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PREFACE

This study was done in an attempt to gain further insight into the
detailed mechanism of complex formation in aqueous solutions of the
lanthanide sulfates. Macroscopic thermodynamic. parameters, although
valuable, are not very usefui in determining the exact nature of the
speciés in solution and their detailed reactions. It was hoped that
the combination of the macroscopic thermodynamic.parameters, obtained
from calorimetry, with detailed information on the energetics of the
reaction mechanism, from a temperature dependent study of the rate
constants, might be helpful in elucidating the structures and reactions
of the species in solution. With this information it is often.possible
to sketch the actual path of the reaction being studied. It was also
desirable to obtain further evidence for the assumptions.that.there is
a change in coordination number within the series of trivalent lantha-
nide ions and that the rate-controlling step in complex formation of
these species is that of cation desolvation.
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CHAPTER I
INTRODUCTION

The formation of ion-pairs and complexes in . solutions of electro-
lytes is a subject which has undergone considerable development during
the past twenty years. More recently, the application of new physical
methods and studies of the detailed thermodynamic properties -and kinetic
parameters of such reactions has provided much needed. additional infor-.
mation for discussion of the important factors involved.

In a solution of an electrolyte it is desirable: to have a detailed
knowledge of the species present. New ions or uncharged molecules re-
sulting from interactions in the solution may behave quite differently
from the constituent ions of the electrolyte. Some properties of the
solution will be profoundly affected, and the chemist, in order to
understand‘these.phenomena,‘Will require to know the nature of the
species present. There are. a number of formidable difficulties in the.
analysis of such systems but recently a great deal of work has been
done on.the problem. Although the application of new physical-chemical
methods has produced significant contributions to the field of equilib-
rium properties of electrolyte.solutions and. the way in.which ion-pair
and . complex formation can be detected and.quantitatively studied, the:
infoémation»obtaiﬁed;from:measurements‘of an-equilibrium system is to
some extent limited, and it:'is desirable to know the relevant kinetic

parameters. ‘With this knowledge it is sometimes. possible.to sketch: the



actual reaction mechanism by-which the:system-approaches:equilibrium.
In general, thgﬂelucidatiOn'of‘the'structure-of'an‘electrolyte solution
may- be regarded“as:a difficult problem which requires as many independ--
ent lines of, attack as possible,

If we arevtO‘understand‘and gpntrol.the.chemistry of metal ions in
solution we must understand the process by which ‘their cémplexes. are
formed an&_interconverted; This is most often-a matter of the replace--
ment of;ohé coordinated “ligand by another. The substitution of a.
ligand in.the inner, sphere (leaving group) by an.outside group  (entering
group) is the most, fundamental ofztﬁe_reactiqns in metal -ion chemistry,
In fact, all discussions of reactions of meﬁélgcomplexesuhinge'on.an=
understanding of the. dynamics of their ligand gubstitution process,
since it is an.ever:present possibility.

This sﬁudy«was,undertaken,in an attempt.to gain more insight into
the problem of complexation in aqueouS'sqlution, anﬁ'inhparticular of
the changes which occur.upon.the formation:of complexes of the triva-
lenf lanthanide .cations with the sulfate anion. Experimentally the work.
has consisted‘of two major parts: (1) a calorimetric investigation of
the thermodynamics of .complexation of ‘the 1:1 lanthanide sulfates and
(2) a study of the temperature dependence.of the rates of these same
reactions. The significant developmentS"and'hbw*they pertain to the
aqueous properties of the lanthanide ions in particular is discussed in.

the following sections.
Thermodynamic: Background

In recent years the complexing tendency-of.a variety of ligands

towards the trivalent rare earth ions has been investigated and has led



to a rapid accumulation of information. Studies on the chelating tegg—‘
encies of various multidentate ligands with the rare earths suggest tﬁ;;‘
the lanthanide ions can expand their coordination number beyond six.to
eight, nine, or perhaPS‘as;hithas-twelvel. In aqueous solution the

trivalent lanthanide jons undergo corisiderable hydrolysis with a concom-

itant ‘lowering of the pH'and formation of an aquo complex, Ln3+(H20)x.

As a result of the lanthanide contraction the heavier lanthanides, with
smaller radii, have a greater tendency.to hydrolyze. The aquo complex
has a definite structure and the '"cloud" of water molecules has a geome-
try which differs from that of the bulk water. .

According to the model of Frank and Wen%, thq ions at infinite
separation are surrounded by three concentric regions: a primary or
inner sphere of strongly bound water Splecules,va second sphere with:
water molecules still ordered to some extent by electrostatic forces of
polarization, and a third sphere having water influenced only slightly
by the presence of the ion and essentially reéemblingAthe structure of
the pure solvent. At short,interionic'&istances the coulombic attrac-
tion of ions of opposite charge can bring about substitution of ions for
solvent moleculés in the first and second hydration spheres, The
species produced are called idn—pairs; outer ion-pairs if solvent mole-
cules exist between the ions and.inner ion-pairs or complexes if the
ions are in contact. Stgdies‘of the thermodynamics of ion-pair forma-
tion by classical methods such as conductivity measurements, spectro-
photometry, polarography, potentiometry; and solubility measurements.
have been unable to distinguish between these sPecies3,v This is not
unreasonable since the identity of the species existing in equilibrium

could not be resolved due to the complexity of the system and from the



fact that the methods measure only the macroscopic properties of the
system, Unless ligands having a strong structure-breaking influence
are present, the ''sheath'" or "iceberg!'" of water molecules will remain.
intact and will "protect" the metal ion from the influence of other
species,

When .complexes are formed the approach of a, ligand will perturb
the hydration sphere and the ordered geometry will break down or be
reorganized. Multidentate ligands will presumably have a stronger in-
fluence than unidentate ones based on a comparison of available.free
energy values. Duncan4 has demonstrated that, provided no changes in
the structure of the complex ion or the hydrated ion occur, the enthal-
py.of .complexation for a series of cations with similar electronic con-
figurations varies linearly with inverse cation radius. However, for
the rare earths no.such linear relationship is observed :and probably is
indicative of some-structural change in the series,

In recent years an ever increasing number of investigations of the
thermodynamic properties of various metal complexes have appeared in
the literature5’6° In most of these . investigations only the change in
free energy for the various complexation reactions was determined. The
purpose of these measurements was in most cases to decide, via the
‘stability constants only, which species-actually exist in solutioen,
Free energy changes have frequently been correlated with properties of
the metal ion and/or the ligand. However, the change in free energy is
a net result of two parameters. A greater understanding of -the impor-
tant factors is obtained from a consideration of the contributory fac-
tors to the free energy change,; namely the changes in enthalpy and -en-

tropy . of .complexation., The enthalpy change, depends mainly on the dif=-



férence in bénd energy between the coordinated water and the ligand.
Coordinated water should be. taken in the widest .sense to include the
solvent layers beyond the first so that-the enthalpy change associated
with strucpural reorientation of more'distant solvent molecules is also
included, . In .other words, the reorganization of .the hydrogen bonded
structure surrounding the solute species may. be important:in determin-
ing the sign and magnitude of the -enthalpy change. The entropy changes
may be subdivided into a unitary and a cratic contribution7. Unitary .
entropy chaﬁges reflect losses in librational, and vibrational -degrees
of freedom of.the entering ligand. Cratic entropy changes are usually
positive and reflect liberation of solvent molecules from a bound state -
and the concomitant reorganization of more distant solvent molecules,.
It .is not a prerequisite for a spontaneous reaction that both enthalpy
and entropy changes should be favorable. Usually chelation is motiva-
ted by a very favorable entropy change.

The stability constant, K, for-a complex equilibrium of the type
T T (1)
is directly related .to the free energy change, AG, by the relationship
AG = ~RT 1n'K (2)

and is thus a reflection of the changes.in enthalpy, AH, and - entropy,

AS, associated with the formation of the complex species according to
AG = - AH - TAS (3)

Since most .of the systems studied are aqueous, the change in enthalpy

upon complexation reflects the difference in bond-energy of -the metal



ion, Mm+, for the ligand and the "hydration .sphere". Thus the measured
enthalpy change also includes the energy involved in rearranging hydro-
gen -bonds in the vieinity of 'the complex_speciess. Chelation is

favored by entropy change in terms of release of originally bound water
molecules, The majority of:the trivalent lanthanide ion<:thelates are .
entropy stabilized. Few thermodynamic formation constanté are available .
for the lanthanide complex series at a standard state of iﬁfinite dilu-

9’10’11, but many concentration based values have been determined

5,6,12

tion
experimentally , often under .conditions of constant ionic strength,
i.e., constancy of activity coefficients. Enthalpy, and ultimately
entropy, changes, .have been obtained for a .number of systems in terms-

5,6,12

of the temperature dependence.of the formatien constant ~s but.only

in a few instances have the enthalpy changes been determined calorime-
trically3’ll’l3,' |

Free energy data indicate that for a given ligand a lanthanide
ion gives, in general, a less stable complex than does a divalent trans-.
ition metal ion. Predictions, in terms of the electrostatic concept of,
bonding, that the thermodynamic.stability should increase with decreas-
ing crystal radius or with increasing nuclear charge of the trivalent -
lanthanide ion, Ln3+; for a given ligand, are in overall accqrd with

. Eu3+), but not necessar-

ily for the heavier ions (Gd3+ - Lu3+). For the ions‘beyond'Gd3+;

the observations for the lighter ions (La

trends in stability are qualitatively of three types: (1) increase

with increasing nuclear charge, (2) little or no change with increasing

nuclear charge, and (3) maximum.stability at some cation in the'seriesé.’
Variations in enthalpy values for various ligands are seldom mono-

tonic. in the rare earth -series but rather a maximum and/or minimum



often appears.at various members. in the seriesl4. This general behavior
appears to preclude explanations based upon ligand-field effects. The
sinusoidal, graphical representations of AH versus atomic number would.
require destabilization for the later members of the series if ligand~-
field effects were. of major significance. However,.by correcting for
the complicating effect of a change.in the effective hydration number
of the uncomplexed lanthanide ion near the middle of the series, the
enthalpy of the reaction of the diglycolate or dipicolinate ion with
the crystalline ethylsulfates has been shown to vary almost linearly
with atomic numberls. However, in those cases where ligand-field ef-
fects are present, stabilization of the complex species with respect to
those of La3+, Gd3+; and‘Lu3+ is of the order of only a few hundred -
calories per mole,

Concerning the variation-in.the entropy of-formation of the vari-
ous lanthanide complexes, it is observed that the change can be. linear
or.non~linear with increase in . the atomic numberlé. For this second
group of complexes there .usually exists a certain range in:.the middle
bf the series where the change ‘is espeecially great. Within this range,
where the entropy of complex formation changes abruptly, it :is often
possible to detect at least two forms of coordination compounds which
differ from one anothér in the coordination number of the metal.

From conductance measurements at infinite dilution hydration

spheres in three general size ranges have. been proposed: La3+ - Nd3+,

Pm3+ - Tb3+; and;Dy3+:— Lu3+, in order of increasing size6. In general,
the larger the hydration sphere, the more exothermic:is the complexa-

tion reaction. Correspondingly, the entropy change increases since

more water molecules are released per cation.



It should now be possible to use the additional information .of AH"
and AS to assist in distinguishing the structure of the metal complex.
A number of ground.rules have been proposed and-in particular one sug-
gested by Moellerl. Whether the coordination process is outer- or
inner—-sphere has been determined thermodynamically for 1:1:.complexes
involving thiocyanatel7; nitrate, butyrate, and propionatelS; glycolate,

lactate, énd'a—hydroxybutyratelg: fluoridezo; and sulfatewionsll’ls’Zl.

2+; LnSCN2+), for which the formation is favored by

Species (e.g. LnNO3
enthalpy change (-AH) and.opposed by entropy, change (-AS), largely re-
tain the primary hydration sphere .of the ionv‘Ln3+ and are of. the outer-
spheré, ion-pair type.‘ Those'(e,g.,,LnF2+, LnQOCR2+; LnSO4f), for
which the formation is opposed by enthalpy change: (+AH) but favored by
entropy change (+48), suffer rupture of the primary h&dration sphere
and are of the inner-sphere type. In some. cases the conclusions are:
supported by spectroscopic evidence22 but the limitations to these.

criteria are immediately apparent upon:a cursory review of the available

literature,
Kinetic . Background

It has been about.sixty years since the earliest kinetic study of -
a complex ion reactionzs,' It is, however, only in. the. last fifteen
~ years that_anything_approaching a concerted attack on the problem of
the mechanism of these reactions has been made24. One of . the challenges
of investigating coordination compounds is understanding .the variety of -
chemical intermediates and.transition states possible . during reaction.
A knowledge of the reaction mechanism.is an.invaluable aid in the syn-

thesis .of new complexes and in the improvement of older.methods.



Research on fast reactions in solution-has developed enormously.in.
the past few yeérszs. Novel techniques have been developed?ﬁ, and nu-
merous reactions which would once have been termed "instantaneous" have
been investigated in detail, - A wide range of reaction rates and a
variety of reactions of metal complexes have been studied. The impor-
tance of the recently developed techniques for measuring very fast proc-
esses with half-lives of reaction in the micro= or millimicro second.
range cannot be overemphasized. Estimates of the lability of certain.
metal complexes (e.g., aquo, amine, and halide) have been resolved by
electrochemical methods and from nuclear magnetic resonance. (nmr) tech-
niques27. In the latter case; the resonance line broadening of nuclei
such as 170 which i1s produced by paramagnetic ions can be interpreted
in terms of .the rate at which these nuclei,“in_labelledfwater molecules,
are entering the coordination sphere of the;paramagnetic‘ion, i.e., the
exchange . rate. In addition, the elegant relaxation methods pionéqred
by.Eigen and his colleagueszSAcan be used-in which a chemical equili-
brium is rapidly perturbed by some physical process. In the most, re-
stricted case, relaxation studies deal only with rate phenomena that
are close to equilibrium and can be represented by linear .relationships.

Another important property of.a complex ion which has been used
for kinetic measurements is its absorption spectrum, and the changes,
often large, which occur in the visible, ultraviolet, or even infrared
region can.be extremely useful, not only in measuring rates of reaction
but also in clarifying the detailed mechanism and the important role of
the intermediateszs. It has also been found.that .Raman line broadening
can be used for the measurement of extremely?fast;rateszgg'

Some insight into the mechanism of the replacement of coordinated



10

water in aquo complexes has been obtained from water and ligand ex-.
change: The exchange of water between.bulk solvent and the aquated
metal ion is the simplest experiment in principle‘but, because of its
general rapidity, is difficult to measure in.practice.

Rates of .reaction of the alkali'metalszs’BO; alkaline'earthszs’Sl,

25’32'With various ligands have been .quite ex-.

and transition metal ions
tensively studied. It is generally observed that the ions of these
groups which have a noble gas electronic: configuration show a linear
rate dependence with inverse cation radius, but a similar relationship
for the transition metal ions exists only after ligand=field stabiliza-
tion corrections have been made. In practically every case the role of.
wéter exchange is paramount to ligand substitution. Chemically the-
lanthanides can be compared with both the transition metal ions and the
alkaline earth ions, but of the two a closer resemblance with the.
latter -is observed.because of the relative unimpoertance of the ligand-
field stabilization energy'(LFSE). 'Thgrefore; one might  expect to find
a linear rate dependence with inverse cation radius across the rare
earth series, Such is not the case and the small LFSE corrections
alluded to in the thermodynamics section are inadequate in producing

the expected 1inearity15;

34,35,

In the case where the entering group is murexide33, éulfate

36, anthranila_te37’38

s OF oxalate39; a sufficient number of . the metal
ions,in the lanthanide series have been studied to permit.an analysis
of .the dependence‘of the rate constants oﬁ inverse cation radius or
atomic number. The deﬁendence,is similar for all four cases showing a

maximum rate of complexation for the ions in the middle of the series,

Because of the analogous non-linear trends with inverse cation radius
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of such fhermodynamic‘paraméters as AG, AH, and AS of complexation, the
same interpretation of 'a change in coordination of the cations near the
middle of the series has been,invéked to account for the non-linear
trend in the rate constants.

The rates, however, differ in one respect. If the mechanism is

dissociative (SNl), so that the transition state is formed with a re-

duced coordination number, and the controlling step in the mechanism is

the loss of a water molecule bound to the cation, the rate of complex

formation should approximate.to the rate of water exchange. and be al-

most. independent of the entering ligand. The ultrasonically measured

‘ . ~ 34,34,36

rates of complexation for the lanthanide sulfates compare . favor-
1 . .

ably with the rate of water exchange obtained by 7O nmr line broadening

3+, .40

for Gd in perchlorate medium ~. These rates are, however, generally

about one order of magnitude greater than those for the other systems

studied by other techniques and under various conditions. Since these

other ligands are considered to be bidentate ligands a direct compari-

son may not be justified and their slower rates may:be indicative of a

progressively slower rate.of exchange of successive water molecules up-

on ring formation.
General Mechanism

The general mechanism used in. this study is-that proposed by

Diebler and Eigenlfl and may be written as

k -
Mm+ + AT 12 ot 0/’H 0/’H A2 (aq)
(aq) (aq) i Ny g .

21
k321 Lk23 (4)
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+. . a-— 34 mt ~H a-

where the kij values (j = 1 + 1) represent the specific rate constants.

and' the individual equilibrium stability.constants may be defined as

Kij»= kij/kjinfor each of the three consecutive steps. Two:processes

are involved.in the first step (I) between.states 'l and 2. First, the
free hydrated ions approach each other to within the approximate di-
mensions of their ionic atmospheres, and second, there is a rearrange-
ment of ions and molecules within the ionic atmosphere to give state 2,
The-second step (II) is the loss of "a water molecule from the primary
coordination sphere of the.anion. The anion has three modes of inter-
action with the water molecules of. the cation, The anion may interact
strongly with one hydrogen of a water molecule in.the primary hydra-
tion sheath of the cation, or with two hydrogens on either the same or
two adjacent water molecules., At any one time the three structures are
in equilibrium with one. another. The third step (III) is the replace-
ment of .a water molecule from the inner coordination sphere.of the
cation by the anion and the formation of a chemical bond between. the
ions. There is a concomitant increase in the degree of disorder of the
water structure as a result of charge neutralization and this gain in
entropy is .very often the prinecipal contributing factor to .thermody--
namic stability. This is particularly true in the case of unsymmetri-
cal electrolytes in which the wvarious states have a.net charge.-

If the equilibrium constants for the successive association steps
in the mechanism are K

K23, and K 4?‘respectively, then the overall

12° 3
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stability constant, KT’ is given by the:following (taking W =»H20 and -

\

neglecting charges):
[w,a] + [l + [a]

T T

_ Dmal (0 Dwal Dl Do
[IfA] Dw,a]l DAl [w,Al
Ky = Ky, [1+K,, +K K, ] (5)"

As a consequence, the structure of the complex species present in. solu-
tion can not be identified by the overall stability constant, The-
utility of the conventional approach is limited to situations wherein

the anion, for example, is kept constant-.and the change in KT_for a,

series of .complexes with similar metal ions is a function of the cation-.

ic properties and therefore of K34.‘ It is apparent from equation (5)

that a simple relationship does not:exist between the various equilib-
rium constants and consequently, extreme caution must be used in draw-
ing conclusions, K about the.predominant speeies'in;solution from stabil-
ity measurements alone. If enthalpy and entropy . data.are available,
the conclusions are more justified.

The only route to the evaluation of the -individual equilibrium
constants is.by kinetic measurements. Equilibrium is reached very
rapidly and.the problem is. amenable only to modern.relaxation methods.

The complete mechanism shows a dependence of K34 =-k34/k43 on- the ratio

of the concentration of inner to outer complex.

Evidence indicates that the rate determining step of the mechanism
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is indeed step.III34’35. "Supporting this are several .theoretical con-

siderations:

(a) If the rates of diffusion of the aquated ions, to.within two
water molecules of each other, are calculated from the theory
of diffusion controlled reactions, the relaxation time should
lie in the order of'lO_9 seconds. .

(b) The ease of removal of water molecules from an anion should.
take place faster than from a corresponding cation since the
interaction of .the anion with the surrounding water molecules
is usually weaker than for the cation.

(c) The water molecules coordinated'to‘ﬁhe cation should be .held
more‘strongly due to the large surface.charge on the cation
resulting from the small ionic radius.

Experimental evidence for the correlation of'the;slow}step with

step III is exhibited by the dependence of the rate on the cation for
a series of similar 1:1 and 2:2[electrolytes25. Sulfate, EDTA, and.

NH3 complexes of Cu(II), for example, are.formed at nearly the same

ratezz. D20 studies of complexation show no dependence of OH bonds on-

the observedvrelaxations42,’ That - the rate constants:are directly re-

lated to step III has been demenstrated by Connick27 in a number of

studies using 170 labelled water in nmr:studies of water exchange rates
17

in the transition elements. The rates obtained are related to 0H2.

molecules entering the first coordination shell of the paramagnetic

cations: The rates of water exchange for the divalent ions when com-..
. . 2 . .

pared with Eigen's > values for the rates of formation of inner sulfate:

ion-pairs show a.fairly cleose parallelism. In additi’on,fTamm43 has
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shown the existence.of "three relaxation processes-in:an ultrasonic

study of MgSO4 complexation,

Since -the substitution rate is apparently independent .of the
nature of the entering ligand, the metal to water bond must be broken
prior to the arrival of ‘the ligand at the coordination site.,: Such a

mechanism, designated“Sﬁlg'isiconsistent'with'the observation that the

slow step is cation dependent.

The rates of complex formation of the alkali metals, the alkaline
earth metals, and the transition metals closely follow changes in elec-.
tronic structure. : For the transition metals the rates follow the ef-
fects of ligand~field stabilization. "The ligand-field effects on the
stability of the trivalent rare earth complexes and en.the rates.of
ligand,substitution are considered small because of the deep.penetra-
tion of the 4f-electrons into the -electronic -atmosphere of the ion. A
maximum of 10% contribution to the stability has been suggested by
Dunn44; It is reasonable,'therefore,“to expect them to.behave like the
alkaline earth ions because of their pseudonoble-gas configuration.

That they. . do not has been attributed to a change in coordination number

in the series.



CHAPTER II -
GENERAL THEORY OF RELAXATION METHODS

Suppose that the reaction whose rate we wish to measure comes to

an equilibrium position, with concentration values Xl,’which can be

perturbed by a change of some external parameter such:as temperature or
pressure. - If -such a change of conditions is made suddenly, there is a.
time-lag while the system approaches a new equilibrium position, with.

concentration values X The time-lag is expressed as a.''relaxation

2.
time'", 1, which is an.inverse measure of /the sum of.the rate constants

for thé forward and reverse processes.and is given for a single unimole-

cular relaxation process by.

T = k_+ k (6)

The range of reaction half-times.accessible to.one or anbthéraof the
relaxation methods lies within the total range of‘lO_9 to over 1
secondéS. Somevrelaxation metho&s‘make‘use'of‘a'sinéle;displacement;of
temperature (T-jump), pressure (P-jump), or electric field <wein.Effect
II)26’45; the reaction is then followed as it moves tewards the new

equilibrium. Other methods make use of a pulsed or periodic disturb-

ance set up by ultrasonic waves or by a high frequency alternating
26,45

field® ; the power absorbed by reason of the time-lag in re-estab-

lishing the equilibrium conditions is measured. The pulse-technique of

16
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sound absorption has been used in this work.

Assume that the equilibrium to be studied is periedically per-
turbed, If the equilibrium is set up relatively slowly, so that T:is
much longer than the periodic frequency, the parameter representing
the extent of reaction is little affected and remains practically at:
the value corresponding to no perturbation (line a in Figure 1). 1If.

the equilibrium is set up relatively very fast, the reaction parameter

follows closely. the variations of the perturbation and so alters in

Change.in Reaction Parameter

Figure 1. Periodic Disturbance of Chemical Equilibrium
by External Parameter.

phase with it (curve b).: If, however, the relaxation time of the equi-
librium is comparable with the periodic time of the perturbation, the
reaction parameter lags behind the perturbation, and therefore varies

according to.one of the dashed curves (such as c¢).. This has a smaller
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amplitude than curve.b, and is out of phase with the variations of the.
perturbation. This phase difference.leads to absorption of energy. As
the frequéncyfincreases’from zero the .lag at first increases and with
it.the absorption per .cycle; la;er the effect of the decreasing ampli-
tude begins to dominate and.the absorption decreases again. ' Mathemati-
cal treatment shows thét at a certain frequency there is a maximum in
the absorption per cycle given by wt = 1, where w. is the angular fre-
quency in radians per second, eqqal.to:2ﬂf and . £ is the frequency in
cycles per second, TFor a single relaxation process the absorption co-

efficient per wavelength, ux,-varies with frequency and is .proportional.

to wt/ (% +,m212).' This function has,a maximum value of % when wt = 1,

The curve has the form of the following equation, in which B is the

maximum value of ux;.

WT
u, = 2u. (7)
A max (1 +‘m2T%)

If fc is the frequency .of the maximum absorption, then 1 is given by
l/27rfc and can be found from experiment.,

Relaxation methods have-a unique feature:; Since the deviations
from an equilibrium state are very small, the kinetics of a .system can
be described by a set of linear differential equations. : For example,

in the gereral reaction

A+ B ———> AB (8)
ﬁ‘,

the rate equation is.
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dAc - _1__1 Ac’ (8)

-i -

where  Ac is the deviation of the concentration of all components from:
their equilibrium values. If the chemical system is complex, a system-

of rate equations of the general form

e _ |
i = Zaij ch‘ 9

are obtained where_aijvare‘known functiq_sipf rate constants and equi~

librium concentrations, If the system ofisimultaneous equations is
solved a spectrum of relaxations. is obtainég and each relaxation has-
its own .particular deﬁendence{bn the‘equiliérium concentrations, but is
not necessarily representative of a¢single\5t¢p in -the complex multi-.
step mechanism, since there-méy be coupling between .steps, °

An ultrasonic wave propagates.as an.adiabatic pressure wave. Both:
temperature and‘pfessure,changes~accompany;the sound wave but in aque-
ous solutions, temperature fluétuations-are nearly absent (AT S-”50.0010)
because the thermal expansion of water is very small. (zero at 4° ¢). -

The adiabatic compressibility of the fluid may.be resolved into -a vir-

tually instantaneous portion plus a time dependent.portion :

B = B, + B (10)

where B _ is the instantaneous compressibility and is given by the

1
limiting value as the frequency approaches:infinity and Br is the re-

laxational part of the compressibility which is frequency dependent.

Whenever the frequency of pressure variation 1s such that a phase lag
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exists between pressure and the specific volume the frequency depend-

ence of the relaxational compressibility is-

1
] = Br/(l‘+ WwT) (11)
where Br is ‘a real number. The phase lag causes dissipation of energy
within each éycle

Energy Lost Per Cycle = ~§~Pdv (12)

As the frequency rises from a low value, the shift in equilibrium will

increasingly lag behind the pressure and the maximum energy is lost

when
: TTBr Wt *
(o A o= ( ) (13)
chem "’r So 1+ w2T2
where;So = Br +. B, and'.achem 1s'the gxcesshabsorptlon per wave

length, A, due to chemical relaxation.



CHAPTER III
INSTRUMENTATION AND PROCEDURES
The Calorimeter

The design of the microcalorimeter used in this investigation was
essentially that used by Harris and Moore47 in their study.of complex
formation of Ni(II) and Co(II) perchlorates in l-butanol. However, for
completeness the calorimeter with . its modifications will be described
in detail. :

The several basic requirements for the design of a titration cal-
orimeter satisfactory.for thermometric studies of enthalpies of. com-
plexation are:

1. Maintenance-free operation.

2. Low thermal conductance properties and high chemical resis-

tance.,

3. Thorough and efficient mixing to attain rapid equilibrium.

4, Maintenance of titrant temperature at solution temperature.

throughout titration..

5. Sensitivity to small temperature changes, with no appreciable

time delay in detection.

6. Electrical heat capacity calibration system.

7. Overall accuracy of within .+ 1% for some suitable standard

calibrating reaction involving a heat change of approximately.

one calorie,

21
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8. Eléctrical stability and small noise to signal ratio,

A sketch of. the internal construction of the calorimeter is shown
in. Figure 2. The illustrated parts were mounted in,an isothermal.air
chamber. The calorimeter vessel and appendages were constructed from
glass because of the fairly good structural stability and relatively
low thermal conductance, All parts in contact with the solution were
glass except,the internal heater wire (A) and the titrant hypodermic
needle (D), The system wés found to,giveimaintenance‘free operation,
Cleaning was effected by rinsing with deionized water and reagent grade-
acetone., The reaction vessel.itself was a small, silvered Dewar flask:
of approximately 60 ml, total volume; To improve thermal equilibrium
the Dewar flask was placed in a double-walled, glass water jacket main-
tained at 25 t<0,05é and . the intervening space filled with insulating
material, . The temperature of. the water.jacket was maintained with a
circulating heater (Haake Model FSe) using an external ice bath for
cooiing of the pump reservoir.  Access to the inside of the calorimeter
for electrical contacts, stirrer, and delivery . tube was made through a

standard taper .ground glass fitting (§: 40/50 mm.) The titrant was

added . from an ultra precisionvmicrometer‘syringe (G) (R. Gilmont No.
$-3200, 0.0001 ml. divisions, 0.02% accuracy, 2.5 ml. capacity) via a
twelve inch Wilkens Instrument and Research Teflon 18 gauge-hypodermin
needle with a 22 gauge tip inserted into the end. A 1 ml, plastic:
syringe barrel, used.as a "piggy back' reserveir (F), wasvattached to
a B-D MSOl:syringe stopcock (E) positioned such. that the syringe could
be removed.for refilling without disturbing the calorimeter operation.
Mixing of the solution was accomplished by a glass stirring rod

(~3 mm, diameter) with molded paddles on the end (C). The rod was
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Figurev2.' ThevInternal*Parts of the Calorimeter -
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mounted in a Teflon bearing and connected to a stainless steel rod and.
pulley system mounted on top of the isothermal air chamber. An elec-
troniecally controlled motor (G. K. Heller, Model GI2l) was used to
drive the stirrer at constant speed. Qualitative tests with dyes in-
dicated complete mixing within 3 to 5 secends.

Although all solutions were thermostated at 25°'prior'to introduc~-.
tion into the Dewar flask or syringe, an added precaution was taken to
guarantee that the titrant temperature remained equal to that of the
solution. The Teflon delivery needle (D) was coiled around the inter-
nal heater form below the surface of the solution enabling the titrant
to equilibrate before additions.were made.to the solution.

A Sargent Coulometric Current.Source, Model IV, was used for elec-
trical calibration48. This unit provided a stabilized current at six
values over the range 4.825 to 193.0 milliamperes regulated to t 0.1%.
Time of heating was measured directly on the incorporated timer of the
instrument-.in units of 0.1 seconds with estimation possible to 0.02
seconds., Ideally the electrical energy input during calibration should
approximate to the change in the chemical energy of the éystem under
study. As .a rule, a current of 48.25 ma. passed.for a, period of
approximately 100 seconds was satisfactory. The heater wire, which
was wound on.a glass form, was of-0,0034'inch'diameter platinum with a
total resistance of .25.70 ohms. Connection to the current source was
made by heavy copper wire leads.

Temperature changes were monitored using a 2000 ohm * 1% thermis-
tor (B) (Fenwal Electronics, Isocurve GB32PM12) as one arm of a Wheat-
stone bridge (Leeds and Northrup, No. 4760). The tﬁermistor had.-a tem-

perature coefficient of -3.87% per °C and was. operated at a potential
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of 1.45 volts, The'out?of—balance'signal was fed to an intermediate
D.C. amplifier (Leeds and Northrup, No. 9834 Null Detector) and the
virtually noise-free output from the amplifier displayed on a Sargent
SR recorder with the range plug removed and the chart paper driven at
one inch per minute. The full scale.range of 125 mV. was  just capable
of handling the signal when:the amplifier was set.on a sensitivity of.
2, The resultant bridge sensitivity was of the order.of 0.17 calories
per centimeter of pen-displacement. Measurements were made to the
nearest 0.0l cm. or * 0,0001°, "The displacement had been shown.by pre-
liminary experiments to be a linear function of temperature,

The heat capacity was calculated from the formula

i t-
h = Rh' = Number of calories per centimeter of pen travel  (1l4)
c 4,184d
where i = current across the heater in amperes
Rh = resistance of heater in ohms

t = time of current flow in seconds
d = pen displacement in centimeters.

4,184

number of joules per calorie
Thermometric Titration Procedure.

In normal operation the null detector was never. turned off since
warm-up and adjustment required several hours. - At -least thirty minutes:
prior to using the calorimeter the thermistor battery and Coulometric.

14

Current Source were switched on. The titrant delivery system was filled

and additional titrant forced through the reservoir and needle to expel
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any trapped air. Care was also taken to exclude air when filling the
micrometer syringe and when inserting it through the rubber septum of
the "piggy back" reservoir. The tip of the titrant needle was then
rinsed with deionized water and reagent grade acetone.

A 32.48 ml. aliquot of solution was added to the clean, dry Dewar
vessel. The calorimeter vessel was finally completely assembled in the
water jacket and circulation from the constant temperature bath begun.
Stirring was then initiated and thermal equilibrium of the system was
considered to have been attained when a nearly horizontal (dT/dt = 0)
baseline was established on the recorder., Time for equilibration was
normally of the order of one hour. For each run heat capacity measure-
ments were made before and after the titration, which consisted of four
additions of 0.100 ml. aliquots of titrant at three to five minute in-
tervals. Since the heat capacity changed only slightly during a runm,
the two heat capacity measurements were averaged to determine the
energy change. of the system.

To determine the magnitude of the pen deflection, d, for each
addition, the recorded temperature base lines were extrapolated back to
the mid-point of the inflection. The distance between the points of
intersection of a.vertical line through the midpoint of the inflection
with the base lines was taken to be equal to d. This distance, in
centimeters, multiplied by the heat capacity, in calories per centi-
meter, gives the number of calories change for each increment of ti-
trant. A schematic drawing of an enthalpogram. is shown in Figure 3.

Performance of the calorimeter was checked by measuring the heat

3

of neutralization of 9.643 x 10 ~ M HCL with 1.240 M NaOH as titrant.

A value of -13,33 + 0.04 kcal,/mole (the uncertainty is given as the
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Figure 3. Schematic Diagram of a Typical Enthélpogram
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average deviation for five runs) at'25°bwas obtained after correcting
for the heat of dilution, which agrees to within 0.1% of the value of

~-13.34 kcal,/mole reported by Hale, Izatt, and Christensen49,
The Ultrasonic Apparatus -

The pulse technique can be.used in the frequency range 1-300 MHz,.
Since the absorption is proportional to the square of the frequency,
the absorption is very small below 1 MHz, At very high frequencies,
the efficiency of the crystal transducer is greatly reduced. The equip-

ment used in this study has a frequency range of 5 to 75 MHz,

The Electronic Systéﬁ

A block diagram of the apparatus is shown in Figure 4. The signal
is initiated by a square wave pulsevgenerator supplying two output
pulses at about 60 pulses per second which are separated by a variable
delay. The two pulses are identical in amplitude and polarity. The
first pulse drives a pulse amplifier which supplies approximately 500
volts amplitude to the transmitters., These in turn put out 150 volts
peak to peak into a circuit impedance of 75 ohms to.drive a crystal
transducer. The second pulse drives a transistor pulse amplifier,

This pulses a particular comparison pulse oscillator, and the output
from the selected unit is passed through a set of precision attenuators.
The outputs of the receiving transducer and the attenuators are com-—
bined in a passive addition circuit and taken to a video amplifier.

The resultant signal is then displayed on an oscilloscope, Tektronix

536, equipped for fast rise time.
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The Mechanical System

The mechanical system is pictured in Figure 5. It consists of
three parallel stainless steel platforms anchéred to a stainless steel
back., On the lower platform is positioned a. table, fastened by a
spring through the center and two spin off nuts on either side. The
table is supported by three adjustable leveling feet, and is actually
a large chuck into which a quartz rod can be inserted, electrical con-
tacts with the rod being made on.the sides of the chuck and through
the bottom by a spring leaf assembly; the external connection is made
throﬁgh a BNC connector ﬁounted‘on the side of the table. The center
platform has a moveable chuck (electrical connections. through the
sides and base) tensioned by springs so as to maintain position if
moved vertically. The upper platform has a micrometer firmly mounted
above the upper chuck. The micrometer moves the upper chuck through
an intermediate stainless steel ball to achieve calibrated vertical mo-

tion of the receiver. transducer,

The Transducer Assembly -

Two delay rods of Spectrosil B grade fused quartz were obtained
from Thermal Syndicates Ltd., England. The emitter and’ lower rod has
the specifications, length ~ 80 mm * 1.0 mm, diameter - 30 mm * 0.5 mm,
one end ground.to a taper, the semi angle being 5 degrees leaving the
diameter of one end.24 mm, The tapered end fits a water jacket. The
detector rod dimensions are 80 * 1 mm in length and 20 mm * 0.5 mm in
diameter., Both cylinders have end faces optically flat to 1/4 of the
wavelength of green light and are parallel to 6 seconds of arc.

Each rod was platinum plated on one end and to approximately 30mm
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Figure 5. Mechanical System
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along the side by repeated application and heating to 700 ©C of Liquid.
Bright Platinum (DuPont #7447) until a conducting surface of approxi-
mately 1 ohm resistance.between face and side was achieved.

The piezoelectric tramsducer elementsﬁare X-cut crystals with a
fundamentai,resonant_frequency of 5000 KHz with a tolerance.of * 70 KHz
(Marconi's W. T. Co., Ltd.). The crystals were attached to the delay
rods using hot paraffin wax--the crystals being '"rung in'" until there
was- essentially a monomoleculaf bond between.the crystal and rod. The:
outer face of the crystal was.coated with liquid silver conducting
paint to achieve electrical contact., .- The rods were checked for excess

attenuation due to poor bonding and the "ringing in'" process repeated
g . g

until the lowest value of attenuation was obtained.
Experimental Procedure

The selution under study was placed.in the thermostated cell,
The-delay rods were made parallel by adjusting the lower table until
the first pulse displayed on the oscilloscope was maximized. at every
frequency. This was done with the -quartz rods near maximum éeparationo'
The transmitter pulse was tuned to a maximum at a given frequency. To
check‘that‘the comparison pulse generator was operating at the same-
frequency, the two pulses were.overlapped, and the comparison pulse
frequency tuned until beating was observed in the oscilloscope display.
It was not possible to measure the precise separation of the delay
rods so the total sound absorbed, in decibels, was measured as a.func—
tion of the change in separation, in centimeters. ‘More precisely, a
reading was. taken- by selecting a value on the precision attenuators

which gave.a suitable height for the comparison pulse; The transmitted
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pulse was matched to the same height with the micrometer drive of the
mechanical system., Where possible, seven measurements of attenuation
and distance were. taken in replicate. The sound absorption coefficient,
stin decibels, per centimeter, for each frequency was obtained from the
slope of the plot of distance versus attenuation,

For the measurement of rate constants as a function of temperature
a dual reservoir.temperature control gsystem was used. For studies at
5o an insulated, copper—lined tank of ~ 120 liters volume was main-
tained at ~ 4,5° by means of electrical refrigeration. Water from
this tank was circulated through an external copper tubing coil placed
in a polystyrofoam tank of » 32 liters volﬁmec Stirring of the large
tank and circulation of coolant was accomplished by means of a. variable
flow, impeller-type pump (Flotec R2B1-1000). Water in the smaller tank
was heated as necessary and circulated around the reaction cell by a
Bronwell Consﬁant Temperature Circulator, The temperature was main-
tained to * 0,05 degrees at all temperatures.

The smaller tank containing the peripheral apparatus was covered
by.the same polystyrofoam . material and the system sealed as tightly
as possgible., At‘45O no external coocling was necessary due to normal
heat losses to the surroundings. The reaction cell itself was wrapped
in,insulating material and all connections were covered with Armstrong
Armaflex insulating tubing.

It was found that approximately thirty minufes were . required for
the 20-25 ml. of sample sclution in the cell.to come to. thermal equi-
librium. To reduce the loss of solvent by evaporation during this
equilibration period (esp. at 450), modeling clay was used to séal the

cell with the receiving transducer element placed in the position of
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minimum separation, During a typical determination of o, as a function

T
of frequency the receiving transducer element was always moved such as
to increase the distance of separation, thereby maintaining better
thermal equilibrium between the delay rod and the solution. A series

of duplicate measurements at all six frequencies could usually be made

within 45-60 minutes.



CHAPTER IV
EXPERIMENTAL AND TREATMENT OF DATA
Solutions for Calorimetry

Lanthanide nitrate hydrates of 99.9% purity .(American Potash and
Chemical Co.) were used in the preparation of approximately 0.05F solu-
tions. Cation coﬁcentration was determined by titration of the nitric
acid, produced by cation exchange.on strongly:acidic Dowex 50 W-X8,
20-50 mesh resin, with standard sodium hydroxide. The concentration
of the stock sodium sulfate titrant solution was determined gravimet~

rically as barium sulfate to be 0.6411F.
Calorimetric Data.

The: energy change in the calorimeter for the reaction

1n°"(aq) + 50, (a)) —= 1080, (aq) +Q_, (5

in dilute solution consists of two main parts. The observed energy.

change, Qcal’ is the summation of Qdil’ the heat. of dilution of the

NaZSO titrant, and;er, the heat of complex formation, and may be.

4

written

Qcal = Qdil‘+ er (16)

35
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Contributions from the heat of dilution of the LnSO4*

~ complex and the

heat of dilution of lanthanide nitrate were considered to be ingignif-
icantly small since the total increase in volume was only 0,400 ml,
Qdil was determined to be 0.65 kcgl/mole endothermic by titration of

the NaZSO stock solution into a NaNO, solution of similar iomic

4 3

3)3, After this work was completed, at-

strength to that of the In (NO
tention was drawn to the need to correct for the heat of association
of NaSO4f, which would be different in the dilution and complexation
experimentsso. The correction would not be very large since the total
sodium sulfate added was only 0.256 x 10"3 mole. A calculation, which
was necessarily very approximate because of the high ionic strength -

of the titrant, showed that the difference in the heat change on

adding NaZSO4 to NaNO3 and t0'Ln(N03)3 was at most only 0.2 kcal/mole.

The computed AH; values could therefore be approximately 0.2 kcal/mole.
more endothermic than for those calculated where the correction had

been made:; In the presence of the very stable LnSO4+ complexes the

concentration oleaSO4 would be very small and could be neglected in

the material balance equations.

The concentration of the 1:1 complex, LnSO4+, was calculated from

‘the material balance equations for total sulfate
- 2- +a
a = [mso, ] + [s0,” 1 + [LnsO, ] (17)

and total metal

n = [12°*] + [Lnso,’] (18)
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and from the thermodynamic stability- constant expression

K = y1[Lns04+]/yzys[Ln3+][so42']. (19)

where Yy is the mean activity coefficient of the ion'of charge i. From

the measured pH . of the solution-and the ‘disgociation constant of HSO4 ,

the concentration of bisulfate ion was calculated to‘be insignificantly
small, Consequently, the proton released by displacement of the equi-

librium

2-

4 (20)

HSO,

— gt 450
4

to the right, by removal of sulfate ion on complexing, is .negligible
and no correction to the measured heat was necessary. The stability
constants from conductimetric experiments were usedlo; undetermined
constants were obtained by interpolation., Mean activity coefficients

were calculated by standard iteration to comstant'y, around equations

(17), (18), and (19), the expression for ionic stremngth (21), .

1 (21)

o= {Na] 4 [N0,7] + 9[La®*] + 45071 + [Laso,

and the Davies57 equation (22), where‘zi'is the charge on

L o)

", . ]/' ]
- log v, = 0.509 z2 {*/(1 + B8u?) - 0.3u} (22)

the ion i (see Appendix A for computer program). The Bjerrum distance,’
o
qy for ion pair formation is 21.4 A for a 3:2 electrolyte in aqueous

)
solution at 25° so the usual 3 value of 3-5 A is probably too small.
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An arbitrary value of & (-8.86 X)'equal to the sum of the ionic:radii
plus two water molecule diameters, was used to be consistent with the
kinetic,model4l. This_g value is perhaps a little too large in that
an 2 value ofﬁ7.3 X‘was.found'to give the best results for the stabil-
ity constant sf the lanthanum cobalticyanide 1:l complexsz. However,
the calculated heats differed by'ohly”6% when 3 values of 5.0 X‘and‘
8.86 grwere used in the present work (see equation (41) for evaluation
of B).

10 could be in error by as

Although the stability cogsﬁant data
much as 15%, since the conductimetri¢ measurements were made on solu-
vtioﬁs of stoichiometric lon concentrations, and the formation of a
higher sulfate complex is possible, it was found that changing the
value of K in the calculations by as much as 307 (literature values

for K are 3.63 x 103 and 5.25 x 103 respectivelylz) caused less

EuSO4+
than 1,0% change in the:caleculated values for AH, Igatt and co-
workersll had, in a much more elegant treatment of data from entropy.
titration experiments, previously arrived at the same conclusion, that
as K becomes very large AH becomes independent of the valﬁe of K. :
Consequently, using their stability constants for the lanthanide mono-
sulfates made essentially no difference to the calculated:AH values,
Higher complexation was avoided by keeping the lanthanide ion in ex-

cess, at least 50:1, over sulfate, There is no evidence in.the liter-

ature for the existence of Ln2802+ or higher complexes. On the aver-

age, only 15% of the analytical metal ion concentration was in complex
form while approximately 97% of the total sulfate ion was complexed.

R cq e +
An attempt was made. to determine the stability constant for NdSO4v
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independently by a corresponding solutions analysis of.the heat of
formation as a function of concentration, However, the.stability con-
stant is too large to make‘such an‘ analysis practical. Nevertheless,
some confidence in the use of the empirical equation (22) to calculate
activity coefficients was gained“from the fact that3the heats of com-.
Plexation were reproducible from measurements at different metal con-
centrations, The uncertainty in AH is estimated from the standard
deviation to be *:0.4 kcal/mole. A typical set of experimental data
are given for terbium sulfate in Table I. The heats of complexation
for all the systems are given in Tabie II. A sample calculation illus-

trating how AH; is obtained from the experimental data 1s given.below

for the data of Table I on terbium sulfate., .

TABLE I

Terbium Sulfate

CTb = 0,0526 F; CSO4 =,0.6411 F; Heat . capacity, hC = 0.178 cal./cm.; .
+4 _ -2 . i
[T650,"1; paq = 0.758 x 1077 F3 AH, . Na25041—-0765 kcal, /mole.
Volume (ml.) Pen Displacemeﬁt d (cm.) qéalA=rd X Ec (cal)
32.48 _— e
32.58 1.72 0.306
32,68 1.65 0.294
32,782 1.70 0.303"

32,88 1.66 . 0.295




TABLE II

ENTHALPIES OF COMPLEXATION OF YTTRIUM AND THE LANTHANIDE MONOSULFATES:

Heat Capacity Deflection
D(cm.)

Total
2 Volume 3 +
Ion 10 F.C, (ml.) ]-O_F[M_S_O_4 1 Ec(callcm.)
La 5.44 32,95 . 7.57. 0.171
5.44 33.12 7.53 0.174
5.44 . 33.34 - 7.48 0.171
Ce 4,88 . 33.27 7.44 0.172 .
4,88 33.40 7.41 0.176
4.88 - 33.11 7.48 0.170
Pr 4,54 . 33.11 7.52 0.176
4.54‘ 32,88 7.52 0.174
4.54 . 32.88 7:52 0.171 .
Nd 4.54 32.88 7.52 0.173
4 .54 32.88 7:52 0.174
4,54 - 32.88 7.52 0.180
2.27 32,98 8.73 0.170
1.14 . 32.98 7.32 0.161

6'
60
5.

6.
6.
6.

6.
6.
6.

7.
.52

.67
8.
7.

6
6

19
03
81

64

34

00

02
78
72

27

07
08

Q=Eé x D(cal.)

(o]

—corr
(kcal/mole)

1.06
1.05
1.00

1.14
1.12
1.02

1.06
1.18
1.15

1.26
1.13
1.20
1.37
1.14

3.60
3.56
3.34

3.98
3.87 -
3.48

3.63
4.13
%.00

bbb
3.93
4.19
4.11
4.08

Mean,AHo
——corr

(kcal/mole)‘

3.50

3.78

3.92

4.15

oy



TABLE II (Continued)

Total o Mean AR®
2 .. Volume 3 + Heat Capacity Deflection = —corr ——corr
lon E—F—'QM (ml.) 10 F|MSO . ] hc(cal/cm.)' D(cm.) Q-h;c x D(cal.) (kcal/mole) (kcal/mole)
Sm 5.20 32.88 7659 0.173 6.56 1.14 3.91
5.20 32.88 7.59 0.175 7.56 1.32. 4.66
5.20 32.88 7459 0.172 7.38 1.27 4.45 4,34
Eu 4.79 . 32.88 7455 0.175 7.56 1.32 4.67
4,79 32.88 7.55 0.168 6.85 . 1.15- 3.99
4,79 32.88 7.55 1.167 6.53 1.09 3.74 4,13
Gd 4,72 32.88 7.55 0.177 6.52 1.16 4.01
2.40 32.88 7.16 0.175 6.73 1.18 - 4,19
4,72 32.88 7.55 0.178 6.61 1.18 4.10 4.10
Tb 5.26 32.88 7.58 0.166 6.94 1.15 3.97
5.26 32.88 7.58 0.178 6.73 1.20 4,15
5.26 32.88 7.58 0.175 6.54 1.15 3.95 4.02
Dy 5.12- 32.88 7.55 0.166 6.12 1.02 3.43
5.12 32.88 7.55 0.169 6.31 1.06 3.63 .
5.88 . 32.88 7.54 - 0.169 6.40 1.08 3.67 3.58

Y



TABLE II (Continued) -

Ion lOzF;g[

Ho

Er

Tm

Yb

Lu

4.63

2463
4,63 v

3.89
3.89
3.89

4:47

447 .
447

3.36
3.36
3.36

4035
4.35
4-35

Total

Volume
 (al.)

32.88

32.88

32.88
32.88

32.88

32.88
32.88
32.88

32.88
32.88
32.88

32.88 -
32.88
32,88

103F]MSOi+]

7.50
750
7.50

7.41
7.4
7.41

7.48
7.48
7.48

7:32
732
7.32-

7.47 .
7.47
7.47 N

Heat Capacity Deflection
hc(cal/cm.)

0.173
0.166
0.164

0.168
0.164
0.163
0.163

0.166
0.164

0.162
0.164
0.160

0.169
0.174
0.164

D(cm.) Q=hcix D(cal.)
6.05 . 1.05
6.39 1.06
6.06 0.99
6.59 1.10
5.87 0.96
5.42 . 0.88 -
5.61 0.92
5.88 0.97
5.56 0.92.
5.26 0.85.
5.34 0.88
5.19 0.83
6.57 1.11
6.00 1.04
5.71 0.93

o}
—COorr

Mean AH?
——corr

(kcal/mole) (kgal/mole)

- 3.60
3:65
3.37

3.88
3.31
2.98

3.07 -
3.31
3.07 .

2.90
2.99
2.81

3.87
3.60
3.15

3.54

3.39.

3.15

2.90

3.54

(4]



TABLE II (Continued)

Total . AHo Mean AHo
—COYY —corr

2 Volume 3 + Heat .Capacity Deflection T
Ton LQ_LEM (_mi,) 10F MSO ] hc(cal/cm.) D(cm.) Q t%c_x D(cal.) (kcal/mole) (kcal/mole)

Y 4.84  32.88 7.44 0.169 6.09 1.03 3,56
4.84 32.88 7.44 0.161 5.71 0.92 3.11

484 32.88  7.44 0.161 5.80 0.93 3.17 3.28

£y
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Sample Calculation

To 32.48 ml, of 0.0526 F "Tb(NO a total of 0.400 ml. of 0.6411

303
F Na2804»was,added'producing a total pen,deflection of 6.73 cm. The

average heat capacity for this, run was determined to be.0.178 cal/cm.

The total number of calories absorbed was

(23)
= 6,73 ¢cm x.0,178 cal/em =. 1.198 cal,

The concentration of complex, [TbSO4+], was calculated to be 0.758 x

1072 M, thus

AH. =. 1.198 cal/(0.758 x 1072 mol/% x 0.03288 %)

4,80 keal/mole.

The heat of dilution of the‘NaZSO titrant was -0.65 kcal/mole, there-

4

fore, -

AH, = 4,80 - 0.65 = 4,15 kcal/mole.

Ho

Solutions for Kinetics

Rare earth oxides with a purity of 99.9% (American Potash and
Chemical Co.) were used in.the preparation of .the corresponding hy-
drated rare earth sulfates. The oxides were dissolved in 6N HC1l and

then 6N HZSO was added to.yield a quantitative amount.of -the sulfate,

4

The sulfates were then precipitated by the addition of a large excess
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of absolute ethyl'aléohol. After removal of excess alcohol, the sul-
fates were analyzed for cation exchange on strongly acidic Dowex 50W-X8,
20-50 mesh resin.  The resulting solutiens wére titrated to the phenol-
phthalein end point with standardized sodium hydroxide.

The. salts were weighed as the 8-hydrate and stock solutions of
approximately 0.02 M prepared; other concentrations were obtained by
dilution. The concentrations were analyzed by cation exchange as be-
fore, Five ml, aliquots.of the solutions were passed. through columns
loaded with strongly.acidic Dowex 50W—X8, 20-50 mesh resin and washed
with 150 ml. of deionized water. . The resulting sulfuric acid was
titrated tb‘thebphenolphthalein'end point with standardized sodium

hydroxide.

Velocity of Sound in Water

In order to determine the wavelength.of.sound at each temperature,
for each of .the six frequencies, it was necessary to measure the veloc-
ity. The "beating" of superimposed pulses, whieh have travelled
through the;liquid a different number of times, can be used to measure.
the wavelength, A, of the ultrasonic wave in the liquid?B; The veloci-
ty, .c, in meters per secend, istobtained'from,c =.Xf,-ﬁhere A is the
wavelength in meters per cycle and f is the frequency . in cycles per
secbnd.‘ The beats are space rather than.time beats in the sense that
the pulse goes through consecutive maxima and minima when the liquid
- path length is changed. Aféatisfactory condition is realized by
broadening the pulse so that the end of the direct pulse radiated from

the oscillator (A) beats with the first ultrasonic pulse (B), which

has travelled through the liquid once. A schematic diagram of the
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oscilloscope trace is shown in Figure 6. The difference in the micro-
meter readings between two adjacent maxima equals the ultrasonic wave-

length, because the phase.of the oscillations within the radiated pulse

™, ‘- /

Figure 6. 'Oscilloscope Trace. A - direct pulse radiated from
' oscillator; B - first ultrasonic pulse; C - second.
ultrasonic pulse which has undergone double re-
flection in the liquid. '

remains constant while that of the ultrasonic pulse picked up by the
receiving crystal goes through 360o each time the path length is
changed by one wavelength.. Alternately, the first and second pulses of
the wave train may also be used. The first pulse (B) having travelled
through the liquid once, while the second (C) travels through the,
liquid three times. If the liquid path length is x cm for B, then the
difference in ultrasonic path length for pulses B and C is 2x, so that,

successive maxima occur for changes in.the micrometer reading equal to
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A/2.

The accuracy of velocity measurements depends upon how many beats
can, be counted before the absorption of the liquid or the separation
of . the interfering pulses makes them indistinct. All velocity measure-
ments were made at 25 MHz and at least 50 beats were counted in deter-

°, and 45°

mining the wavelength. The values of the velocity at SQ, 25
are calculated from ¢ = (Ax)(frequency)/no. beats and are given in
Table III. These values agree in all cases .to within 0.2% of those

reported by Randalls4 from measurements at 750 Kec,

- TABLE II1

VELOCITY OF SOUND AS A FUNCTION OF TEMPERATURE

Temp., °C _YV o ey mEtérs/secondv
5 T 1425
25 1500
45 ' 1540

Determination of Stability Constants

In sound absorption experiments priority has been given to those
systems which have previously been characterized.by other methods from
the point of view .of the equilibrium constant of the complete reaction,

KT' For the lanthanide ‘sulfates this information was available only

10
at 25° . Values of KT at-5° and 45° for the ions Ce(III) through

Ho(III) were calculated from the known KT values at_25o and " the enthal-

pies of complexation, AH;, measured calorimetricallyl3'under,conditions
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34,35

similar to the kinetic experiments s using the familiar van't Hoff

Isochore.expression

d(log K;)

= e 10 .
—m_—— = AHT/_2.303R (24)

The assumption is made that the enthalpy is constant over the tempera-
ture range. A non-constant AH;‘would'lead‘tovcurvature in the plot of -

log KT versus 1/T which would introduce some error into the calculated

55
values of KT' Such curvature has indeed been.reported for CrNCSz+

56
and Co(NH3)5C12+ - complexes: However, both are outer-sphere com-

plexes and there is good reason.to believe that it is a consequence of

a purely long-range electrostatic interaction. Moreover, from the
11,13

earlier remark that»AH,cI).,'is‘insensitive.to‘KT s this method.of -cal-

culating KT at different temperatures might well make the difference

between a-calculated\KT,and an experimentally measured KT inconsequen-

. . o
tial. The calculations are based on the assumption of.a constant AHT

and as such it should be appreciated 'that:the results and observations
made on the results are:limited by this approximation until a more.

direct measure of the stability constants are made. Values for these

constants for the salts studied are given in Table IV,
Kinetic Data.

The attenuation of a plane progressive wave traversing a solution

is.given by the equation

I = I, exp (-2aTx) (25)



TABLE IV

STABILITY CONSTANTS AS A FUNCIION OF TEMPERATURE

KT X 10-'3
Salt/Temp 59 25° 45°
cet 2.44 3.85 5.74
prot 2,59 | 4.17 6.32
nat 2.62 4.35 6.74
sm>t 2.69 4.55 7.21
gt 2.75 4.55 7.06
cat 2.77 4.55 7.03
3t 2,65 4.32 6.61
oyt 2.65 4,08 5.97
3+

Ho 2.51 . 3.85. 5.60
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where I is the sound intensity at distance x, Io is,the s&uﬁd‘intensity

at distance zero, and o is the absorption coefficient of the solution,

The experimentally measured absorption is @, and a., , due to chemical

T chem

relaxation, 1s obtained by subtracting the solvent contribution,-aH 0
2

Oy — O (26)

chem T %1 7 %0
Equation (26) implies strict additivity of absorption contributions,
The addition of'a solute to a solvent.can decrease the observed absorp--
tion due to the solvent even.in moderately dilute solutions. - This
means an error .is introduced .in treating the absorption of electrolytes
in solution as the sum of the absofption due'to .the solvent and that
due . to the chemical relaxation processes. In most instances where
chemical relaxation is involved, the overall absorption is considerably

greater than that fer the solvent alone and the error introduced is.

small, Measurements are expressed as absorption per wavelength ul or

o ml where A is determined by the ratie c;/f and q£ is the velocity

che
of sound in pure water at‘t‘OC. In dilute solutions:the sound velocity

does ‘not change markedly from c; .

The maximum of a relaxation curve may not always be observed with-
in the available frequency range because theoretically a complete
single relaxation occurs over one decade in.frequency. The curve could.
be extrapolated to give a rough estimate of the maximum frequency,
however, a more quantitative result is obtained if the equation for

chemical relaxation
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]
0 /E2 = —BA 4 B 27)

1+ (£/£)°

is used where B' is the absorption due to the solvent and A' is the

amplitude of the chemical absorption. - Equation (27) can be rearranged

to read
2 2 ' ' B'f2
OLT/f +0L,]:/fc = A"+ B +—¥'—2
¢
2 GT - B'f2
or a./f° = B'" = =( ) + A
T 2
f
c
but since B' = Qy O/f2 the expression can be. . further simplified to
2

2

/£ = /£ 2

- 1
achem c tA (28)

o,
chem

A plot of the left hand side versus a o gives A' as the intercept

che

and —l/fc2 as the slope and hence the characteristic relaxation fre-
quency fc. It was found, however, that scatter in the data on such a

plot provided enough latitude to draw more than one straight line. A
least—-squares solution was not considered desirable for curve fitting
since more emphasis was generally placed on data points.in the immedi-

ate vicinity of the maximum frequency. Consequently estimates of fc

from equation (28) were used in equation. (7), the theoretical relaxa-

tion curve expression, to get the best fit of the observed and.calcu-
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lated a . A values. Tables V-XII give the values for a /f2 for
em chem

ch

all of the solutions studied, Representative plots of achem/f2 versus

+ c
a and log(mchemA) versus log f for SmSO4 at ‘5  are shown in

chem

Figures 7 and 8.

The Reaction Mechanism

The analysis of the data is based on the three~step complex for-.

. . 4
mation mechanism

k

+ 2- 3+ 2~
Ln (aq) + 80, (aq) — T (8,0),80, 1(aq)
Sk
21
ko 1 Kyq . (29)

.
[tn™*50,% (@) 42— [1a”*(8,0)50,% T(aq)
Tk 7

k3

For a complete kinetic solution the spectra should consist of three
relaxations corresponding to the three steps of the mechanism, with

corresponding relaxation times given by the egquations

= = '
l/'rI = ZﬂfcI k21 + k12- (30)
k 1
- 9 = 12 . - '
Vrgp = 2nf pp kyp + i) ko3 kyy ¥ ky5' (31
12 21
k 1]
== - ——.—2_3-___.._ - . 1
Lty 2nf 111 ko ¥ i) Ky, kyg t kgt (32

23 32



TABLE V

MEASURED CHEMICAL ABSORPTION AS A FUNCTION OF

FREQUENCY - AND CONCENTRATION FOR Ce2(804)3

2 016 db-sec2

o"chem/f x.% cm.
25°
£(MH2) 0.01617 F
5 324,
15 175. .
25 - 93.4
35 60.7
55 28.8
45°
£(MHz) 0.01617 F 1 0.01078 F 0.00539 F
5 168. - 108. 64 .0
15 121. _ 83.5 50.2
25 86.4 - 59.2- 32.0
35 67.3 42.0 21;1
55 36.6 22.4 9.4
75 21,3 14.3 - 7.8
. A — . —
HO,(S0,), at 45
£ (MHz) 0.02048 F 0.01536 F 0.01024 F
5 268, 204, 132,
15 172. 135. - 88.4.
25 102, 78.7 53.4
35 . 66.8 50.8 33.5.
55 . 31.6 23.6 16.1

75

19.1: 14.3

9.2




TABLE VI

MEASURED CHEMICAL ABSORPTION AS-A FUNCTION OF

FREQUENCY AND CONCENTRATION FOR Pr2(504)3

2
o /f2 x 1016 db+sec
chem ' cm_
50
f (MHz) 0.01960 F 0.01470 F 0.00980 F
5 664, 512, - ' 376,
15 . 258, 194, 136.
25 o124, 90.9" 61.0
35 68.9 50,8 34,6
55 32.9: 22.5 14.8.
75 _ 21.5 13.9 8.4
250 | - |
£ (MHz) _ 0.01470 F- 0.00980 F-
5 308, - 216.
15 172. 120.
25 101, 68.8
35. 65.6 43.9
55 32.3 22.1-
75 19.8" 12.9
45°
f (MHz) 0,01470 F 0.00980 F 0.00490 F
5 144, . 124, 60.0
15 110, 80.0 45.3
25 83,7 60.2 33.6
35 65.9 45,7 25.2
55 38.7- 26.3 13.5
8.0
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TABLE VII

MEASURED CHEMICAL ABSORPTION AS A FUNCTION OF

FREQUENCY ' AND  CONCENTRATION FOR Nd2(804)3

o2
o /£ x 10%° éh—ﬁi—e_
chem cm-
5°
£ (MHz), 0,02034 F 0.01526 .F.. = .. 0.01017 F
_ ' i
5 596, , 488, 344,
15 295, 219, 156.
25 150. 111. 73.0
35 85.4 . 59.3 , 40.9
55 43.3 26.5 - 18.2 .
75 25.7 - 18.6. . . 11.3
25%°
£ (MHz) 0.01526 F ’ 0.00508 F
5 - 260. ~ 1le.
15 171. 61.8
25 108. 36.9.
35 : 74.2 | 23.7
55 - 37.7. 12.9 .
75 23.5 8.6
45°
£ (MHz) 0.01526 F 0,01017 F 0.00508 F
5 148, 72,0 60.0
15 105. N 73.7 42,7
25 81.3 o 56.6 31.4
55 43.6 27.2 14.3
8.8

75 27.0 16.5



TABLE VIII

MEASURED CHEMICAL ABSORPTION AS A FUNCTION OF

FREQUENCY . AND' CONCENTRATION FOR Sm2(SO4)3

; —
o /fZ'x 1016 db»secl
chem _ cm-
50
£ (MHz) 0.00949 F. 0.00474 F. - 0.00237 F
5 208, o 151, 69.2
15 150. . 81.3 bt 4
25 102. | 52,2 25,1
35 68.9 | 34.0 15.8
55 3.4 16.6 7.7
75 20,4 4 10.0 . 5.8
25°
£ (MHz) 0.00976 F. 0.00488.F:..... ...  0.00244 F
5 " 105. . 73.6 43.6
15 91.6 - 52.0 28.9
25 72.8 | 38,6 19.5
35 53.9 | 29.1 13.6
55 33,7 16.5 7.5
75 . 19.1 1005 ) 4.4
45°
£ (MHz) 0.01460 F 0.00976 F. 0.00488 T
5 160. ' 80.0 64.0
25 63.6 | 43,7 24.5
35 ‘ 52.5 37.0 20.8
55 x 39.0 25.4 13.2
8.5

75 25.4 16.8




TABLE IX

MEASURED CHEMICAL ABSORPTION AS A FUNCTION OF

FREQUENCY AND CONCENTRATION FOR Eu2(804')3

L2
) /f2<x 1016 QE_EEE_t
chem » cm
50
£ (MHz) 0.02002 ' F ' 0.01502.F. ... . . 0.01001-F
15 272, ) 203, 150.
25 . 174, . 131. 83.5
35 128, - o 84,8 58.4
55 63.1 . 41.8 32.4
75 37.1 26,0 .. . 18.3
25° |
f (MHz) 0.01502 F L 0.00500 F
5 160. 80.0
15 125. 49,8
25 93.6 33.8
35 74.8 25.4
55 ‘ 45.6 15.2
75 29.0 9,5
45°
f (MHz) 0.01502 F- 0.01001.F. . . . 0.00569 F
5 140, - 52,0 a 40.2
15 73.3 . 54 .4 34,0
25 62.4 o 40,5 28.5
35 54,4, ~40.0 24,3
55 39.0 . 26.5 16.2
75

27.8 : 16.5. . .. . 10.9




TABLE X

MEASURED CHEMICAL -ABSORPTION AS A FUNCTION OF

FREQUENCY AND CONCENTRATION FOR Gd2(304)3
2> -16 db-sec2
0"chem/f.'X 107" cm
50

f(MHz) 0.01528 F 0.01019.F . 0.00510 F
5 288, 208. 80.0
15 194, 136, 564
25 130. 88.8 33.1
35 73.4 53.0- 20.7 -
55 38.0 27.1 9.8
75 21.5 15.8 4,9

25°

£ (MHzZ) 0,01528 F
5 180.
15- 128.
25 93.0
35 70.8
55 43.5.
75 25.5

45°

f (MHz) 0.01528 F 0.01019.F. ... ... 0.00510 F
5 80.0 | 76.0 68.0
15 74.2 - 59.1 31.6
25 66.2 . 48,2 26.1
35 57.1 41.4 22,9
55 40.2 27.1 14.0
75 9.5

‘ 28.2 _ 19.2



TABLE XI

MEASURED CHEMICAL ABSORPTION AS A FUNCTION OF

FREQUENCY AND CONCENTRATION FOR sz(so4)355

59

2 016 db-sec2

achem/f x1 cm
50
£ (MHz) 0.01008 F 0.00543 F. .. .. 0.00310 F
5 208. | 116. 40,1
15 126. 65.3 18.4
25 71.0 37.9 9,1
35 42.3 20.0 5.4
55 15.2 10.5 2.8
75 11.2 6.2 2.0
25°
£ (MHz) 0.01500 F 0.00499 F
5 192. 103.
15 140. 57.6
25 91.2 34.6
35 63.8 22.3
55 36.8 ” 11.2
75 20.6 B 7l
45°
£ (MHz) 0.01551 F 0.01008. F. 0.00543 F
5 120.0 97.0- 50.0
15 84.9 75.1 34.7
25 72.5 47:0 30.6
35 60.2 " 37.6 21.4
55 31.7 22.6 12.6
75 25.8 15.8 7.1




. TABLE XIT-

MEASURED - CHEMICAL ABSORPTION ‘AS A FUNCTION OF

FREQUENCY AND CONCENTRATION FOR Dy, (SO
_ 2

3

.60

2
o . /£2 x 100 dbosec
chem cm
5°
£ (MHz) 0.02023 F © 0.01517.F..... 0.01012 F
5 668. 404 . 304,
15 206. 159. 107.
25 96.3 73.0 ©48.8
35 56,1 41.3 25.5
55 26.3 18.2. 11.4
75 13.2 10.7... 6.6
25°%
£ (MHz) 0.01517 F _
———ee—er e ——— — — ———
5 310.
15 158.
25 85.6
35 53.6
55 27.3
75 15.9
45°
£ (MHz) 0.01517 F 0.01012.F. . 0.0Q506 F
5 124, 116. a 108.
15 113, 78.2 43,6
25 79.0. 53,9 27.5
35 57.2 41.0 20,8
55 32.8 22.6 11.8
75 19.9 13.9 7.1




/f2 X 1016 (db'secz/cm)

o
chem

220

240

200

180F
C)‘0.00949F
a o
R F
o ot

120

100}

140

61

(db/em)

o
chem

. 2 e .
Figure 7. Plot og'achem/f Versus a , . for sz(s04)3
at 5 . The Slope is Equal to‘—l/fzéIII and

the Intercept is A'.



A x 103 (db)

chem’

log «

50

20

10

i

1

PP

1

0.00949F

0.00474F

| S 1 K

R R S RN
2 5 10
' log f£(MHz)

20

50 -

62°

Figure 8. Sound. Absorption Curves for Solutions of Sm2(804)3

atv5°..



63

where 1, = relaxation time and'fc‘ = frequency of maximum absorption-

i i
1
for step i; k12' involves a correction for activities of. the ions since,

step I is bimolecular, For small perturbations.

9 1n #;

' ‘ ‘ _ o
Ky, = k0 e (14 [50,%77 + [0, 1———E01  @33)
' 3 1n [In j
where‘klzo is the rate constant at zero ioni¢ strength, ﬂf is the

activity coefficient quotient Y34 Yz_/y+,_and'[Ln3+]vand [5042_]-rep_

resent the equilibrium free ion concentrations in solutien, If the

concentration of solute is Ci mole/%. ofiLn2(504)3 and B is the degree

of association at equilibrium, the total‘concentrétion of the 1:1 as-

sociated species is ZBCi mole/%. The ion concentrations are. therefore
3+4. ‘ 2~ :
[ln”] = 2@ - B)Ci mole/%. and [SO&, ] = @3- ZB)Ci mole/%., re-

spectively. Equation (33) then becomes

v d ln'm

o 0 o - - — 1t
ky, = ko wCo {(5-48)+ [ -28) 5= B,]Ci} (34)

The rate expressions can be rewritten in terms of concentration and

equilibrium constants:

arf o = ky tk, [s8(0)] (35)
8 (C)
2nf = k., + [ -] k (36)
cII 32 Klzfl + ey 23
o 8(C) 4
2nf gy = Ky L ]

-1 I.r 4 %34
(R Kyn) "+ (L + Ky D[e@]
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= k4 * 00C) ky, (37)

where K12’ K23, and‘K‘4 are. thermodynamic equilibrium -constants for

34
steps (I), (II), and (III) respectively, definedvas.K12 =.k12/k21,
Ryz = ky3lkaps Kay = kg /K5, and
3 1In “f v
6(c) = mC {(5-48) +[(3-28) mlci} (38)

B was calculated for each value of C, by a standard iteration pro-

i
cedure, similar to that discussed in the calorimetric section, by using
the tbtal thermodynamic.equilibrium constants, where available, derived.
from-conductivity,measurements}0 or:-calculated as previously described.

The activity coefficients Yi40 Yoo and 'y were evaluated using a modi-.
. . . 51
fied form of the Davies equation™ ",

1
) 2
- log Y = A z;z'{-——JL—-ﬁ— - 0.3} (39)

1 + Bgu€

where y is the ionic strength = BCi + 12:(1 - B)Ci, A and.B are.the

parameters in the Debye~Hiickel Theory of Electrolytes58 which, in the.
purely electrostatic model, describe long-range and' short-range inter-
actions respectively, and are given by

ZﬂNL s 3 6 0,3 %

1000 2,303k3/2 (eT)3/2 (eT)3/2 mole’
81TN-e-2 2 8 o s
B ( L ) 1 _ 50.29 x 10 [ W4 )2‘ 1)
) L - T ey |
1000k (eT)é (€T)2 mole-cm
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where ¢ is the macroscopic dielectric constant of the solvent, NL is

Avogadro's number, e -is the electronic charge, k is the Boltzmann con-
stant, T is the absolute temperature,and a is the distance of closest
approach of the ions. To be consistent with the theoretical calcula-

. . . . . o]
tion of‘KlZ, required in the solution of equation (37), a was taken as
the sum of the ionic radii plus two water molecule diameters, or.an3+

ey
+ 7.82 A. The solution of the derivative term in the expression for

8(C) was evaluated according t046

3lnn/3 1nB = 3 1nm./dy ° du/d In B (42)

From the Davies equation (39), where Y4 is a function of u, it can be

shown by partial differentiation that

’ . ) "'2 1
8 In y,/8n = —MAziz-[(l + Bgu%) G~ %) - 0.3] (43)
and since
0 In vy 9 1n vy 0 In vy
o - 3+ 2- +
3 1n nf(ay_ - + o o (44)
that-
‘ 2 2 2 1
d Inem /ou = -MA(z" ,, *z -z +) [— —- 0.3] (45)
£ Eﬁ3+ 8042 LnSO4A 21 + ngé)

Partial differentiation of the expression for the ionic strength with

respect to lnrg gives

2 2 2
u/3 In B = B-0u/d8 = BC,; (znn3+ + 23042' - ZLnSO4f) (46)
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Equations (45) and.(46) may then be combined to give:

dlnm

4 4 201+ B8y

where M =.2.302585 and the other parameters are as previously defined
(see Appendix B for computer program).
If it can be argued that the chemical relaxation is-a result of

step III, the rate constants, and‘hence,K34, can be obtained from a

graphical solution of equation (37). The unknowns in this equation are

-1 , -1 -1 . . 58
K12 and K23 . K12' was-.calculated using the Bjerrum equation
4ﬂNL23l 3
K12 = Tooo b~ Q(b) ' (48)
. o 2
]an3+‘zSO42—|e
where b = ————— (49)
ekTa
| » b 4 b
and Q) = b " e db (50)
2

and was essentially indebendent_of the small changes in g_for the

=1

series, In the original work at 25o K23'

was taken to be 0.51, the

59
4.

value for MgSO Additional calculations,K showed that k,, was. in-

43

sensitive to K23—1 within the range of 0.1 to 1.0, but that the value

of k34 increased proportionately.

The overall thermodynamic.association constant, KT’ is .related to

the equilibrium steps by the expression (éee Chapter.I)-
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KT = K12 1+ K23 +'K23K34) » (5)

35

In subsequent work™ at 250, a reiterative procedure using equations

(37) and (5) was used to:calculate a value of K23f

for samarium to
give good agreement between KT obtained kinetically with ‘that obtained

1

conductimetrically., This value, = 0,72, was then used in the-

K23
determination of k34 and'k437for the remaining ions. The agreement
between the kinetic and conductimetric values was acceptable in most
cases.

From equation (37) the plot of 27f

I gives k 4 a8 slope. and k

cII 3 43

as intercept. ' The evaluation of k, , is complicated by the fact that

43
the intercept at ¢(C) = 0 is negative., However, when A' from equation
(28) is plotted as a function of ¢(C) a zero value of A' is obtained
at a finite value of ¢(C), indicating that -a certain.limiting concen-
tration of complex must be present in solution before. absorption in
excess of. the solvent is observed. This limiting wvalue of ¢(C) was

used to determine the value of 'k,,. A typical.plot for these functions

43

for SmSO f at 5o is shown in Figure 9.

4

It was observedﬁin‘this-study that A' was not-a particularly.
linear function of ¢(C), especially at concentrations below approxi-
vmately 0.005M. Scrutiny of the previous data at 25°'suggested that
some of these solutions should be investigated at higher concentra-
tions, i.e. greater than 0.010 M. Thus, in addition to.the studies at.
5° and 450, measurements were made for Ce(III), Pr(III), Nd(III),

- Sm(III), Eu(III), Gd(III), Tb(III), and Dy(IIL) at _higher concentrations:
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than in previous studies (see Tables V-XII).
In an. attempt to improve. the treatment of the data a computer
program was written (Appendix C), which used. the values of 6(C), &(C),

2nf I° and A' at three concentrations (see Tables XIII-XV) to calcu-

cII
late least-squares lines through the data, and evaluate k34, k43; K34,

and K23, A reiterative procedure was used-based on equation (37),

which gives the expression for ¢#(C) also and the equation for KT,(S)'

The pr0cess was iterated until the difference between consecutive

values of K23—l was less than 0.0001:; On the average, 5 iterations

were sufficient to give the‘necessafy kinetic parameters, These values
are given in Table XVI.

Activation parameters applicable at 25° for the third step in. the.
mechanism were then obtained from the kinetic constants -at So, 250,

and,45°; From transition-state theory K* values for the forward and

for the reverse reactions may.be calculated .from.
R
o= @ Ky (51)

where h and k have their usual meaning and kij is the forward or the
: o60
reverse rate constant respectively for step III at 25° ., The free

energies of,activation,fAG*; are given by.
act = - Rrr 1In ¥ | (52)

Activation energies, E,, for both forward and reverse ,processes are.

obtained. from the slopes of the plots of log k34 and log k43 versus 1/T

according to



TABLE XIII

RELAXATION. FREQUENCY.DATA AT 5°

2
2 ' 16 ,db°sec 2 e (C)
Ion Conc. x 107 (F) | 2ﬁfcIII(MHz) A' x 10 G—TEE——Q 8(C) x 10 (Final)
3t
Pr 1.960 74.7 670.0 0.418 0.496
1.470 - 71.0 538.0 0.344 0.476
0.980" 67.8 397.0 0.269 0.448
Na>t 2.034 - 82.9 680.0 0.428 0.417
1.526 77.2. | 544.0 0.352 0.398
1.017 72.8 411.0 0.274 0.372
sm3T 0.949- 157.0. 204.0 - 0.262 0.360
0.474 138.8 117.0 0.180 0.316
0.237 118.7- 72.5 0.128 0.271
Eu>t 2.002 147.0 383.0  0.418 0.407
1.502 139.4 296.0 0.344 0.389
1.001" 127.5 231.5 0.269 0.362
ca3t 1,528 151.3 270.0 0.347 0.416
1.019 140.7 199.0 0.271 0.389
0.510 1212 88.5 0.186 0.343
b3t 1.008 105.5 226.0 0.352 0.335
0.543 92.3 132.5 : 0.270 0.309
0.310 80.0. 44.0 0.193 0.273

0L



TABLE XIIT (Continued)

2
‘ 2 ' 16 ,dbesec”, . 2 3(C)
Ion Conc. xilO 6] ZﬂcIIlgMHz) A' x 10 G‘?;rff?} 8(Cc) x 10 (Final)
3+i — = — = - - == .
Dy 2.023 : 73.5 550.0 0.421 0.266
1.517 - 69.1 - 455.0 0.347 0.251

l.QlZ . . 6L.5. 358.0 0.271 0.231

IL



TABLE XIV

RELAXATION FREQUENCY DATA AT 25°

2
. 2 - . 16 ,db:sec 2 ®(C)
Ion Conc. x 107 (F) ZﬂcIII(}mz) A' x 10 (—_—cmf' ) 8(c) x 10 (Final)
3+ - :

Ce 1.617 114.6 283.2 0.335 0.489
0.980 105.3 227.5 0.247 0.455
0.490 92.5 149.0 0.169 0.406
prot 1.470 141.9 224.5 0.312 0.554
0.980 130.9. . 168.5 0.244 0.526
0.538 120.0 97.0 - 0.176 0.483
N3t 1.526 160.1 216.0 0.318 0.527
0.961 147.6 164.5 0.240. 0.495
0.508 129.4 92.8 0.170 0.449
smot 0.976 239.3 103.0 0.241 0,493
0.488 208.5 61.0 0.165 0.443
0.244 177.7 35.0 0.116 0.389
Fut 1.502 265.6 126.0 0.312 0.528
0.980 2484 98.5 0.241 0.500
0.500 218.5 51.2 0.167 0.454
cat 1.528 222.9 140.0 0.315 0.507
0.950 207.0 87.7 0.237 0.474
0.470 171.0 48.0 0.162 0.424

4



TABLE XIV- (Continued)

2
Ion Conc. x lOZ(F) 27 (MHz) A' x 1016 Gﬂlﬁﬁziﬁ 8(C) x 102 ®(C)
: cIIT cm .
' (Final)
3+ - '

Tb 1.500 172.7 . 167.0 0.312 0.466
0.998 157.0 129.6 0.244 0.439
0.499 133.1 65.5 0.168 0.391
py>t 1.517 116.0 269.0 0.316 0.455
0.970 . 104.2 166.0 - 0.242 0.425
_ 0.650 92.9 70.5 0f194 0.398
Ho3+ 1.536 72.0 380.0 0.320 0.374
1.076 66.6 320.0 0.257 0.352
.55.9 202.5 0.176 0.309

0.538

€L



TABLE XV

RELAXATION FREQUENCY DATA AT 45°

2 '
‘ 2 : \ ' 16 ,db-sec 2 e(C)
Ion Conc. x 10 (F) ZﬂcIII(M3;>.f A' x 10 ( = ,'), 8(c) x 10 (Final)
3+ | o | s
Ce 1.617 197.8 145.0 0.306 0.501
1.078 182.7 . 103.0 0.239 0.474
0.539 151.3 66.5 0.163 0.426
prot 1.470 234.2 124.0 0.286 0.534
0.980 212.9 95,5 0.224 0.507
0.490 182.7. 61.8 0.154 0.458
na3t 1.526 .. 265.6 115.0 0.291 0.608
1.017 240.5 83.0 0.228 0.582
0.508 215.4 51.0 0.156 0.533
smT 1.460 331.0 77.0 0.281 0.632
0.976 305.0 57.2 0.221. 0.607
0.488 270.0 31.7 0.151. 0.559
EuSt 1.502 364.9 74.3 0.286 0.618
1.001 - 341.6 53.6 0.224 0.592
0.569 304.0 37.1 0.164 0.553
ca>* 1.528 348.5 79.5 0.289 0.654
1.019 314.0 61.5 0.226 0.629
0.510 33.5 0.582

297.0

0.155

R 7



TABLE XV (Continued)

2
2. N : 16 ,db-se - 2 5(C)
Ion Conc.. x 107 (F) 2TTCIIIT(.M_EI.32? _ A x 10 (—_cm" : ) 8(C) .‘x 10 (Final)
3+

Tb 1.551 280.2 79.0 0.292 0.585
1.008 248.7 o 65.6 0.226" | 0.557
0.543 233.0 42.0  0.161 0.514
oyt 1.517 203.5 126.0 0.290. 0.581
1.012 186.5 98.0 . 0.227 0.555
0.506 166.4 57.5- 0.156 0.507

gt 2.048 138.8 234.0 0.354 0.574
, 1.536 128.7 200.0 0.293 0.556

1.024 123.1 141.0 0.230 . 0.530

174



TABLE XVI-

VALUES OF RATE CONSTANTS AND ASSOCIATION CONSTANTS AS FUNCTIONS OF TEMPERATURE.

-1

| o, -8 -8, -1 -2 ey
Ion Temp.( C) k34 x 10 “(sec ) k43 x 10 “(sec 7) K34 K23 K12 x 10 “(2/mole) KT x 10 “(2/mole)
ce t ag 0.98 0.37 2.65 1.55 3,91 2,44
25 2.65 0.68 3,90 1.62 4.31 3.85
45 6.26 1.15 5.44  1.67 4.88 5.74
pyot 5 1.46 0.58 2.54 1.58 3.92 2.59
25 3.08 1.03 3.00 2.16 k.32 4,17
45 6.70 1.32 5.06 1.97 4.89 6.32
Nt 5 2.26 0.57 3.97 1.14 3.93 2.62
25 3.94 1.06 3,71 1.92 4,33 4.35
45 6.72 1.75 3.83  2.64 4.90 6.74
smot 5 4.28 1.01 4.23  1.11 3.96 2.69
25 5.94 1.50 3.97  1.90 4.36 4,55
45 8.23 2.28 3.62  2.95 4.93 7.21
Ea>’ 5 4.36 0.99 4.39  1.10 3.96 2.75
25 6.45 . 1.86. 3.46  1.84 4.37 4.55
45 9.44 2.48 3.81  2.76 4.94 7.06
ca3t 5 4,12 1.07 3.86  1.23 3.97 2.77
25 6.37 1.48 4.30 1.78 4,37 4.55
45 7.76 2.49 3.11  3.21 4,95 7.03

9L



TABLE XVI (Continued)

Ion Temp.(oC) k,, x 10_8(sec—l)’ k,, x 10_8(sec_l) K K Klz‘x lo—z(l/mole) KT x_lOfS(E/mole)

SRR L Syt 1 34 43 34 23
3+ ' | |

b 5 4.10 0.74 5.55  0.86 3.98 2.65
25 5.21 1.07 - 4.85 1.51 4.39 4.32
45 7.08 1.70 4.16 2.38 4.96 - 6.61

py-t 5 3,45 . 0.39 8.77 0.58 3.99 2.65
25 4,04 o 0.85 4.76  1.44 4,40 4,08
45 4.96 1.35 3.68  2.35. 4.97 5,97 -

Hoo' 25 1.50 0.12 12.3  0.42 4.00 2,51
25 2.46 . 0.38 6.56 1.02 L4l 3.85 .
45 3.71 0.97 3.84 2,11 4,99 5.60

aEstimated From Graph. :

LL
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d (logvki.)

T - E,/2.303 R | (53)

Enthalpies of activation, AH*;rare‘calculated from

¥ = E_ - RT (54)

and. the entropies of activation,,AS*; by
as¥t = (ap¥ - achyr (55)

The activation parameters are listed in Table XVII.

From.plots of log K

12° 2

log K‘3} and .log K,, versus .1/T the indi-
vidual values for the change in enthalpy at 25°'accompanying each step

are determined from the respective}Slopesﬂwhich are'—AHij/2.303 R.
The plots of log kij_and log Kij versus 1/T are shown.in Figures 10-18.

The value of AHi ‘was ‘constant throughout the series at 0.97 kcal/mole

2
and this plot is not.shown. From equations (2), (3) and the values

for the‘Kij at 250, the;values of AG and AS may be .obtained. The

thermodynamic quantities obtained may then be.summed according to
Hess' Law to give the total change for each particular parameter. -
These individual values and their sums are compared with the values
determined calorimetrically in Table XVIII. .

Although there is considerable evideﬁce to support.a three-step
mechanism, it has been suggested that the data be treated by a two-
step mechanism in which steps I and II of equation (29) are.combined

into one step and are defined by one association constant, K This.

13°*



TABLE XVII

VALUES OF THE ACTIVATION PARAMETERS FOR THE REACTION Ln3'+H2‘0 S0 42_' — 150 42' + Hy0 AT 25°
Ion K*.x.lO5 Ea(kcal/mole) AH*(kcal/mole) AG*(kcal/mole) AS*(cal/molefdeg)
Ce3+
Forward 4.26 . m..8.lOv e . 7.51 5.96 5.20
Reverse 1.09 . 4,97 . 4.38 6.77 : --8.02
Pr3+
Forward 4.96 6.69 - . 6.10 5.87 0.77 -
Reverse 1.66 3.66" . 3.07 6.52 -11.57 -
Nd3+
Forward . 6.34 4.80 : 4,21 5.73 - 5,10
Reverse 1.71 - 4,95 4.36 6.50 . - 7.18
Sm3+
Forward 9.56 2,87 2.28 5.48 -10,73
Reverse 2,41 3.56 2.97 6.30 -11.17
Eu3+. ,
Forward - 10.38" 3.40 2.81 5.45 - 8.85
Reverse 3.00 4,01 3.42 6.17 - - 9,22
ca’t
Forward 10.25- 2,78 2,19 8.17 -20.06
Reverse 2.38 3.73 3.14 6.31 -10.63

6L



TABLE XVII- (Continued)

Ion K*'x 105 Ea(kcal/mole) AH*(kcal/mole) AG*(kcal/mole) AS*(cal/molerdeg)

Tb3+

Forward 8.38 .. 2.40 e 1.81 5.56 -12.58
Reverse 1.73 367 . 3.08 . 6.50 ~11.47
Dy3+ -

Forward 6.50 1.59 o . 1.00 5.71 . -15.80 .
Reverse . 1.36 5.41- . 4,82 - 6.64 - - 6.10

H03+

Forward 3.96 : 3.87 e 3.28 6.01 -~ 9.16

Reverse 0.60.. 8.90 8.31 - , 4,39 . —13.15_

08
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Figure 12. Plots of Rate Constants and Stability Constants
for Nd,(80,), Versus 1/T (°r).
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Figure 13. Plots of Rate Constants and Stability Constants
for Sm2(504)3 Versus 1/T (°K).
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Figure 1l4. Plots of Rate Constants and Stability Constants
for EuZ(SO4)3 Versus 1/T (°K).
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Figure_lS,' Plots of Rate Constants and Stability Constants.
R for Gd2(804)3 Versus 1/T  (°K). -
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Figure 16. Plots of Rate Constants and Stability Constants
for Tb,(50,), Versus 1/T (°K). '
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TABLE XVIII

VALUES OF STEP-WISE THERMODYNAMIC PARAMETERS AT 25° AS DETERMINED KINETICALLY

Inner Outer Ton Total Total

Ion Function® Complex Complex Pair (Kinetic) (Calorimetric)
3+

Ce AH 3.13 0.31 0.97 441 3.78
-AG 0.81 0.29 3.59 4.69 4.89

AS 13.21 2.01 15.29 30.5 29.1
prot AH 3.03 0.96 0.97 4.96 3,92
-AG 0.65 0.46 3.60 4.71 4.94

AS 12.35 4.76 15.33 32.4 29.7

nat A -0.15 3.69 0.97 4.51 4.15
-AG 0.78 0.39 3.60 4,77 4.96

AS 2.11 13.68 15.33 31.1 30.6

sm3t AE ~0.69 4.31 0.97 4.59 4,34
-AG 0.82 0.38 3.60 4.80 4.99

AS 0.44 15.73 15.33 31.5 31.3

Euot AH ~0.62 4,04 0.97 4.39 4.13
—AG 0.74 0.36 3.60 4.70 4.99

AS 0.40 14.76 15.33 30.5 30.6

ca’t AB -0.95 4.22 0.97 4,24 4,10
—AG 0.86 0.34 3.60 4.80 4.99

AS 0.30 15.29 15.33 30.3 30.5

06



TABLE XVIII (Continued)

a Inner OQuter Ion Total Total
Ion Function Complex Complex Pair (Kinetic) (Calorimetric)
3+ . .
Tb AH . -1.27 4.47 0.97 4,17 4.02
-AG 0.94 0.24 3.60 4.78 4.96
AS -1.11 15.80 15.33 30.0 30.1"
py>t AR -3.81 6.17 0.97 3.33 3.58
-AG 0.92 0.21 3.61 4.74 4.92
AS . -9,69 21.40_ 15.36 27.1 28.5
oSt AR -5.04 6.82 0.97 2.75 3.564
-AG 1,11 0.01 3.61 4.73 4.89
AS -13.18 22.91 15.36 25.1 28.3

8AH and AG in kcal/mole and AS in cal/mole/deg.

16
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model would presumably allow the direct calculation of K., from the

13
. . 58 , . o)

Bjerrum expression” if an appropriate value for a was chosen and

would require at most only two relaxation times to satisfy the mecha-

nism, The theoretical treatment of this model is entirely analogous

to the three-step model but involves expressions for the various quan-

tities which are less complicated. For such a model, the following

equations would replace.the corresponding ones in the three-step model:

[¢]

l/TI = 2ﬂfcI = k31 + le 8 (C) (56)
Yegp = 2nf g = Ryt [K 'i(i)e(c)] ka4
13
= k43 + 9(C) k34 (57)
KT = Kl3 1+ K34) (58)

This calculation was carried through on the data for samarium and
the resulting values applied to the other cations of the series which
were studied, namely, Ce(III) - Ho(III). The necessary modifications
were made to the programs used in.the first model. The procedure, at
each temperature, was to first select an a value of reasonable magni-

v o
tude to calculate a value for K The same a value was used to calcu-

13°

late y and therefore B and 6(C) in the iterative calculation and from
equation (57) values for ¢(C). The resulting ¢(C) and 6(C) values were

then inserted into the least-squares program to calculate k34, k43, K34

and to 'regenerate a new value for K The process was cycled,

13°

choosing different wvalues of g, until the difference between XK., from

13
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the least—-squares program and the Bjerrum value of K,, differed by less

13
o ) o o N °
than 0.05. The values of a at 5, 25, and 45 (6.21 A, 5.52 A, and
o)
5.08 A, respectively) obtained for samarium were then used, with the
correct cation radius, in the calculation of the rate constants and’

asscciation constants for the other systems studied. The values of

k43 were unchanged from the previous model while the values of k34 were
glightly smaller.
The purpose of the two-step model was to reduce, by K the num-

23’
ber of adjustable parameters needed in the kinetic solution. The rath-

er arbitrary value of K_, might very readily dominate the magnitude of

23

the AHOT from kinetics but more seriously might impose the wrong sign

on AH34. The rate constants, equilibrium constants, activation para-

meters, and the individual thermodynamic parameters for each step are

given in Tables XIX, XX, and XXI. Since k43 was unchanged the activa-

tion parameters for the reverse reaction were also unchanged and are

not repeated.

Volume Changes From Sound Absorption

As stated earlier, both temperature and pressure changes accompany
the sound wave but in aqueous solutions temperature fluctuations are
very nearly absent because of the small thermal expansion of water.
Thus, the energy dissipated is maiﬁly a function of the change in
volume, AV, Theoretically, therefore, sound absorption measurements
should yield the information necessary to calculate AV,

For any quantitative check of the theory of sound absorption based



TABLE XIX

VALUES OF RATE CONSTANTS AND ASSOCIATION CONSTANTS AS FUNCTIONS OF TEMPERATURE (TWO-STEP MODEL)

Bjerrum
o -8 -1 -2 -2
Ion Temp ( C) k34 x 10 “(sec ) K34 K13 x 10 “(2/mole) K13 x 10 “(&/mole)
Ce3+ 5 _____ ——-— D m—— D m———
25 1.95 2.86 9.97 10.68
45 4.97 4.32 10.79 16.32
prot 5 0.94 1,64 9.83 7.25
25 2,45 5738 12.32 10.78
45 5.58 4221 12.12 16.53
nat 5 1.28 2.25 8.06 7.28
25 3.05 2.87 11.24 10.83
45 5.90 3.36 15.45 16.63
SmoT 5 2.66 2.62 7.42 7.37
25 4.68 3.13 11.02 11.02
45 7.42 3.26 16.99 17.05
Euot 5 2.46 2.48 7.90 7.39
25 4.88 2.62 12.56 11.07
45 8.40 3.39 16.07 17.15
cadt 5 2.58 2.42 8.11 7.41
25 4,86 3,28 10.62 11.12
45 7.06 2.83 18.37 17.26

Y6



TABLE XIX (Continued)

‘ Bjerrum
0 -8, -1 -2 | -2
Ion Temp ( C) k34 x 10 (sec 7) K34. K13 x 10 “(2/mole) K13 x 10 “(2/mole)

ot 5 2.19 2.97 6.68 7.46
25 3.79 3.53 9.54 11.21 -

45 6.11 3.59 14.39 17.47

Dy3+ 5 1.41 3.60 5.77 7.48
: 25 2.86 3.38 9.32 11.26
45 4,32 3.20 14.20 17.58

H03+ 5 —_———— ——— —— e e e s
25 1.57 4,18 7.43 11.36 .

45 2.96 3.05 13.82 17.79
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TABLE XX

VALUES OF THE ACTIVATION PARAMETERS FOR THE FORWARD REACTION

Ln

3

50 50,20 —= 1a3ts0 2
~

2 4

4

T+ H,0 AT 25° (TWO-STEP MODEL)

Ion K¢ X 105 Ea(kcal/mole) AH#(kcal/mole) AG*(kcal/mole) AS¢(kcal/mole)
cet 3,13 8.83 8.24 6.15 7.01
prot 3.94 7.82 7.23 6.01 4.09 .
na>t 4.91 6.71 6.12 5.88 0.80
smot 7.54 452 3.93 5.62 -5.67
EuoT 7.86 5,37 4.78 5.60 ~2.75

3+
cd 7.82 4,43 3.84 5.60 ~5.90
3+
b 6.10 4.51 3.92 5.75 -6.14
py>t 4.61 4.91 4.32 5.92 -5.37
1ot 2.53 5.97 5.38 6.27 ~2.99
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TABLE XXI

VALUES OF STEP-WISE THERMODYNAMIC PARAMETERS AT 25° AS DETERMINED KINETICALLY (TWO-STEP MODEL)

_ a Inner OQuter . Total Total
Ion Function Complex Complex (Kinetic) (Calorimetric)

ce3t AH 3.88 0.75 4.63 3.78
-AG 0.62 4.09 4,71 4.89

AS 15.09 16.23 31.3 29.1

proT AH 4.16 0.92 5.08 3.92
-AG 0.51 4,22 4.73 4,94

AS 15.66 17.24 32.9 29.7
Na>t AH 1.77 2.86 4.63 4.15
-AG 0.62 4.16 4.78 4.96

AS 8.02 26.26 34.3 30.6

smo T AH 0.96 3.64 4.60 4.34
-AG 0.68 4.15 4.83 4.99

AS 5.50 26.13 31.6 31.3
Euot AH 1.38 3.12 4.50 4.13
—AG 0.57 4.23 . 4.80 4.99

AS 6.54 24,65 31.2 30.6

ca’t AR 0.69 3.60 4.29 4.10
~AG 0.70 4.13 4.83 4.99

AS | 4,66 25.93 30.6 30.5

L6



TABLE XXI (Continued)

a Inner Outer Total Total
Ion Function Complex Complex (Kinetic) (Calorimetric)

bt AH 0.83 3.37 4,20 4.02
-AG 0.75 4.06 4,81 4,96

AS 5.30 24,92 30.2 30.1

py>t AH -0.51 3.96 3.45 3.58
~-AG 0.72 4,05 4,77 4,92

AS 0.70 26.87 27.6 28.5
Hoo' AH -3.00 5.84 2.84 3.54
-AG 0.85 3.92 4,77 4,89

AS -7.21 32.74 25.5 28.3

8)H and AG in kcal/mole and AS in cal/mole/deg.
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upon pressure dependent dissociation reactions, it is helpful to know
the volume change upon dissotiation into ions for the complete reaction,
AGO. If sound is absorbed as a consequence of perturbing the dissocia-
tion equilibria, it should be possible to arrive at the same AV from
sound  absorption measurements as from the pressure dependence of the
diésociation éonstant. A?p is determined by the pressure.dependence

of the overall dissociation constant

3 in Km _Avo-

) = TRT

T,m

( (59)

9p

Because the mechanism consists of successive equilibria, the
volume change in any one step is necessarily coupled to the preceding
steps. The volume changes for the individual steps are therefore not
obtained directly from the experimentally observed maximum sound ab-
sorption but rather from the weighted sum of the individual volume
changes, AVij,\which are the differences between the partial molal vol-
umes of products and reactants for each step. Although molar or formal
units of concentration were used in this study they are nearly equal to

molal units for dilute solutions. The necessary relationships as de-

rived by,Tamm62 are

AV, = v, (60)
W = M, if_:zé"i"' AV (61)
12 21
\
W= AV, if—izgfir—-AvII (62)
23 32

For such a three~step mechanism Tamm62 has also shown that
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) _ BoRT 2 (mchemk)max 1 (63)
8.686 « C G +
° 1II

Vprr

where Bo is the adiabatic compressibility of the solvent as the fre-

quency goes to zero and

+ 1+K, e(c) [1 + K23] +
S T -1 -1, % (64)
1+ K,, [1+ K, 4 ]
+ .
GD is related to the expression GD
f-1
+ 1 9 &n T
G = G+
D
where ¢ is the degree of dissociation and-
c - C c
= (A s _AB,
GD = (C + G + C ) (65)
o ) o

Lny(80,), —> 2 1ns0,” + 50, (66)
then for the dissociation of the complex
Lns0, " = "+ 50, % (67)
the concentrations of the species are
2¢, (1 - 0) @ 20 + C (20 +1) (68)
Substitution of 2Coo, C0(20 + 1), and 2C6(1 - o) for CA, CB’ and CAB

respectively, yields



ioL

20 (202 - g =1)

G, = (69)
D (202 -~ 4o - 1)
and therefore-
2 gL
+ o 207 -40-1) 1 dfnm
6y = [ te T ino ] (70)

20 (202 - g =-1)

Combining equations (64) and (70) and substituting into equation (63)

glves
(v )2 _ BoRT‘ . 2 (achema)max .
III 8.686 m C0 ‘
-1 - -1
LrRy, "D+ R ] 02y o ,loma 7D
1+ Klz,e(c) [1+ K23] 26 (202 _o-1) O 3 n o
2,71 |

To a close approximation Bo = (pc?) where p is the density and ¢
is the sound velocity and thus B, = 4,46 x lO_ll ml/erg at 25°, All

other parameters are directly measureable or can be calculated using
the computer program in Appendix.B. The unknown quantities in.equation

(71) necessary to calculate,AVI are given in Table XXII along with

I1

the values of AVIII and AV34.



102

TABLE XXII
)
VALUES OF AVIII AND AV34 FOR LnZ(SO4)3 AT 25
3 3 in ﬁf

Salt Conc., F x 10 7 o ‘ irurya—— -AVIII -AV34
3+

La 8.80 0.0987 0.1119 19.1- 20.7
3+

Ce 9.80 0.1002 0.1107 19.6 21.6
3+

Pr : 9.80 0.0936 0.1062 20.4 22.7
3+

Nd 9.61 0.0912 0.1051 - 22,1 26.5
3+

Sm 9.76 0.0873 0.1021 22.3 26.7
3+

Eu ‘ 9.80 0.0871" 0.1020 23.7 28.1
3+

Gd 9.50 0.0886 0.1040 19.5 23.9
3+

Tb 9.98 0.0909 0.1048 20.3 24,8
3+

Dy 9.70 0.0971 0.1104 18.9 23.4
3+

Ho 10.76 0.0963 0.1069 20.2 25.0




CHAPTER V
DISCUSSION

Throughout the presentation of this investigation, it has been
présumed that the kinetic model is fully understood, the only justifi-
cation being in reference to other somewhat related systems. If this
mﬁ&él~is correct then the summation of the values for the various para~-
meters involved in each individual step should correspond to.the overall-
macroscopic values measured by calorimetryll’l3’21 or other convention-
al methods. This in itself would be a concrete test and would lead to
the adoption of the proposed mechanism for this system. In this dis-
cussion comparisons will be made which will illustrate the validity of
the three-step model. Conversely/a'number-of questions cannot be an-
swered at this time but must await comparable studies on other systems.

Basically the kinetic method demonstrates which species is pre-
dominant from a simple consideration of the step—wise‘épecifiCsrate.
constants and as such can be used to test the utility of the rules
based .entirely on macroscopic properties,.'It"fails,'however, to yield
any information on the detailed structure of any of the complex species
and one has to resort to other methods. Of these methods, spectroscopy, .
where applicable, is most informative, but by considering the trends in
thermodynamic parameters within a series of closely related catioms it
may. be possible to form some conclusions about ‘relative structural dif;

ferences.

103
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Calorimetry

The variation of thermodynamic properties-of complexes of the tri-
valent lanthanide ions-is not simple. 'Yétsimirskiil6mhas summarized
the possible variations-frem-a compendium-of experimental results.
Several explanationsAhave'been suggested ‘but the most accepted is that
a change in coordination number of the ecation occurs somewhere in the
middle of the series3. The experimental bases for this interpretation
are enumerated in the kinetic¢ section of the discussion. The relative
independence of the free energy of complexation of the monosulfate com-
plexes on atomic number might indicate that these complexes are an ex-
ception. However, the enthalpy and resultant entropy dependences would
confirm that the monosulfate complexes are in no way unique. The re-
sults compare favorably with those measured in a 2.0 M perchlorate
mediule'and‘with other values corrected to zero ionic strengthll:
only a few values lie outside the-'assigned error limits. More impor-
tant is the lack of similarity-when the-dependence. of enthalpy of. com-
plexation on atomic number is compared with a number-of complexes in
which the entering group is an organiC'liganda. The monosulfate com-.
plexes have a maximum enthalpy change raround samarium. The organic
ligand complexes, on .the other-hand, irrespective of the sign of the
enthalpy term, e.g. positive‘for'ﬁbnoacetates63'and'negative-for mono-

19’63,'paSS'through"a'minimum“around the members in the

glycolates
middle of the series. Plotted on'a common graph'the dependence for
the monosulfates is inverse to that-for the organic-ligands. It must

be presumed. that the change in coordination number prevails in the

monosulfate series but the question of what is the predominant struc-
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ture in solutipn has to be answered. ' The conclusion must be consist-
ent with the observed. trends- in the thermodynamic-:parameters with atom-
ic number or inverse cation radius- (since a plot of atomic number
versus inverse cation radius is nearly:linear the two are used.inter-
changeably).

It is now generally believed that a solution-of-ions which complex
will consist of.contact'ion'pairs'(inner'complexes) in equilibrium
with solvent separated ion pairs (designated outer complexes if sepa-
rated by‘only one solvent molecule or simply ion pairs if separated
by more than one solvent molecule). This is a consequence of the
multi-~step mechanism for complex formation4l, Free energy relation-
ships alone permit no definite conclusions to be made about the pre-
dominant species. However, 'a comparative analysis-of the signs of the
overall enthalpy and entropy ehanges during complexation have been
used for this purpose, especially for complexes of the rare earth ca-
tions. Typical of the criteria:are those due,tO'Moellerl which were
outlined in Chapter I. As previously mentioned there are many excep-
tions to these rules when-compared-with-the experimental results ob-
tained kinetically. As an example, the alkaline earth monosulfates
are predicted to be inner-sphere complexes from thermodynamics yet
kinetic results are indicative of only a 107% contribution from inner-
3

sphere species calculated from the-ratio kf/kb.

There is inferred in-these '"rules" a direct correlation between

the sign of the overall“changefin"énthalpy; AHg‘and“the change in en-
thalpy for the step in which the predominant species is formed, AHij,

From the kinetic studies of the lanthanide sulfates these have been
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confirmed to be‘innerasPhefé éoﬁpiexes34’35’36;‘iniagreement with

spectroscopic results?z, The-percent "inner- complex; which varies

randomly throughout the series, is of the order of 80% and is similar
to that reported for trivalentfchromium sulfate64. "In this case the
"rules" are'justified“but*the"en&othermic AH$'is-a consequence not of

‘a positive AH_,, but rather as a result of -a large positive enthalpy

34
change for the formation of-the-outer-sphere complexes,

Having established the structure to be predominantly inner-sphere,
it remains to explain the anomalous trend in the enthalpy of complexa-
tion relative to the other systems, some of which have been referred
to previously., In the regular series of alkaline earth monosulfates
and in the monosulfate complexes of the first row divalent transition
metal ions, exclusive of ligand-field-effects, i.e, Ca2+, Mn2+, and
Zn2+; the enthalpy of -complexation-becomes less favorable with de-
creasing cationic size3; Magnesium, for example, is considered to:
order several solvent layers in-excess of calcium, and on substitution
of a iigand for a water molecule in the inner coordination sphere re-
quires a greater reorganization of the solvent with-a concomitant in~
crease in endothermicity. ~Furthermore; the increase is linear with
the reciprocal cationic radiusg'provided,‘as*Duncan4‘hasvpointed‘out,
there is no change in coordinatien number.  If there was no.coordina-
tion number change within the rare earths, it is-believed that an
analogéus linear dependence-would prevail:throughout the series. (It
is relevant that the lanthanide contraé¢tion is .comparable, in magnitude
to the decrease in radius from calcium to zinc.) But because of the
decrease in cation size,: it is inferred that the heavy lanthanides

would have a lower coordination number  than the. light ones. If only
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one change in coordination number is assumed; the heat of complexation
would be expected to increase monotonically with atomic number within
each subdivision so that the smaller lanthanides would, like magnesium,
form complexes with a less favorable enthalpy-change.  Although this
is observed.for the early and late members of the series the trend is
reversed from europium to thulium.

Contrary to the suggestion of Choppin and DeCarvalhOZl, the de-~
gree of inner complexation, being random throughout, would not account
for the variation. It is proposed that, in addition to the deviation
from linearity resulting from a coordination number change, there is a
further deviation with-its origin in the ligand contribution to the
overall enthalpy change. This is contrary to the assumption that in
the consideration of complexes of a series of similar cations with a
common ligand that the ligand contribution is constant. More will be
said about this in the discussion of the step-wise thermodynamic para-
meters obtained from kinetics.

A plausible model which accounts for such a change is the forma-
tion of a "hemi-chelate", similar to that proposed by Grenthe in the
formation of lanthanide  complexes with glycolate63. It assumes that
the early members form predominantly-a unidentate complex, but after
samarium, hydrogen bonding between a sulfate oxygen and a vicinial co-
ordinated water molecule occurs to a larger extent such as is shown
in Figure 19. The resultant stable six-membered ring is formed when
the geometry, dictated by the cation-size, permits. This exothermic
change is supplemented by a reduced endothermic contribution as.a con-
sequence of a lesser reorganization of the solvent.

Consistent with the enthalpy change, the entropy also decreases
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t

Figure 19. Schematic Diagram of 'Hemi~Chelate' Structure
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from europium to thulium; once again-an-inverse trend with decreasing
radius compafed to Ca2+;"Mh2+, and Zn2+.3i The-loss of :free.rotation
by the water molecule and the-sulfate-ligand; together with the re-
duced solvent reorganization when the "hemi-chelate'" is formed, satis-—
-factorily explains the deerease in entropy observed after. samarium.

It is interesting to point-out that between'Y3+ and=La3+, the former
would be expected.to form-a cemplex with a less favorable enthalpy and
more favorable. entropy change,ibased only on cation size. From Figure

20, which gives the ploté of AGS ‘AHO, and AS% versus atomic number,

T? T

. . . oy 3+. L3+
it will be seen that yttrium occupies a position between Yb™ ‘and Lu
as would be expected from the cation radius. It may also be accounted
for by the "hemi-chelate" model if there is a coordination number

change between,Y3+ and La3+.

- Linéar Cortelation of ‘AH and AS 0f Complexation

When - AH is plotted against AS for the series a linear dependence

is observed (Figure 21).. The equation-for the line is
AH =-"- 4,11 + 0.270 AS (72)

within the experimental error limits-on AH. Some“authors65 have cited
this relationship as.indicative of a common structure for-all complex-
es in the series, or .conversely, the linear correlation will not be -
observed unless the species present arebidentical;"However, the co-
linearity is a consequence of "a restriction placed on the system by a
nearly constant AG and as such is no more informative than is the over-
all free energy change ‘alone with regard to structure.

From the Gibbs' Free-Energy’ (G.F.E.) equation, a linear correlation
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of AH and AS for a series of n'related reactions- (for example the
. lanthanide ions with a common-ligand) is an:obvious result if the AG
values for the reactiens are-zere “or:constant "and the slope of the line

is, by definition, "the teméerature‘T"(OK/lOOO)'i,e;‘AH’:= AG  + 0.298
n n

ASn, for a temperature‘of’ZSo;‘ In the real situation; however, there’

very often is variation‘in”AGn‘within the series. For the series of n

related reactions, therefore, in which-this variation exists, one can.
. X ’ o
construct, for each member; a-line of slope T ("K/1000) through the

individual‘AHnAand ASh values obtained by experiment and the corre=-

sponding intercept at ASn = 0 where AGn = AHn. When . the AGn values .

are zero or constant, the intercepts would be'coincident-and the vari-

ous AHn - ASn,values would fall on-a single line.

This is precisely the situation observed also by Mesmer and Baes66

for the formation of the LnF2+’complexes‘in that the variation in AGn

" for the series is small, The fact:that there is a wide spread in the

AHn values across the series-is-of:secondary importance. - From Table

XXI1I,in which a comparison-is-made between:the equations for the

G.F.E, or AHn_line and ‘the least squares, AHﬁS line, it is immediately

apparent that the relationship-is not limited to-a few cases. The de-
gree of agreement between:the slope-and intercept of each least squares

line and those of:the"AHh lines-is-an indication of-the relative vari-

o

ance.in the individual AGn values.

In every system in Table XXIII,with the exception of the lantha-

nide EDTA»complexes,'the'average'deviation in the-calculated;AHh is



TABLE XXIIIL

THEORETICAL-AND LEAST-SQUARES LINES FOR PLOTS OF AH VERSUS AS

Tonic -

A(DS), -

System “A(AG), A(AH), Maximuﬁ'ABsolufe Average Devia-
of 1:1 Strength, kcdl,  kecal. - cal/ Deviation in tion %n AH
Complexes - Equation of Line Mole/Liter Mole. Mole  Mole.deg. Ji\: P P calc.

Ln'Fluoride®® aH o = -2.83+ 1.0 1.29  5.56 22.9 0.43 0.22
0.257 AS
AHn = -4,50 + 0.87 0.36
0.298 AS
£98 A5,
AHMWBV‘= -2.38 + 0.50 0.19
0.246 AS
Ln"';EDTA3 AHLS = -12.84 + 0.1 5.39 . 3.03 19.5 1.46 0.58
0.149 AS
M= -23.47 + 2.75 1.45
0.298 AS
n
Ln*Diglyco-:
late> MH = -7.18 + 0.1 0.98  2.78. 8.7 0.60 0.18
0.292 AS
BB = -7.33 4 0.61 0.18

0.298 S,

ETT



rABLE:XﬁiéijCQoﬁtinued)

System :

Ionic : A(AG),V A(AH), A(AS), Maximum. Absolute Average Devia-
of 1:1 Strength, kcal. kecal. calf Deviation in 1 rage A§V1§
Complexes . Equation of Line - Mole/Liter Mole: - Mole Mole.deg. AMH.g1c -ton in.-L calc
Alkaline Earth b, = -1.87 + '
6 S , |
Formate 0.289 AS -0 0.07 2.87 10.3 0.07 0.06
AH = -1,91 +
E‘
0.298 ASn 0.11 0.07
Alkaline Earth AHLS< = -1.63 +
Acetate®’ 0.296 AS 0 0.12  3.23 11.2 0.07 0.06
AHn = -1.63 +
0.298 AS_ 0.07 0.06
Ln'Sulfate13 AH = =4,11 +
0.270 AS - -0 0.26 1.19 4.4 0.13 0.02.
AR = -4,92 +
n
O.298'ASn, 0.18" 0.05
21
Ln®Sulfate” AHLS = —4,41 +. ‘
0.438 AS 2.0 ”0.39‘ 0'69, 2.0 0.25 0.10
AHn’ = -1.69 +
0.298 A 0.22 0.07

vit



TABLE XXIII (Continued)

System Ionic A(AG), A(AH), A(AS), Maximum Absolute ... . .
of 1:1 Strength, keal. keal., cal/" Deviation in tYo. %e A§v1a.
Complexes - Equation of Line. Mole/Liter Mole Mole Mole.deg. TAV: S ton in Aiale
Ln-Acetateb3 AH o = -3.68 +
0.378 AS 2.0 0.63- 2,05 5.3 0.34 0.13
AH = -2.38 +
n
0.298 ASn 0.40 0.17
Ln'Propionatel AHLS = -3.45 +
0.360 AS 2.0 0.66 2,42 6.2 0.41 0.10
AR = -2.34 +
0
0.298 ASn 0.36 0.16
“Mg2+,’ca2+; "AHtS = -2.88 +
2+ 2+ S ‘ :
Mn™, Co~, . 0.280 AS 0 0.18 2,90 10.0 0.12 0.07
2+ A = -3,18 +
Zn.:”.(@ .t E .
SﬁlféEéB 0.298 ASn_ 0.18 ..0.06

STt
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probably still_Within{thé"errer'limits on'the experimentally determined
heéts and'a,good,comparison is:observed, For: the EDTA complexes3,
A(AG) = 5.4 kcal,/mole., and the scatter in the AH-AS data is such that
they can not be fitted to:a single straight line of any slope within
the experimental error limits in AH for all members.,

The alkaline eérth acetate367>and formate's67 are the two examples
whigh best illustrate the validity of the added constraint of a virtual-
ly constant AG. In both systems A(AG) is approximately 0.1 kcal./mole. -
and no extrapolation to AS = 0 is necessary, since values of AH are

both positive and negative. The-least squaresvand‘AHn lines give a.

nearly perfect fit to the experimental data-and the intercepts-are
equal to the average AG values.

Since. the linear correlation is contingent .upon:certain restric-
tions on AG and'éince AG tells us nothing about the structures.of the
éomplexes in soluﬁion,’then’conversely the linear dependence of AH=AS
should be independent of'the‘structural'préperties°of’the complexes.,

Therefore:inner—sphere’cemplexes;‘e;gq"LnSO +'and‘LnF2+, as well as

4
ion-pairs65; comply with the relationship. Furthermore, the case of
magnesium and . calcium acetates‘is‘most_striking'in that although AG is
constant, the signs - of AH: are opposite;-a:.certain indication of dis-
similar structures. The reason for the correlation is thus more fund-

amental than one of structure.
Kinetics

It was 'pointed out: by Purdieiand’-Vincent34 in their investigation
of the lanthanide monosulfate complexes- that some additional ‘insight -

into the complexation process might be obtained if-the thermodynamic-
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parameters for the cation desolvation step could be obtained from a
temperature dependence study.of the rates of complexation and the step-
wise volume changes could be compared with the volume change for the.
overall reaction determined in an independent study of the-pressure
dependence of the dissociation constant. From the results obtained at
25% it was apparent that not all.of the members could be studied over

a sufficiently wide temperature range. Thg-characteristic relaxation
frequency varies directly with temperature and those members whose max-
imum relaxation frequency values at 25° were close to 5 MHz, the lower
limit of the apparatus, could not be :studied at lower temperatures.,
Praseodymium and dysprosium are the real limits in the series for a,
study over the entire 40° range but the results for cerium and holmium
at only two temperatures are included. Although the results for these
two systems are subject to some scepticism they have been treated as.
being equally reliable to those cases where three temperatures were.

studied., The temperature coefficient of fc is sufficiently small-

ITI
that additional measurements within the temperature range studied were
considered unlikely to add anything to the overall accuracy of the cal-
culated values, |
It should be re-emphasized that in the kinetic analysis the over-
all association constants at 5° and 45° were calculated from a linear
van't Hoff isochore extrapolation and the rate constants are subject
to this same approximation., The same criticism can be leveled against.
the method ‘used to determine the;activation parameters and step-wise-
thermodynamic values in that a linear Arrhenius plot was.assumed.
Considerable attention has been.given to the detailed mechanism of

25,30

the individual steps involved in ion association by Eigen and his
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co-workers, In .particular,. they have shown that a constant value for
k34 is obtained. for Complexation of Mg2+ with a series of anions.such

as SO 2-,'Cr0 2-

4 L and S,0. 2- , i.e. that the complexation rate is inde-

273
- pendent of the entering group. This observation has been used in the
agsignment of relaxations to a particular step. Furthermore, the

values of k34 measured by ultrasonic absorption correspond closely with

the rates of exchange of labelled water molecules into the:inner co-.
ordination spheres of a number of paramagnetic ions, as determined by
Connick27bfrom nmr studies. There is much evidence to support the
theory. that the removal of a water molecule from the inner coordination

sphere . of the cation by an SNl elimination is the rate-determining

process of step III which, on the microscopic:scale, would become for.

this system

3+ _rate determiningy 1, (H 0)3+

Ln (H 0)

< fast

2...
+.
+ Hy0 fast (504" ) Ln(H,0) S0,
~ slow A

(73)

with a reduction in the coordination number in going to the transition
state. In other words the role of water exchange is of paramount im-~
portance in complex formation. Support of the proposed mechanism for
the systems studied here also receives direct evidence from nmr.studies

of the rate. of water exchange for G63+ in perchlorate medium40.- Mari-

anelli40 reports the rate of water exchange to.be 9 x._lO8 sec_l‘or

8 x 108 sec_l assuming nine and eight coordination, respectively. Both’

values are in excellent agreement with the value of k34 =6.4 x 108
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sec-‘-l for Gd3+ determined in. this study. In addition the activation
energy determined for water exchange40 of 3.2 0,3 kcal/mole and en-
tropy of activation of -7 % 4 eu. agree very well with the corresponding
values obtained‘from‘this study of 2,8 kcal/mole and -11 eu. Tempera-
ture dependence studies of .the second order ‘rate of complexation of an-

37,38

thranilate ~and'oxalate39 have.also been made by T-jump and P-jump,

respectively. The bimolecular rate constants - for both'systems are of
the order of 5 . x lO7 M_l’séchl'for Gd3+. " For gadolinium anthranilate38
the activation energy is. 8.5 kgal/mole.and'the entropy of activation is
+9 eu, while the corresponding values of the oxalate’system39 are 6.5
kcal/mole and -5.2 eu. Thus although the rates for the lanthanide sul-
fates are approximately one order of magnitude, greater than for the
other systems studied, the rates are in excellent agreement with the
rate of water exchange indicating that the rate determining step in the
mechanism is that of cation desolvation,

In the solid state all the  lanthanides may exist as either nona- or
octahydratess. It -is.a possibility, therefore, that in solution there
are two relatively stable coordination numbers for the trivalent lantha-
nide ions and, that the equilibrium ratio of one.species to the other
changes,progressively across the series. On the basis of changes in
the partial molal volume»atvinfinite dilution68, conductivities at in-

10’69’70’71, apparent molal heat capacities72,_heats of

finite dilution
, . 73 - . . . , 14
dilution ~, and B coefficients from viscosity data in aqueous, solution’ ",
it has been suggested that.a decrease in coordination number occurs
between neodymium and‘terbium. The decrease in coordination number is

consistent with the fact that:the ion size decreases across the series

and on a hard.sphere model a larger ion would accommodate more coordi-



120

nated solvent molecules. At the same time the total hydration number
would increase‘across. the series as the pelarizing power increases with
the decreasing cationic size. Froﬁ conductance data75 hydration num-
bers of 12.8 £ 0.1 (La-Nd) and:13.9 # 0.1 (Dy-Yb) were obtained and
from molar volumes?6 values of 9,0 * 0,5 (La-Nd) to 11.0 (Dy-Er).

Arguments based on variations in the stability constants for many
lanthanide complexes suggest a.coordination numbef change at gadolinium.
An X-ray study of EDTA complexes shows coordination numbers of 9 and 8
for the europium and gadolinium cqmplexes77, Powell angi'Rowlands78
have reported that complexation;;f lanthanides results in a change in.
coordination numbervatzgadoliqium or.europium. Structures for the

J

solvated lanthanide ion have been suggested from spectral measurements
of aqueous solutions containing europium salts79. From X-ray studies .
of concentrated erbium chleride solutions Bradyso'suggested a highly
ordered region of solvent about the lanthanide ion.: Thus there is
evidence which is consistent with both a change in the coordination
number of the solvated lanthanide-in the series and a highly ordered
solvent structure about the ion,

If it is assumed that a rare earth ion in solution may.exist 'in
an equilibrium between two .possible cooidination3numbers,.whére this
equilibrium may be sharply displaced toward a.lower.coordination number
below a critical ionic radius, the data may be qualitatively explained,
According to this postulate, the equilibrium between the possible co-.
ordination numbers favors the higherjcoordination1number for the. lan-
thanides between La and Nd; After Nd a displacement of this equilib-

rium toward the lower coordination number begins to take place that re-

sults in. the lower.coordination number becoming increasingly more"
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. favorable from Pm to around Tb, The ions from around Dy to Lu. have
essentially the same ‘coordination number,
In view of these considerations, assuming 9 and. 8 as:possible co-

o ‘ - +
ordination numbers, the rate determining step for La3 would be

3+ 3+ 4
La(HZO)g > La(H,0)," + Hzo. , (74)

and for Lu3+'

3+ W 3t A
Lu(HZO)S; > Lu(H20)7 +H,0 ‘ (75)

For Gd3+, a coordination number of 8.5 would mean a statistical distri-.

bution of 50% Gd(H’ZQ)g3+ and 50% Gd(H20)83+ and the two possible rate

determining paths

oy 3 3+,
Gd(H,0)5” + GA(H)0)g" +HO (76)

: 3+ 3+
Gd(HZO)s - Gd(H20)7 + HZO (77)

It is proposed that reaction (77) will be faster than (76) and also
faster than.either (74) or (75), since the postulate -of approximately

equal stability for Gd(Hé0)93+'and Gd(HZO)S3+ results in the relative

lowering of the activation energy for the elimination step. In general, "
an enhanced, rate of water elimination would be the result of two adja-
cent coordination numbers having similaf energy levels,

From the plot of log k34 versus atomic.number (Figure 22) a maxi-
mum around the middle of the series is seen for the lanthanide sulfate,

complexes. Evidence to explain this observed trend can be seen in

Figure 23 which shows. a minimum.in the activation energy as a function.

of atomic number around.the middle of the series supporting the previous
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ideas. The values for the ‘voelume change for step III, AV from Table

34°
XXII, also show a maximum,voiume change near the middle of the series,
perhaps indicative of the change in coordination number. Although it

is incorrect as a general proposition that: the reaction rates should
tend to parallel the equilibrium-constants, it -has been suggested that
for a series of reactions involving only a single mechanism, there is
some likelihood that the rate constants will vary monotonically with .
equilibrium constants81. The slope of such a plot is considered to be
an estimate of the degree to which the transition state resembles either
the products or reactants., It is proposed that -as the value of the
slope increases the transition state tends to more closely resemble the
products. For the lanthanide monosulfates a.plot of log k versus.log K
at 25é is iinear over the members cerium through holmium, Figuré‘245
with a slope of 5,6, Such a large value would again: indicate that-
elimination of water is the rate.determining step in:the mech#nism and
that, once this has been accomplished, formation of the.complex is very
fast. The departure from linearity for the last few members may be.a
result of the increased error in:calculating rate constants.and the
fact that two of the stability constants were.obtained by interpolation.
It is interesting that the correlation is linpear over thezpart of the
series where the change in AG is' greatest and where the change in co-
ordinatioﬁ number is presumed to occur. The rate constants have been
identified with the unimolecular desolvation of the lanthanide ions
which is the rate-controlling step in the multi-step complex formation
mechanism41;  Diffusion—controlled "encounter of the ions is much faster
with a relaxation time too.short to be observed by sound ébsorption in

the available frequency range. A dissociative or SNl mechanism may
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log KT

Figure 24, Plot of log k., Versus log KT for the Lan-

34
thanide Monosulfate Complexes at 25°,
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therefore, be in operation,»illustrating, as :stated earxlier, that with
these cations the .role of water exchange is paramount.

Figures 25 and 26 show the plots of AHij and AS,, versus.atomic

13-
number  for the second and‘third:steps. ‘Probably the mest important ob-
servations to be made are that the breaks in- the curves occur where it
has been proposed that there is:a coordination number change and.that.

the trends in these values do not follew the trends in AH;vand Asg‘asr

determined calorimetricallyl3. The dependences of AH,, and AS for

23 23°
anion desolvation,; also indicate that the ligand,contributionJacross
the series is not constant as has often been assumed,

Although data have also been presented which are based on-a two-
step mechanism, direct evidence for the three-step model has been re-
ported, Any poSsible.explanations:of‘the observed trends would.be
merely speculative at the present time.,. The number and,complexity of .
the contributing variables such as a change in coordination number,
change in the effective hydration number, changes in metal-ligand and
ﬁetalfwater bond strengths, effects of polarization of the water mole=
cules‘near‘the cation,’and“thevvariability in ligand contribution make"

any explanation improbable. 'The relaxation processes in.MgSO4 over the

frequency range‘lO5 t0'109 Hz43fhave'been observed and have been

ascribed to the three steps in the proposed mechanism. - Combining steps

I and II does not change the observed trends in AHij and*ASij_ve:suS.

atomic.number but only serves to make the values more positive, In
either case the summation of the step-wise thermodynamic parameters are-
found . to be in excellent agreement with the values obtained calorimet-

ricallleQ Since ‘direct.experimental evidence has been reported for a
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process ‘involving three relaxations, at .least for MgSO4,gthe three-step

mechanism isnprobably:torbe:preferred"over'theztwo—step,model;'

In his investigation of the MgSO4_system;Tamm43?62.hasfreported\

two sets of values for'AVij‘for'the three steps. In an early investi-

gation62 he reported the values:. "AV. = -10,. =14, -

12 = 0 ml/mole, AV

23

and -18 ml/mole, depending on.the method of calculation, and-AV34.=-—3

ml/mole. From the more recent .work in the GHzfrange43, in which the

three relaxation processes were distinguishable, values. of AVl2 = -18,0"

=+ 13.2 ml/mole, and AV,, = -3.5 ml/mole were calculated.

ml/mole, AV, 34

23

For the latter values the total veolume change; ZAvij~= -8.3 ml/mole.

agrees quite wéll with that of -6.4 ml/mole determined from the pres-
sure dependence. of the dissociation cOnstanth}f Assuming-tﬁe values of

AV., and AV

12 to be independent.of the cation, as the mechanism would

23

suggest, AV34“for the lanthanide sulfates may. be calculated from. the

equations derived at the end of Chapter IV. Using the second set.of

=v—1810 ml/mole "and AV =;+vl3;2~ml/mole,

values from MgSO4 where AV 23

12

AV34 = -20,7 ml/mole; The summation of the individual values of Avij

3

gives AVQ = -25.6 ml/mole for 8.80 x 10 ~ M La2(804)335. In view of

the necessary assumptions in this-calculation the comparison with the
average value obtained from a pressure dependence. study of the dissoeci-

ation constant of AV°»= ~25,7 ml/mole for 8.20 x 10'.-3

' 61
M La2(804)3
is remérkably good. Howéver, it should be noted that even with the

first set of values for MgSO4,a AV = -27.7 ml/mole is obtained, which

is stilibin excellent agreement .with the value obtained by Fisher and-
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Davis6l. The values of AV,, for the other rare earth ions have been

34
given in Table XXII. The larger volume change for the third step is.

probably reasonable since the sound absorption in the Ln2(804)3 salts

is much larger than for any divalent metal ion.

In summary, every experimental test made so far confirms the multi-
step mechanism in which the rate controlling step is desolvation of
the cation. Personal prejudice will enter when deciding between a two-~
or three~step mechanism but this is not. too important if indeed mean-
ingful. The most unsatisfactory result is to be unable to contribute
any new information which could be used in-the assignmént of coordina-
tion numbers,

In order to explain the dependences of the thermodynamic parameters
for the individual steps it will be necessary to remove the contribu-
tions of several variables such as the change in.coordination number,
change in effective hydration number, relative strengths of the metal-.
water and metal-ligand bonds, polarization of the water molecules by
the cation, and the variability of the ligand contribution. Other ex-
perimental .studies which might aid in this respect are the replacement
of H20 by DZO in a temperature dependence study of the rates of com-
plexation of the lanthanides with sulfate and temperature dependence

studies of the complexation of sulfate with Ca2+, Mn2+, and Zn2+ and

with Mg2+, Sr2+, and Ba2+. Entropy titrations at other temperatures

might also be helpful in determining values of KT'and AH directly

rather than by graphical methods. Extension of the frequency range
of the ultrasound gear.would allow measurement of the temperature de-.

- pendence, of the rates of.cdmplexation for ‘those salts whose maximum
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. s o ..
relaxation frequencies at 25 are near the present frequency limits,
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Ceaveasase THIS PROGRAM CALCULATES THE DEGREE OF ASSOCIATION OF THE VARIDUS
Ceses s LANTHANIDE MONOSULFATE COMPLEXES AS DETERMINED CALORIMETRICALLY.
CoesessTHE CALCULATED VALUES OF THE CONCENTRATION OF THE COMPLEX ARE TO BE
CuosseoDIVIDEDED INTO THE NUMBER OF CALORIES CHANGE OBSERVED IN THE REACTION
CeeoesAND THIS QUITIENT [S THEN DIVIDED BY THE VULUME IN THE DEWAR FLASK.
Cessoo THE RESULTING VALUE IS IN KILOCALORIES/MOLFE AND MUST BE CORRECTED FUR THE
CeveesHEAT OF DILUTION OF THE SODIUM SULFATE TITRANT WHICH IS 0.65 KCAL./MOLE,
C AR R R R R R R R AR R R Rk A rkr ek e e r ko ok Rk ko o e ek
[«
DIMENSIDN GAM{3)4Z(3),T{3)4ARG(2)
REAL NITRAT
WRITE{6,104) :
104 FORMAT{1H1,48Xy $PROGRAM TO CALCULATE THE DEGREE UF®//39X,*ASSOCIAT
1ION BY REPEATED APPLICATION OF DAVIES EQUATION®//60X,tD, P. FAY*}
Ceavoss? IS THF CHARGE 0N THE RESPECTIVE IONS.
READ{5,99)1{2(1},1=1,3)
99 FORMAT(3F3.0}
N=0
Coeae s ARGENAME OF SALT, DISK=ASSOCIATION CONSTANT, C=TOTAL CONC. 0OF LANTHANIDE,
CeaesaC2=TOTAL CONC. 0OF SULFATE.
1 READ{S5,100}ARGy DISKs C, C2, SODIUM, NITRAT
100 FNRMAT{2A3,5{F8.2,42X)}
IF{DESK*C.EQ.N.0} GO TO 90
G=C
G2=C2
ALF=1.0
5 N=N+1
WRITE({6, 107)N, ARG
107 FORMAT{1HO,*CALCULATION NUMBFR?,13,10X,*SALT OF ¢, 2A3}
NO 2 J=14+3
2 GAM{JI=1.0
WRITEL6,105) DISK, C : ]
105 FORMAT(LHO, *ASSOCIATION CONSTANT? ,2XEL16.8¢2Xy *MOLES/LITERY//1Xy ]
INITTAL CONCENTRATION® 42X E16.8+2X, *MOLES/LITER//)
WRITE({6,106}) .
176 FORMAT(4HO N;OX,*COMPLEX® 415X, tPI(F}t,10Xy*IUNIC STRENGTH!',8X,*LA
INTHANIDEY y 10X, *SULFATEY 412X, *CONC. COMPLEX?)
K=0
3 K=K+l
Coeoss THIS PART UF PRUGRAM SOLVES THE QUADRATIC EQUATION.
CeanssALF IS THF DEGREF UF DISSOCIATIUN
PAL=ALF
A=DISK*GAM{2)}%GAM(3)
B=({DISKAGAM{2) *GAMI3)®{C+C2))+GAM(L ) )=(-1.0)
R=DISKXGAMI2 )% GAM{ 3} %C*(C 2
DS=B%%2 -4 ,O%AXR
[F{DS)30,17,10
30 WRITEL6,4101}
101 FORMAT(1HOs*THE VALUES APPARENTLY APPLY TU A COMPLEX QUADRATIC EQU
IATION - ~ HELP'///77)
G TO 80
LD ALF={=-B=-SQRT(0S}}/{2.0%A}
[F(ALF,GF,C2) GD TO 12
[F{ALF) 12,13,13
12 ALF={-B+SQRT{NS))/{2.0%A)
IF(ALF) 30,13,13 ]
CoaaseeT{L)yT{2),AND T(3) ARE CONC, OF COMPLEX, SULFATE, ANO CATION RESPECTIVELY.
13 T({1)=ALF
T{2)=G?~ALF
T{3)=G~ALF
DI={SODIUM+NITRAT}*0,5
neo1s =143
15 DI=D1+2{3)=x2%T(J)%0.5
B1=SQRTE{NI)
PI=GAM{2)%GAM{3)/GAM( 1)
WRITE(64200) GAM{1), GAM{(2), GAM{3}, A, B, R, DS, B1
200 FORMAT(1HO,8(E10.3,2X))
WRITE{65102) Ky ALE, PIy D1, T3}, TL2}, T{1}
102 FORMAT{LHO,13,6(4X,EL6.8))
111 IFIABS{ALF-PAL}.LF.0.0001%ALF} GO TO 79
CeeessTHIS PART OF PROGRAM DETERMINES THE ACTIVITY COEFFICIENTS USING DAVIES FQN
DO 20 [=1,3
20 GAM{I}=EXP{{0.5092%Z({ [ )*#2%({B]/(1.0+2.915%B1)}-0.3%D¥})*
1{-2.302585)}
GO TO 3
79 WRITF{6,103) Ky ALFy PI, D1y T{3)}, T(2), T}
103 FORMAT{LHO,*FINAL ANSWER*//1Xy13,6(4X,EL6.8)//)
80 GO TO 1
90 STOP
END
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PROGRAM T0) CALCULATE THE DEGREE OF NDISSUCIATIUN USING DAVIES CQUATION

REPEYITIVELY AND OTHER QUANTITIES REEOED FOR THE EVALUATIUN OF THE
KINETICS OF THE SYSTEM,

THIS PROGRAM REQUIRES TWU DATA CAROS. ONE TO INITIATE THE CHARGES OF THE
SPECTES FOR ALL THE DATA TO BE EVALUATED, AND (INE DATA CARD VO RFAU fHE

VALUES UF A DERYF~HUCKLE ;B UEBYE-HUCKLE,A(NOUGHT) -~ YHE D{SIANCE OF
CLOSEST APPRUACH,K{12) AND Kt23}. THE SUCCEEOING CARDS ALLOK A B
CHARACTER LABEL AND THEN THE VALUES OF THE DISSOCIATION CONSTANT AND
CONCENTRATION OF FHE SALT.

Ly T R R R Y TR T

REAL ki,KIl
DIMENSTUN GAMU3) 20307030 ARGI2)

9% FORMATUIFI, 0)

100 FORMAT {244, 2XcE1N.3,10X,E12.3)

DL FORMAT LMD, 09M THE VALUES APPARENTLY APPLY TO A COMPLEX QUADRATIC &
TOUATTUN ~ - HELP///7)

192 FORMATIIHO, I3 ,6¢4%,Flb.81)

N3 FORMATELHO, 1 2ZHF INAL ANSWERZ/1X,13,614X,E06.8)77)

194 FURMAT (1ML ,48%,34HPRUGRAN YO CALCULATE THE DEGRFE NF//39X,59HD1SSO
LCEATION BY HEPEATED APPLICATIUN OF DAVIES EQUATIUN//60X, L4HDUUGL AS
2 P, FAY)

105 FORMATEIHO 3 21HO ISSOCTATLUN CONSTANT (2X,ELAL A, 22X, LIHMOLES/LITER/ /22
Lt INLTHAL CONCENTRATIANG2XyEL164A 42X,y LINMOLFS/LITER/)

196 FORMAY (440 Ny TX, L3IHOFG UF DISSUCSLLIXySHPTIIF ) ¢ 10X, L4HEONIC STRENGE
IHy6X o L4HCUNC OF LNI+31,6X  L4HCUNC OF SULFAT, 6%, 1SHCONC UF COMPLEX)

L7 FURMATIIHO, JAHCALCULATION RUMRER , 13 JOX, 3HSAL T UF ,2A4)

RROTTEN WY NDANIFL L 1YCHENSKRY--CURRFCTED BY DOUGLAS FAY--10/30/68.
PROGRAM CONVERTED T( $/360 1 NOVEMBER 1Y68.

WRITE GO, 104)
RFAD CHARGFS 0N JONS
READES 49900201 012140

READ-VALUF OF {A) ANU (H) IN OFHYE-HUCKLF [HEURY AS ADH ANE BOH.
WEAD 4 SYUPFRSCRIPT ZERD AS ANOT AND KUL2) AND K{23) AS K1 AND kI,

2 READLG 15D AUHGHDIG ANOT oK Ly K LD, TEMP
E50 FORMATIIIFG.6 048 i E903,6X 28Fheb,0X))
N=D)
DISK=0,0
C=0.0

HEAD DATA CARDS FUK LABFL, DISSUCTATION CONSTANT AND CUNCENTRATIUN.

1 RFAD (4 LODIARG DISK, G
TEIDESK.ER.N0NE-00) GO TO 200
FEADISKAC,TR.N 2160 TO 90
ALF=1 N
5 N=N+1
WIYTE LG LOTINARS
noo2 gz,
2 GAML =1L
WRIVE Lo, 105 EDESK,C
WHITELH LSV AUNGRDHANUT oK K11, TEMP
190 FURMATEIHO, LSHA DIBYE-HUCKL Foah X L5HE OEBYF -HUCKLE= F b h 4% ,8
PHAMOUGHT = b 09 Xy 6HKIT2 1= F 90 14X 0 KA 2 3 =4 Fa 40X, SHTEMP =, FT.04)
WRITE {6, 1006)
K=0
b K=K
PAL ALY

CALCULATE ALPHA = ALF (UEG. MF DISSUC.) USING QUABKATIC tQUATIUN,

SOSTSGAMIZ) *LANE YY)

GAMEZ 33 GAM L) #CeGAMLE ) oD 19K

SGAMOLICTSK)
1BS=Ree)-4 NeARR
sy sa, 1, 1o

AT A TR SN
(TR NS L TH

JOALE = L-R-LRTLOSHIZ (2,044
TFAALEDL2013,03

1 ALE={-teSUrRTLUSYI/AL2.0%a0)
TEAALT 30,138,108

TULITL2), 1030 ARF CONC. OF CATIUN, SULEATF AND COMPLEX RESPECTIVILY.

3 VL) =2.0¢Cet 1 0-ALFD
TEed=Co{2.0¢ALT 4,00}
FOdt=2.0%ALFR(
Bi=n,0
O 1% Js1,3
P nl=nle200)ex2€0{ ])*0.5
Brasuertor)
PLzGAMIZ L EGAME )/ GAME L)
WRETE 6  LOPIRGALE P DL L3, T2, T
FEUABSTALF-PALY,LEEL0.00)) GO TD 7%
DO 20 12,3
20 GAMULIEEXPLLADNS 2L D022 ) 6L (R1/ (1 0¢BOsANNTHR 1)) =N 3801
le{-2.30/%8%1)
[ N
19 ARLTU LA ID3IK ALE P LD TS 12D, TH 1)

AR AND BB CALC, DIFF=PARTTAL N PIEF) W.RT. PAKTTAL LN ALPHAL

AASEL? OAUNZ L2, 0281¢0) JO¢BDHRANGI L J4e2} {12, U*ADHFO, 3))
Pel-2,.3025495)
Bl 0eAL e
BifE =AGRHY
THETA=PLOC*L (A OCALF# L ON 12, 0%ALE ¢1.0) D)
FEECE=THETAZ LUK L eRII I (L ORI )*THETA)
WHETE LGy 109 PAA OIFF Tt FAFEECE

10 FORMATLLHD, LOK ,BHAA = LEF6 899K, THDIEE = bl 49X, 8UTHETA =
PEdaanA X BffeCF = 4E16.,8///)

90 GO o1

0 LAt Exil
£fD

FEAIIURRIHPERIN IS REIBIRIINNE

139



APPENDIX C

140



QOO DU HWN -

—

12

13
14

15
16
17
18
19
20
21
22
23

24
25
26
27

28
29
30
31
32

33

35
36
37
38
39
40

41
42
43
44
45
46
47
48
49
50
51
52
53

= NaEaNal

99
1
2
3

4

5

6

100

141

PROGRAM TO CALCULATE RATE CONSTANTS AND STEP-WISE EQUILIBRIUM

CONSTANTS USING LEAST SQUARES TECHNIQUES.
LR R P e Rt R e S P S Rl R e I R L R I e L R R SRS i ] L)

REAL K43 ,K34,K324K234K214KT9K32EST

KOUNT= 0

READ{S5,1}SALT, TEMP

FORMAT(A242X¢F4.1)

READ(5,2)FEC1,FEC2,FEC3,THETA1,THETA2, THETA3.K21'KT

FORMAT (3(F6.492X)931FE10e4942X)9E943,2X4E.3)
READ(5+3)AL9A2,A3,PIFL,PIF2,PIF3,K32EST

FORMAT{6(F5.142X}sFb.4)

WRITE(6,+4)

FORMAT({1H1,32X+ "PROGRAM TO CALCULATE RATE CUNSTANTS USlNG LEAST SQ
1UARES TECHNIQUES®*///7/})

WRITE{6,5)SALT s TEMP,KTyAL4K32ESTyA2,K214A3

FORMAT(1HOT324 *SALT =04 A2,T66,"TEMP =*,F4.,1//T32,*KT =*,E10.4,T66
LyPAlLl) =%4F10.4//T32, K32(EST.)="9ELO0.4sT664"A(2) =1 EL0.4//T732,'K
221 ='4E10.4,T664%A(3) ='4E10.4)
WRITE(646)THETAL,PIF1,THETA2,PIF2,THETA3,PIF3
FORMAT([HO,TB?,‘THETA(I)—"EIO 417664 2PIF(1)=2,EL0.4//T32,* THETA(
12)=2E10.4,T664*2PIF(2)=4E10.4//T32,"THETA(31="4EL0.4+T66,*2PIF(3
2)=1,EL10.4/)

WRITE(6,9)FECL+FEC2,FEC3

N=3

SUMA=AL+A2+A3

SUMASQ=AL*%2+A2%%2+A3%¥2

SUMPIF=PIFL+PIF2+PIF3

SUMPI2=PIF1**2+PIF2¥&2+P [F3%¥2

SUMFEC=FECL+FEC2+FEC3

SUMAFE=AL*FECL+A2*FEC2+A3%FEC3
SUMPFE=PIF1¢FEC1+PIF2%¥FEC2+PIF3#FEC3

CeeessLFAST SQUARES ROUTINE FOR PLOT OF FEC VS. A

[
c

c
c

SUMFEC=N *C1l+SUMA  *C2
SUMAFE=SUMA*C]+SUMASQ*C2

QUOTA=SUMA/N
C2A={SUMAFE-QUOTA*SUMFEC )/ (SUMASQ-QUOTA*SUMA}
IF(C2A.EQ.0,00E-00) GO TO 999

Cl1A={SUMFEC~ SUMA*CZA)/N

FECA=C2A%¥A+C1A

WHEN A=0.0, FECA=C1A

CeeeesLEAST SQUARES ROUTINE FOR PLOT OF FEC VS, 2PIF

c
c

[aNeNe]

8

7

SUMFEC=N ¥CL+S5UMPIF*(C2

SUMPEE=SUMPIF*CL+SUMPI2%*C2

QUOTP=SUMPIF/N

C2P={ SUMPFE-QUOTP*SUMFEC)/{SUMP12-QUOTPASUMPIF)
CL1P={SUMFEC~-SUMPIF%*C2P} /N

WRITE(6,8)1C2A,C2P,C1A,CLP

FORMAT(LHO»T32,'C2A =%9E11.4,T664'C2P =" ,EL1L44//T32,°C1A =*,Ell.4,
LT66y 'CLP =',E1L1.4//77)

FECP=C2P*PIF+(ClP

WHEN A=0, FECP=FFCA=ClA, FECP=SK43

SK43=BACKWARD RATE CONSTANT, SK34= FORWARD RATE CONSTANT-- [N MHZ,
SK43=(Cl1A-C1P)/C2P

SK34=1.0/C2P

K43=5K43/5K34

K34=1.,0/K43

K32=(1,0+K43)/(K43%(K21*¥KT-1.01})

K23=1,0/K32

WRITE(647)SK34,SK43,K349K43,4K23,K32 :
FDRMAT([HO,T?Z.'SK34 =t4Ell. 4'T66.'SK43 =V4EL1.4//T324'K34 =¢, E1l

1,49T669'K43 = 0,E11e4//T324%K23 = "WF1l1.49T66,'K32 = *,EL1.4)
IF(ABS(K32-K32EST).LE.0.000L) GO TO 900
K32EST=K32

FECL=THETAL/(K21%K32+{1.0+K32)*THETA1}

" FEC2=THETAZ2/(K21%K32¢{1.0+K32)*THETA2)

900
999

FEC3=THETA3/({K21¢K32+{1.0+K32)*THETA3)

WRITF{6,9) FECLl,FEC2,FEC3

FORMAT{LHO¢T24, *FECL="4El}. 4.10X.'FEC2"'E11 4910X,"FEC3=1,E11.4)
KNAUNT=KOUNT#1

[F(KOUNT.GT.20) GO TO 900

GO TO 100

GO TO 99

CALL EXIT

END
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