the water con-

tent changes from 4 to 32 mMJ the next greatest rate, ap-

proximately 0.11 mv/mM, over the concentration range 2.92

to 3.89 M, and the least rate, 0.014 mv/mM_over the con-

centration range 32 to 2500 mMs

This Shift in E1/2 to more positive values on in-

creasing water concentration could reflect the change in

liquid junction potential, or the formation of an aquo-

complex, or an influence of water on a chemical reaction

preceding the electrode reaction.

As was stated previously, the DMSO-H20 liquid junction

potential has been estimated to be approximately 120 mv.

If increasing the water concentration merely changes the

magnitude of the liquid junction potential, then E1/2

should become more positive by less than 120 mv as the water

content in the DMSO is changed from 4 to 3890 mM: Although

the liquid junction potential undoubtedly changes, this

change alone cannot account for the experimentally observed

El/Z change of 200 mv.

Assuming that water is a stronger base than DMSO towards

Dy(III), the formation of an aquo—complex would shift E1/2:

but the interpretation of the shift in 31/2 with change

in concentration of a complexing agent to yield information

on the nature of the complex formed cannot be directly ac-
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Figure 17. Variation of E1/2 with water concentration at

25.0°.
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complished if the electrode process is irreversible. Since

E1/2 does shift with increasing water concentration, it

may be concluded that an aquo-complex is formed. When the

concentration of water reaches the 4 M level, E1/2 is

-1.86 volt Mg. SCE which is only 0.05 volt more negative

than E1/2 for the wave due to the presence of Dy(III) in

aqueous medium of pH 3. This could reflect the conversion

of the solvated Dy(III) species present in DMSO to the

electroactive species present in water.

No clear evidence is obvious to suggest what changes

occur which might influence chemical reactions associated

with the electrode process. It was previously stated that

the addition of water could convert some of the solvated

species present in DMSO to those present in aqueous media.

The addition of water also would increase the dielectric

constant which could effect ionization and dissociation,

which may be important reactions associated with the elec—

trode process. Since it was concluded that the liquid

junction potential change with change in water content could

not account completely for the 200 mv shift in E1/2: part

of the E1/2 change must be due to the influence of water

on chemical reactions associated with the electrode process.

The observation is that the overall process occurs at more

positive potentials when water is present but id decreased

to 1.2 microamps when the water content in the system was

increased to 3.89 M,
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Variation of Current-Time Curves with Water Concentration

The general shape of the i - t curves developed on the

plateau of the wave was shown by curves A and B in Fig-

ure 14. That the shape of this curve is affected by in-

creasing water concentration is shown in Figures 18 and 19.

Comparison with theoretical curves, shown in Figure 2, sug-

gests the adsorption of the electroactive species up to ap-

proximately 2 M_water concentration. There is no precedent

found in the literature for i - t curves of the type ob-

served when the water concentration is increased to 2920 mM

as shown by curve F in Figure 19. However irregularities

in i - t curves of this type were observed (20) for the

wave due to the presence of Dy(III) in aqueous media. Large

(20) theorized that the irregularity might be the result

of one or more of the following phenomena: an abnormal mode

of supply of depolarizer to the electrode surface, an ab-

normal increase in the size of the drop as a result of a

change in surface tension, or an abnormal change in the

charging rate of the drop as reflected by changes in the

double layer capacitance.

The experimental observation is that as the water con—

tent in DMSO is increased, i-t curves developed on the

plateau of the wave change from the type indicative of ad-

sorption control to a type similar to that observed for the

wave due to the presence of Dy(III) in aqueous media.
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Prolonged Electrolysis Studies

Solutions containing 10.6 mM Dy(III), 6.6 mM H20, 0.1

M_LiCl were electrolyzed for various periods of time at

Eappl = -2.22 volt y§;_ SCE. Figure 20 summarizes the cur-

rent-potential curves which were obtained after electrolysis.

Although some distortion in the curve occurs after 47 hours

of electrolySis, diffusion currents decreased. Positive

chemical tests for dysprosium present in the mercury cath—

ode were obtained. These two analytical methods demon—

strated that Dy(III) is reduced to the metal.

The Effect of the Addition of DMSO to an Aqueous Dy(III)

Solution on id, E1/2 and i - t Curves

 

To determine the effect of the addition of DMSO to 3 mM

Dy(III) in aqueous 0.1 M LiCl, 0.01% gelatin, pH 3.5, mea-

sured volumes of DMSO which was 0.1 M.in LiCl were added,

id and E1/2 were evaluated and i — t curves, develOped

on the plateau of the wave, were recorded.

The El/z value was found to remain constant at -1.81

volt X§° SCE, which confirms the previous conclusion that

water could possibly be a stronger base towards Dy(III)

than DMSO since up to 3 M_DMSO does not affect E1/2-

Below 3 M DMSO the i — t curves suggest diffusion

control when compared with curve A, Figure 2. At very high

DMSO concentrations, the i - t curve is similar to the un-

explainable curve F, Figure 19.
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Figure 20. Current-potential curves for 10.6 mM Dy(III),

0.1 M LiCl, 6.6 mE.H20 after various periods of

electrolysis.
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The expected linear decrease in 1d with increasing

DMSO concentration is observed as shown in Figure 21.

Characteristics of the Samarium Waves
 

Irreversible Nature of the Waves
 

Results obtained when log i/(id - i) is plotted against

Ed.e. are given in Figures 22 and 23. Both waves show some

curvature, and are not symmetrical about the zero log inter-

cept. The slope of the first wave is 109 mv and for the

second wave is 127 mv which yield ana or nd values of

0.539 and 0.464 respectively. Again, it is unreasonable

to interpret these as nd values.

These three observations demonstrate the irrevers—

ibility of the electrode process. Assuming the rate-deter—

mining step involves the transfer of one electron, a

values would be 0.539 and 0.464 respectively for the first

and second wave.

1

Variation of Wave Heights with he and (h ) /2
ff eff

Unlike the dysprosium case, Figures 24 and 25 demon-

strate that the electrochemical reaction for both the

polarographic waves developed for solutions of Sm(III) is

diffusion controlled, since these plots are similar to the

idealized ones shown as d and g in Figure 1.
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Figure 21. Variation in 1d with DMSO concentration for

the first wave of Dy(III) in water.
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Figure 24. Variation in 1d with changes in heff for

Sm(III) in 0.1 M LiCl at 25.0°.
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Sm(III) in 0.1 MLLiCl at 25.0°.
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Current—Time Curves for Various Regions of the Waves

Current-time curves for various regions of the first

and second wave developed for Sm(III) solutions are given

in Figures 26 and 27.

By comparison with curve a in Figure 2, the i - t

curves Shown in Figure 26 resemble the current-time relation-

ship ascribed to diffusion control. The i - t curve

developed on the plateau of the first wave was therefore

analyzed more carefully. As shown in Figure 28, the log

1 XE: lot t plot yields a straight line with a slope of

0.115 which is somewhat smaller than the theoretical 0.167

obtained for diffusion control. Since this SIOpe is not

characteristic of any other mode of control and since all

of the ideal (54) conditions (m = 2 mg/sec, t = 3 sec,

D = 2 x 10.5 cmz/sec) were not experimentally attained, it

is concluded that the first Sm(III) wave is indeed diffusion

controlled.

The i - t curves developed for the second wave change

in shape for various regions of the wave, and a more compli-

cated mechanism than slow electron-transfer is indicated

(18). By comparison with idealized curves shown in Figure 2,

the shape of these curves could indicate interference in

the electrode process by some adsorption, but the process

is not totally adsorption controlled.
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Figure 26. Current—time curves at various applied po-

tentials for first Sm(III) wave in 0.1 M LiCl

at 25.0°.
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Figure 27. Current-time curves at various applied potentials

for second Sm(III) wave in 0.1 M;LiCl at 25.00
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Figure 28. Variation in log i with log t at applied poten-

tial corresponding to id for first Sm(III) wave.
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i The Effect of Temperature on id, and Ei/z Values

 

The influence of temperature on id and E1/2 for

the first and second waves is summarized in Table IV.

Table IV. Effect of temperature on E1/2 and id values

for Sm(III)

 

 

Timp. -(Ei/2)corr’ 1 -(E1/2)corr'2 id id.

C ' volt vs. SCE microamp.

25 2.01 2.18 7.95 12.75

34 1.99 2.15 8.55 12.90

37 1.99 2.15 9.00 13.95

 

The temperature coefficient for id is calculated as

1.04% and for ' as 0.75% which eliminates kinetic or
id

catalytic control for the second wave.

The temperature coefficient for E1/2 is +1.7 and

+2.5 mv per degree for the.first and second wave respectively.

While these values in themselves suggest reversibility, the

possibility that they indicate irreversibility cannot be

excluded.

' with samarium(III) ConcentrationVariations in 1d and id

The effect of increasing Sm(III) on 1d (measured at

-2.16 volt XE: SCE) for the first wave is shown in Figure 29.

Although there is very slight curvature at higher concentra-

tions, the data suggest diffusion control as shown in the
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in Sm(III) concentration at 25.0°.
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idealized curve a, Figure 1.

While a similar plot is not shown for id‘, it also

changed linearly, the average ratio of id'/id being 1.89

i 0.04 for Sm(III) concentrations from 1.6 to 9.6 mM,

The diffusion current constant, I = id/C m2/3 t1/6,

for the first wave was calculated as 1.038. Assuming a

one electron reduction a value of 2.92 x 10“6 cm2 sec—1

is obtained for the diffusion coefficient.

The ratio of id'/id suggests that the second wave

is due to a two electron reduction step if the first wave

is assumed to involve a one electron reduction.

Since the diffusion coefficients appear to be of the

correct order and magnitude, the assumption that the first

step is a one—electron process and the second step a two-

electron process is confirmed.

Variations of 1d and E1/2 Values with Water Con-

 

centration

The influence of increasing water concentration on 1d

and id' for a 9.6 mM Sm(III) system is shown in Figure 30.

The influence of several factors were considered in an at-

tempt to explain the observed constancy of 1d and the ini-

tial curvature in id' as the water content in the system

was increased.
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As previously stated, the addition of water will change

the interfacial tension and thus effect m and t. In

these experiments only the change in t was noted. On in-

creasing the water content to 0.55 M” t changed from an

initial value of 3.8 sec to 2.1 sec for the first wave.

For a similar water concentration change, t varied from

3.38 to 2.00 sec for the second wave. -For a diffusion

controlled process, id should increase as t increases

and id should increase as t decreases if adsorption

controlled. The relative increases in id and id' are

approximately 5 and 10 percent respectively as the water

content is increased to 0.55 M, This indicates that the

processes are at least in part adsorption controlled.

On increasing the water content from 0.55 to 1.0 M“

t for the second step remained at 2.00 sec and no change

in id' was observed. In the first step id did not

change even though t decreased to 1.98 sec when the

water concentration was 1.0 M, No definite conclusion re—

garding diffusion or adsorption control can be deduced from

this behavior.

If only the effect of viscosity change is considered,

id and id‘ should increase as the water content is in-

creased since the addition of water lowers the viscosity

if the current is diffusion controlled. 'Up to 0.55 M;water

concentration id and id' do increase but the constancy

in 1d and i ' as the water concentration is increased
d

to 1.0 M would not be expected.
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Neither the consideration of interfacial tension

change nor the viscosity change on altering the water con-

tent in the system leads to definite conclusions regarding

diffusion or adsorption control in the electrode process.

To examine the effect of water content on El/z.

measured quantities of 0.1 M aqueous LiCl were added to

9.6 mM Sm(III) in DMSO which was also 0.1 M;in LiCl. The

water concentration was varied from 5.4 to 1000 mM_and the

E1/2 values as shown in Figure 31.

The value for E1/2 for the first wave remained constant

at -2.00 volt Mg, SCE. From this observation, and the ob-

servation that id does not change significantly, it can

be concluded that the addition of water does not influence

the electrode process associated with the first wave.

The value for E1/2 for the second step changed linearly,

becoming more positive at a rate of 0.06 mv/mM_as the water

content was increased up to 1.0 Hr This suggests that

water affects the electrode process associated with the

second step. A change in liquid junction potential to

account for this potential shift as the water content is

increased cannot be assumed, since it would also have

shifted E1/2 for the first step an equal amount.

Variation of Current-Time Curves with Water Concentration

The i - t curve developed on the plateau of the first

wave, as shown in Figure 32, retains the form associated
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with diffusion control as the water concentration is in-

creased from 5.4 to 2000 mM.

Increasing water concentration does, however, affect

the .i - t curves developed on the plateau of the second

wave as shown in Figure 33. By comparison with curves shown

in Figure 2, a transition in control appears to occur as

the water content is increased. At the highest water con—

centration, the appearance of a small maximum in the i — t

curve suggests some adsorption influence on the electrode

process, although curve C in Figure 33 is unlike any of

the theoretically predicted types.

Prolonged Electrolysis Studies

Solutions containing 8.2 mM Sm(III), 5.6 mM;H20, 0.1

M LiCl were electrolyzed for various periods of time at

various potentials identified in Figure 34 and the current—

potential curves which were obtained after various periods

of electrolysis are shown in this figure.

The first wave remained unaffected by electrolysis at

any of the applied potentials selected, even after 162 hours

of electrolysis.

After 3 hours of electrolysis at a potential, -2.45 volt

XE: SCE, corresponding to the plateau of the second wave,

an increase in wave height is observed; however, after 162

hours at the same applied potential the second wave is drawn

out and poorly develOped and what could be considered the

wave height is considerably decreased.
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Figure 34. Current-potential curves for 8.2 mM;Sm(III),

0.1 M LiCl, 5.6 mM H20 after various periods

of Electrolysis.
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After 8 hours of electrolysis at an applied potential,

-2.60 volt XE: SCE, beyond the plateau of the second wave,

the wave height also increased, but to a lesser extent than

that observed after the three hour electrolysis.

After electrolysis of 47 hours at an applied potential,

of -2.36 volt Xi- SCE, the wave height decreased.

Current-time curves for various regions of the second

wave obtained after 162 hours of electrolysis at an applied

potential of -2.45 volt Mg, SCE are shown in Figure 35.

Since the shape of the i - t curves changes for various

regions of the wave a complex mechanism (18) is indicated.

The i - t curve developed at an applied potential cor-

responding to the plateau of the wave indicates adsorption

control by comparison with idealized curve d shown in

Figure 2.

Current-time curves for various regions of the first

wave are not shown since they did not change in shape even

after 162 hours of electrolysis.

Beyond 8 hours of electrolysis a pale greenish color

developed in the solution. An absorption spectrum recorded

for the solution, which had been electrolyzed for 47 hours

at -2.36 volt Mg, SCE, against a DMSO blank consisted of a

broad band which extended to 450 mu into the visible region

but the peak was so high that it could not be recorded. On

dilution of this solution with DMSO, only a single peak,

falling in the near uv spectral region, with a maximum at

260 mu was discernable. The reported maximum for dimethyl
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sulfide in cyclohexane and ethanol is 254 and 256 mu

respectively which suggests that one product of the elec-

trolysis is dimethyl sulfide.

The above electrolyzed solution was compared to pure

DMSO by vpc. A small peak preceding that for DMSO was

observed. This peak is located in the same position as

the peak which appeared when some of the DMSO obtained for

the earlier studies was tested by Vpc prior to purification.

Since DMSO is made by the oxidation of dimethyl sulfide,

it was concluded that the small peak observed for the DMSO

obtained for the early work was due to dimethyl sulfide.

Furthermore, when the compound giving rise to the small

peak emerged from the VpC exit port, a strong sulfide—like

odor was detected. From the above correlation of the vpc

results it is proposed that a product formed on electrolysis

could be dimethyl sulfide.

As further support that Sm(III) is not reduced to the

metal, chemical tests for samarium in the mercury cathode

were negative.

Since two polarographic steps are observed when Sm(III)

is present in DMSO, and since the ratio of Step-height is

approximately 1:2, and since no samarium was detected in

the cathode after prolonged electrolysis, it is proposed

that the first step is due to the reduction of Sm(III) to

Sm(II), and the second step is due to the reductiOn of

DMSO coordinated with Sm(III) to dimethyl sulfide. On pro-

longed electrolysis the concentration of Sm(III) would be
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expected to decrease which would result in a decrease in

the height of the first step. Since this is not observed,

the Sm(III) concentration level could be maintained at a

constant level by a cyclic reoxidation process, DMSO being

reduced by Sm(II) which would return to the +3 state.

The irregular behavior of the wave height for the second

step after varying periods of 'electrolysis cannot be

explained without additional information about the products

which are formed during electrolysis.



SUMMARY AND CONCLUSIONS

98
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An investigation of the polarographic behavior of the

tripositive lanthanide ions in DMSO containing 0.1 M LiCl

and the effect of water in the system was carried out using

Dy(III) and Sm(III) as representative of each of the two

types of lanthanide ions, those which exist only in the tri-

positive state and those which can also exist in the diposi-

tive state. One wave results from the presence of Dy(III)

with E1/2 = -2.06 volt XE: SCE, whereas two waves with

E1/2 = —2.00 and -2.18 volt XE: SCE respectively result

from the presence of Sm(III). None of the waves possessed

a maximum and thus no maximum suppressor was required.

The wave related to Dy(III) in DMSO, which is 4-51MM

in H20, is shown to be irreversible by the curvature and

dissymmetry observed in the plot of log i/(id - i) XE: Ed.e.’

by the slope of 108 mv in this plot, and by the high tem-

perature coefficient of +6 mv per degree for Ei/z-

Positive chemical tests for dysprosium in the mercury

cathode after prolonged electrolysis at -2.22 volt Mg. SCE

and the decrease in wave height in the polarograms recorded

after such electrolysis demonstIEUSthat the ultimate product

is dysprosium. Assuming the rate—determining step involves

a one electron transfer, the transfer coefficient obtained

from the lepe of log i/(id - i) XE: Ed.e. plot' is found

to be 0.546.

Although a complicated electrode process is inferred

from the change in shape of i - t curves developed at

applied potentials corresponding to various positions on the



100

wave, evidence for a combination of diffusion and adsorp-

tion control was Obtained from the effect of mercury pres-

sure on wave height, the form of i - t curves, and the

curvature in the plot of 1d against Dy(III) concentration.

Furthermore, the temperature coefficient for the wave height,

0.7%, eliminates kinetic or catalytic control for which the

temperature coefficient would be greater than 2%. The dif-

fusion coefficient, 1.56 x 10-5 cm2 sec—1, calculated from

data obtained for the lowest Dy(III) concentration investi-

gated, is reasonable in its order of magnitude.

The shift in E1/2 to more positive values as the water

content was varied from 4 to 3890 mMgwas not linear. Three

rates of change occur, 2 mv/mM, 0.014 mv/mM, and 0.11 mv/mM

for water content intervals 4 to 32, 32 to 2500 and

2900 to 3890 mM_ respectively.

The experimentally observed shift of 200 mv in E1/2

cannot be entirely due to the liquid junction potential

change On increasing the water content to 3.89 M” since the

liquid junction potential between DMSO and water is estimated

to be only 120 mv.

When the concentration of water reaches the 4 Mylevel,

E1/2 is -l.86 volt yg, SCE which is only 0.05 volt more

negative than E1/2 for the wave due to the presence of

Dy(III) in aqueous medium. This is evidence that on the

addition of water, the solvated Dy(III) species present in

DMSO are converted to the electroactive species present in

water.
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The decrease in id as water concentration is varied

from 4 to 60 mM in 10 mM Dy(III) cannot be explained by

considering the individual effects that water would have

on the interfacial tension or viscosity.

A 0.7 sec decrease in t, due to the change in inter-

facial tension as the water content was increased from 4

to 60 mM does not account for the 1.0 ua current decrease

but the direction of change in t is evidence for diffusion

control.

Since the addition of water lowers the viscosity of

the medium and therefore facilitates diffusion, an increase

in current is expected if the process is purely diffusion

controlled. The observed decrease in 1d implies that

the process is not purely diffusion controlled.

From the form of the i - t curves, it may be con-

cluded that the role of adsorption decreases as the water

content is increased.

Since the individual influences that water could have

on 31/2 and id do not in themselves explain the experi-

mentally observed changes in these quantities, it may only

be concluded that in addition to the effect of water on

interfacial tension, viscosity, and liquid junction potential,

water must be chemically involved in the electrode process.

From the tendency of Ei/z to approach that of E1/2 for

the aqueous medium as the water content in the DMSO is in-

creased, it is concluded that water is a stronger base toward

Dy(III) than DMSO. Thus the addition of water alters the
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species which are present, and alters the dielectric con-

stant which would affect solvation, ionization and dissocia-

tion, which probably are significant chemical reactions

associated with the electrode process.

The waves related to Sm(III) in DMSO, which is 4-5 mM_

in H20, are also shown to be irreversible by the curvature

and dissymmetry observed in the plot of log i/(id - 1) Mg.

E and by the slopes of 109 and 127 mv in this plot for
d.e.

the first and second waves respectively. Although tempera-

ture coefficients of +1.7 and +2.5 mv per degree for E1/2

for the first and second waves respectively suggest revers—

ibility, the possibility that the process is irreversible

cannot be excluded.

Since chemical tests for samarium in the mercury cath-

ode after prolonged electrolysis at —2.36, -2.45, and -2.60

volt Mg, SCE were negative, it must be concluded that the

metal is not the ultimate reduction product.

From the ratio of the second to the first wave height

of approximately 2 to 1, it is concluded that the second

step involves a two—electron and the first step involves a

one-electron reduction process. Assuming the rate-deter-

mining step in each case involves the transfer of one elec-

tron, transfer coefficients of 0.539 and 0.464 are obtained

for the first and second step respectively.

The form of the i - t curves for the first wave does

not change when recorded at applied potentials corresponding

to various regions of this wave and reflects diffusion
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control. Although a plot of log i Mg, log t is linear,

the slope in this plot is 0.115 instead of the expected

0.167.

From the change in the shape of i - t curves developed

at various applied potentials corresponding to various po-

sitions on the second wave it is concluded that a compli—

cated electrode process is associated with this step. Some

effects of adsorption control are apparent from the shape

of the i - t curve recorded at a potential corresponding ‘

to the plateau for the second wave.

That both waves are principally diffusion controlled

is concluded from the effect of mercury pressure on each

wave height, and the linearity in the plots of id and

id. against Sm(III) concentration. Furthermore, the tem-

perature coefficients for the wave heights, 1.04% and 0.75%,

for the first and second wave respectively, eliminate kinetic

of catalytic control for the second wave. The diffusion

coefficient for Sm(III) is 2.9 x 10".6 cm2 sec-1, calculated

assuming a one electron reduction. The diffusion current,

constant for the first wave is 1.038.

The concentration from 5.4 to 1000 mM, water does not

influence the electrode process associated with the first

step since E1/2 remains constant at -2.00 volt Mg, SCE.

Within the same concentration interval, the E1/2 for the

second step changes linearly, becoming more positive at a

rate of 0.06 mv/mM, Since the change in liquid junction

potential, which would cause an equal shift to occur for
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both Ei/z values, cannot account for this Observation,

it can only be concluded that water affects the electrode

process responsible for the second step.

Neither a consideration of interfacial tension change

nor the viscosity change accounts for the increase in wave

heights, of approximately 5 and 10 percent for the first

and second waves respectively, as the water content is

varied from 5.4 to 550 mM, Furthermore these factors do

not account for the constancy in id and id. as the water

content is increased from 0.55 to 1.0 M, However i - t

curves recorded at applied potentials corresponding to the

plateau of the first wave retain their form, associated with

diffusion control, even though the water content is in-

creased from 5.4 to 1000 mM, The form of the i - t curves

recorded at applied potentials corresponding to the plateau

of the second wave is retained for water concentrations

from 5.4 to 550 mM, and changes at 550 mM water to a shape

unlike any of the "ideal" forms. This latter shape, which

is retained up to 2.0 M water, indicates a different type

of adsorption influence.

On the basis of the effect on El/z, id and i - t

curves it is concluded that the effect of increasing water

concentration on the electrode process associated with the

first step is negligible; however, increasing water concen-

tration does affect the electrode process associated with

the second step by interference with the adsorption associ-

ated with this step beyond 0.55 M water.
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When a solution containing 8.2 mM Sm(III), 5.6 mM H20,

0.1 MLLiCl was electrolyzed for 47 hours at an applied po-

tential of -2.36 volt XE: SCE, a product is formed as con-

cluded from spectral and vpc analysis on the electrolyzed

solution. The intense spectral band which initially extended

into the visible region, yielded only a single peak in the

near uv region, with a maximum at 260 mu, upon dilution with

DMSO. This peak was ascribed to dimethyl sulfide through

correlation with the peaks at 254 and 256 mu reported for

dimethyl sulfide in cyclohexane and ethanol respectively.

The small VpC peak preceding that for DMSO was similar to

one which had been ascribed to dimethyl sulfide in earlier

work associated with the purification of DMSO.

It is proposed that the first step is due to the reduc-

tion of Sm(III) to Sm(II) and the second step is due to

the reduction Of DMSO coordinated with Sm(III) to dimethyl

sulfide. It is further proposed that the Sm(II) produced

in the first step is re-oxidized by DMSO accounting for the

fact that the height of the first wave remained constant

after electrolysis periods of up to 162 hours. Since this

re-oxidation would constitute a catalytic process, a

catalytic current contribution would be expected which could

result in some curvature in the id Mg, Sm(III) concentra—

tion plot if the concentration of the catalyst is varied.

Since the catalyst, DMSO, is present in large excess, its

concentration can be assumed constant. Under such condi-

tions, as stated on page 19, the catalytic current
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contribution would be prOportional to the Sm(III) concentra-

tion. Also, the temperature coefficient for id, 1.04%,

which is 1.5 times that for the second wave, could reflect

some catalytic control.

The irregular behavior of the wave height for the second

step after varying periods of electrolysis cannot be ex-

plained without additional information about the products

which are formed during electrolysis.
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Evidence has been presented for the reduction of Dy(III)

in DMSO to the metal.at a mercury electrode. Controlled

potential coulometry should be applied to determine the

electrolysis efficiency and if it is not 100% the identity

of side products should be sought.

The cell could be re-designed so that electrolysis

products could be recovered and exact product analysis after

prolonged electrolysis of Sm(III) in DMSO should be under-

taken. Reference samples of possible reduction products

should be procured for analytical comparison with the re-

covered products.

Since it appears that even vacuum drying of lithium

chloride did not remove all of the water, some procedure

should be develOped for preparing anhydrous lithium chloride.

It is Obvious that classical polarography cannot separ—

ate all the factors influencing the electrode process in

the systems examined. It would be interesting to apply

the more modern diagnostic methods such as a.c. polarography

or cyclic voltammetry to establish whether by their appli-

cation the various contributing factors could be resolved.

It would further be interesting to determine how proper-

ties such as viscosity, interfacial tension and dielectric

constant are altered on mixing water with DMSO.

Since it has been proposed that on adding water to DMSO

solutions of lanthanides, the species present in DMSO are

converted to aquo-complexes, evidence for such a conversion

could possibly be observed by nmr.
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