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PREFACE

This study‘was done in snswer to a criticism of a paper on ultra-
sonic abgsorption in the lanthanide sulfates by N. Purdie and C. A.
Vincent. The srgument that the absorption of the lanthanide sulfates
is a cation dependent process cannot be concluded until a study of
anion dependence is done. The nitrates of the lanthanldes are studied
and compared with the corresponding sulfate.

Uranyl sulfate and uranyl nitrate are studied to determine whether
the relaxations observed are due to complex formation or hydrolysis.

I wish to express my gratitude to Professor N. Purdie, research
adviser, for his invaluable guidance, patience and confidence during
the preparation of this thesis. Thénks are due Mr. Douglas P, Fay who
prepared the sulfates of the lanthanides for this study. I also wish
to thank Dr. T. E. Moore for aid and assistance during the course of

my graduate work at Oklahoma State University.
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CHAPTER T
INTRODUCTION

The properties of agueous solutions of electrolytes depend, for
the most part, on ion-water interactions as described in the model
1
of Frank and Wen . The ions at infinite separation are surrounded by

three concentric regions:

Figare 1. The Hydrated Ion

y



a primary or inner sphere (a) of strongly bound water molecules, a
second sphere (b) with water molecules still ordered to some extent by
electrostatic forces of polarization and & third sphere (c) having
water influenced only slightly by the presence of the ion and essential-
ly resembling the structure of the pure solvent. At short interionic
distances the coulombic attraction of ions of opposite charge can
bring about substitution of ions for solvent molecules in the first
and second hydration spheres. The species produced are called ion
pairs, outer ion pairs if solvent molecules exist between the ions and
inner ion pairs or complexes if the ions are in contact. Studies of
the thermodynamics of ion pair formation by classical methods such as
conductivity measurements, spectrophotometry, polarography,
potentiomentry and solubility measurements have been unable to dis-
tinguish between these species.2 This is not unreasonable since,
using the present model, the species existing in equilibrium could not
be resolved due to the complexity of the system, Figure 2.

Two processes are involved in the first step between states 1 and
2. TFirst, the free hydrated ions approach each other to within the ap=-
proximate dimensions of their ionic“:tmospheres, and second, there is a
rearrangement of ions and molecules within the ionic atmosphere to give
structure 2. The second step is the loss of a water molecule from the
primary coordination sphere of the anion. The anion has three modes
of interaction with the water molecules of the cation. The anion may
interact strongly with one hydrogen of a water molecule in the primary
hydration sheath of the cation, or with two hydrogens on either the
gsame or two adjacent water molecules. At any one time the three

structures are in equilibrium with one another. The third step is
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Figure 2. Mechanism of Ion Pair Formation

the replacement of a water molecuie from the inner coordination sphefe
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 neutralizatioﬁ
and this gain in entropy is very often the prineipal contributing
factor to thermodynamic stability. This is particularly truwe in the .
case of unsymmetrical electrolytes in which the various states have a

net charge.



If the equilibrium constants for the various reactlons in the

mechanism are KI, KII‘and KIII’ then the overall stgbility constant K&

can be shown to be

i == A s e

Ky = (1)
KIKIIKIII

As a consequence, the structure of the complexed gpecies present in
solution can not be identified by the overall étability constant. The
utility of the conventional approach is limitea to situations wherein
the anion, for example, is kept constant and the change in Ké for a
series of complexes with similar metal ions iz & funection of the
cationic properties and therefore of KiII° It is apparent from
equation (1) that a simple relationship does not exist between the
various equilibrium constants and consequently, extreme caution must
be used in drawing conclusions about the predominant species in solu-
tion from stability measurements alone. If heat and entropy data are
available, the conclusions are more Justified.

The only route to the evaluation of the individual eqguilibrium
constants is by kinetic messurements. Equilibrium is reached very

rapidly and the problem is amenable only to modern relaxation methods.

The complete mechanism, rewritten to introduce the rate constants
kip '
+ 8= m+ RN - L
M (aq) + A" (aq) Z2M (8,0)(H,0)A
k21

k32 k23 ()
( “3
m-a )+ m4
Hao + MA T>M (Heo)A +HO



shows & dependence of KIII = k3h/kh3 on the ratio of Fbe concentra-
tions of inner to outer complex.

Evidence indicates that the rate determining step of the mechanism
is indeed step IITI. Supporting this are several theoretical considef-
ations:

(2) If the rates of diffusion of the aguated ions, to within

two water molecules of each other, are caleculated from the
theory of diffusion controlled reactions, the relaxation time
should lie in the order of 10°9 seconds. ?

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

(¢) The waters coordinated to the cation should be held more
strongly due to the large surface charge on the cation result-
ing from the small ionic radius.

Experimental evidence for the correlation ef the slow step with

step IIT is exhibited by the dependence of the rate én the cation for

8 series of gimilar 1l:1 and 2:2 electrolytes.3 Sulfate, EDTA and NH3
complexes of Cu, for example, are formed at nearly the same rate.3

D20 studies of complexation show no dependence of OH bonds on the
observed relaxations.lL That the rate constants are directly related

to step IIT has been confirmed by Connick5 in & number of studies using
Oll7 labelled water in NMR studies of water exchange rates in the
‘transition elements. The rates obtained are related to 17OH2 molecules

entering the first coordinstion shell of the paramagnetic cationse.

The rates - of water exchange for the divalent ions when compared with



Eigen's3 values for the rates of formation of inner -  gulfate ion pairs
show a fairly close parallelism.

Since the substitution rate is apparently independent of the
nature of the entering ligand, the metal to water bord must be broken
prior to the arrival of the ligand st the coordination site. Such a
mechanism is designated SNl. This explanation is consistent with the
observation that the slow step is cation dependent.

. The rates of complex formation of the alkall metals, the alkaline
earth metals and the transition metals closely follow changes in
electronic gtructure. bThis can be seen from the plots of log k3h vs
1/r for the alkali and the alkaline earth metals which give a linear

rate dependence, as would be assumed for ions of noble gas configura-

tion. For the transition metals the rates follow the effects of ligand

- fleld stabilization as seen in Figure 3.

| L 1 | |
1.0 1.1 1.2 1.3 1.k

l/r(i"l)

Figure 3, log k3h vs'l/r for the Transition Metal Series3



The ligand field effects on the stability of the trivalent rare earth
complexes and on thé rates of ligand substitution are considered small
because of the deep penetration of the Lf electrons into the electronic
atmosphere of the ion-~-a ﬁaximum of 10% contribution‘to the stability
has been suggested by Dunn.6 It is reagonable, therefore, to expect
them to behave like the alkaline earth metals because of their pseudo-

noble gas configuration. That they do not, Figure k4,
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Figure 4, Log k3h vs 1/r for the Rare Earth Metals (from Geier7)

has been attributed to a change in hydration or coordination number of

: 8
the series. Entropy studies by Yatsimirskii have shown & range in



the lanthanide series where the entropy of complexetion changes
abruptly and it is possiblé to associate this with two forms of coordin-
ation which differ with the atomic number of the metal.

There is at least one exception to the independence of the slow
step on the nature of the ligand. This arises in hydrolysis reactions
where, depending upon the pH, the "entering" group will be either a |
hydroxide ion or a water molecule. If the rate of substitution of
water 1s slower than the rate of proton transfer from the primary
coordinated water to the "entering" group, then the rate controlling

) 9,10
step inbasic medium will be:

H

+ - -1)+

M“l———o< + =2 n— o L g 40 (3)
H .

and in sn acid medivm:

H (m-1)+
+ v n +
ME—0{  +H,0zZ=2NM—0H + HO b
GRELE = ] )
-Hydrolysis' : reactions can complicate studies of complex formation
_ egpecially when the cation is relatively small and highly charged, for

3

+ ; - 3+
example A13 R Be2+., Fe” , U(VI), and in particular when stable

polynuclear complexes are produced.
General Theory

In 1950 relexation methods for studying rapid reactions in solu-
11
tion were introduced by M. Eigen., The principle of these methods is
the variation of some external parameter of s system at or near

equilibrium. The parameters varied can be temperature or pressure.



For example, if the chemical equilibrium is temperature dependent, the
concentrations will all change from their equilibrium values at Tl to

their respeetive values at T.. The rates at which the concentrations

2
change from one eguilibrium state to another is a conseguence of the
kinetics of the opposing reactionas. Any type of perturbation can be
used if it causes a measurable change in coneentration from some
arbitrary reference state; examples are step-function perturbations,
periodic perturbations and pulsed perturbations.12

Four felaxational methods have been used extensively: tempersture
jump, pressure jump, the II Wein effect (electric field jump) and
ultrasonic absorption. In the present study pulsed ultrasound‘was
used. |

Relaxation methodshave a unique feature. Since the deviations
from an equilibrium state are very small, the kinetics ofba system can

be described by a set of linear differential equations. For example,

in the general reaction
k

1
A +BZ—24B (5)
ka
the fate egquation is;
-a-gén?uga}uAc (6)
at T .

where Ac is the deviation of the concentration of all components from
their equilibrium values and T is called the relaxation time of the
system., If the chemical system is complex, a system of rate equations

of the general form,
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9~A—°-=Zai.AC. (7)
at Jd d

are obtained where aij are known functions of rate constants and
equilibrium concentrations, If the system of simultaneous equations is
golved, a spectrum of relaxations is obtained--each relaxation time
having its own particular dependence on the equilibrium concentrations.

An wltrasonic wave propagates as an adiabatic pressure wave.
Both temperature and pressure changes accompany the sound wave but in
agueous solutions, temperature fluctuations are nearly absent because

the thermal expansion of H.O is very small (zero at hoC.). The

2
adiabatic compressibility of the fluid may be resolved into a virtually

instanteous poertion plus a time dependent portion:
B=8, +B, (8)

where B 1is the instantaneous compressibility and is given by the
limiting value as the frequenecy approaches infinity.
B' is the relaxational part of the compressibility which is
frequency dependent.
If the frequency of pressure variation in the liquid is low, then the
chemical equilibfium is continuously maintained and the volume-pressure
relationship will be the static one B_. On the other hand, if the
frequency of pressure variation is very large, then the chemiecal
equllibrium cannot be greatly altered during the pressure change.
Bétween these two frequency limitg’lies.the region of absorption.
Since the system camnot immediately re-establish equilibrium with a
pregsure rise as in case 1, it follows that a phase lag exists between

pressure and the specific volume. The frequency dependence of the
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relaxational compressibility is

B = Bp/(L4wT) (9)

where w 1is the angunlar fregquency.
Br is a real number.

The phase lag causes dissipation of energy with each cycle
Energy lost Per Cycle = §PAV (10)

As the frequency rises from a low value, the shift in equilibrium will
increasingly lag behind the pressure. The maximum energy is lost

when?

8
(n) | = ~=(—) (11)
Top, LT

where Bo = Br + B,
o excess absorption per wave length
T  1ig the relaxation freguency
w 1is angular frequency
The maximﬁm occurs at a frequeney of w = im This yields an abgorp-

T
tion curve Figure 5, which is independent of frequency.
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CHAPTER IT
APPARATUS

The pulse technigue can ﬁe used in the frequency range 1-300 MHz,
Since the abgorption is proportional to the sqﬁare of the frequency,
the absorption ig very small below 1 MHz. At very high frequencies,
the efficiency of the crystal transducer is greatly reduced. The

equipment used in this study has a frequency range of 5 to 75 MHz.
The Electronic System

A block diagram of the apparatus is shown in Figure 6, The signal
is injitiated by & square wave pulse generator supplying two output
pulses at about 60 pulses per second which are separated by a variable
delay. - The two pulses afe gimilar in amplitude and polarity and are
therefofe identical., fThe first pulse drives a pulse amplifier which
supplies approxiﬁately 500 volts amplitude to the transmitters. These
in turn put out 150 Qolts peak to peak into a cireult impedance of 75
ohms to drive a crystal transducer. The second pulse drives a tran-
sistor 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 trans-
ducer and the attenuvators are combined 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.

13
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The Mechanicel System

The mechénical éyétem is picture in Figure 7. It consists of
three parallel gtainless steel platforms enchored to a stainless steel
back, On the lower platform is positioned a table,ffasténgd‘by¥g;spging
through the center and two ﬁpin off nuts on either side. The table is
supperted by threé adjustable levelling feet. The table 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 & spring leaf assembly; the external éonneetion is made.
through a BNC caonnector mounted on the gside of the table. The center
plétfdrm has a moveable chuck (electrical connections through the sides
and base) tensionéd by springs so as to maintain position if moved
'vertically. The upper platform has a micrometer firmly mounted above
the uppervchuck. The micrometer moves the upper chuck through an
intermediate stainless gteel ball to achleve calibrated vertical motion

of the receiver transducer.
The Transducer Asgembly

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 mmtl.Omm, diameter-=-30mm*0.5mm, one end

ground to a taper, the semi ahgle being 5 degrees leaving the diameter
of one end 2hmm, The tapered end fits a water jacket. The detector
rod dimensions are BOjﬂmm in length and 20m+0.5mm in diameter. Both
cylinders havevend faces optically flat to 1/4 of the wave length 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 7. Mechanical System
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‘along the side.by repeated application and heating to TOOOC of Liquid
Bright Platinum (DuPont #74h7) until a conducting surface of approxi=
mately 1 ohm resistance bétween face and side was achieved.

The piezoeléctric transducers are X-cut erystals with a funda-
mental resonant frequency of 5000 KHz with a tolerance of +70 Kiz
(Marconi'é We Ts Co. Ltd,). The crystals were attached to the delay
rods using hot paraffin wax--ﬁhe crystals being "set in" until there
was egssentially a monomolecular bond between the crystal and rod. The
outer face»@f the c¢rystal was coated with liguid silver condueting
paint to achieve electrical contact. The rods were checked for excess
attenuatibn due to poor bonding and the "setting in" process repeated

until the lowest value of attenuation was obtained.
Experimental Procedure

The sélution uhdef 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 oseilloscope was maximized. This was
uSually.dohe at T5 MHz since parallelism is most eritical at shorter
wave lengths. Thevtransmitter pulse wasgs tuned to a maximum at a given
frequeney. To check that the comparison pulse generator was operating
at the same frequency, the two pulses were overlapped, and the com=-
parison pulse frequency tuned until beating was observed in the
oscilloécope display. It was not possible to meagure the precise
separation of the delay rods.so the total sound absorbed, in decibels,
was measured as a function of the change in geparation, in centimeters.
More precisely a reading was taken by selecting a value on the pre-

cigion attenuators which gave a suitable height for the .comparison
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pulse. The transmitted pulse was matched to the same height with the
micrometef drive of the mechanical system. Where possible five or more
measurements of attenuation and distﬁnce were taken in replicate. The
sound absorption coefficient ¢ in deeibels per centimeter for each
frequency was obtained from tﬁe slope of the plot of distance versus

attenuation,



CHAPTER TIT
STATEMENT OF THE PROELEM

The aim of this study is the meagurement and the interpretation
of the ultrasonic absorption spectra of the nitrates of 1a(III),
Ce{T1L), Pr(IIL), Sm(ITI), Er(III), and U@E(azﬁit))y and the sulfates of
Pr{III), Sw{1II), Er{III), and H@E(I‘I).

The sulfates of Sm;3 and Prlh have been studied presviously by
ultrasonic techniques and a comparison of the relaxation times should
gerve ag & check of the ultrasonic apparatus,

With regard to the studies of the translition metals, It bkas been
fairly well established that Eigen's thfee step meehamiamig holds true
and the low frequeney relaxation observed is indeed due %o step Til.
However, in the case of the lanthanides a firm case for the observed
relaxation being linked to step III has not been established, It is
therefore proposed that a number of lanthanide ni?rates ard, 1f not
already measured, their corresponding sulfates be studled. Ir ap
anion independence is geen, then the mechanism according to Eigen
ghould hold. The nitrates must be studied at relatively high concen-
tration since the anion contributes to low abgsorption because of its
low charge density compared to the esul’fateso16

The kinetics of the uranyl ion have been studied extengively by

17

Peterson™ ', by Sillen 18 and by Eyringlo according to the scheme:
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Ky
U02+ H.C vo.ont + gt
2 HHO&HTM +

2+ —_— 2+ +
‘ T e
2uo,  + 2H20<__(U02)2\0342 + 2H (12)

24 4 +
U0,  + 5H20<:_>(U02)3(@H)5 + 5H

Very preliminary work on sound absorption of UOESQh sélutions indica-
ted that there is a relaxation between 1 and 5 MHz, If the relaxation
time for hydrolysis is calculatéd using the valuve of km$ derived from
the theory of diffusion cpnﬁrolled rezctions and the known value of
kl, a value of T = 2.5 megacycles is obtained., Since uranyl sulfate
also forms a strong complex the observed relaxatidn may be due to

1) complex formation alone

2) hydrolysis alone

3) complex formation and hydrolysis together,
As a preliminary investigation, the possibility of a contribution
from (1) will be considered by a comparison of the abgorption spectra
of uranyl nitrate, which doeg not complex and uranyl sulfate, which

does. A more complete sgtudy would involve the dependence of the re-

laxation freguency on pHe



CHAPTER IV
RESULTS AND CONCLUSIONS

The attenvation of a plane progressive wave traversing a solution

11
is given by the expression

T = I0 exp (-20x) (13)

wvhere I = sound intensity at distance X%,

IO

f

sound intensity at distance zero,

o

]

absorption coefficient of the solution.
The experimentally measured absorption is aT and L due to chemical

relaxation, is obtained by subtracting the solvent contribution % g
2

A A ) (14)

Equation (lﬁ) implies strict additivity of absorption contributions.
The addition of a solute to a solvent can decrease the observed ab-
gorption due to the solvent even in moderately dilute solutions. This
means an error is iﬁtroduced in treating the absorption of electrolytes
in solution as the sum of the absorption due to the solvent and that
due to the chemical relaxation processes. In most instances where
chemical relaxation ig lnvolved, the overall absorpticn is considerably
greater than that for the solvent alone and the error introduced is
small,

Meagurements are expressed as absorption per wavelength oy A,

21
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where

o ) - m8 ¥ (15)

Cw is the velocity éf sound in pure water at 2500 and v is the fre-
quency,-Tables I through X.

Relaxation curves are gshown in Figures 8 through 13. The maxi-
mum may not'always be ohgerved within the available frequency range-.
because theoretically a éomplete single relaxation occurs over.one
decade in ffeqﬁehcy. The curve could be extrapolated to give a rough
estimate of the ffequency maximum; however, & more quantitative re=

‘ : 18
sult is obtained if the equation for chemical relaxation

a'/\’a = A 5 + B! ‘ | (16)
‘ l+(v/vm)
is used where B' is the abéorption due to the solvent and A is the
amplitude of the chemical absorption: Equation {16) can be rearranged

to read

o . o - B'v2
(—E “B') = . + A (17)
v Vi
vwhich is equivalent to
Yxs Yxs
v v

A plot of the left hand side versus o glves - 1/vm2 as the slope and:
therefore the characteristic relaxation frequency Vs €8 Figure 1k,

15 and 16.



TABLE T

MEASURED ABSORPTION OF PrB(Soh)3 AT 25°%

0,00537 F
? x 10 v | .- 0'“"I' o ,qxé ?xs / "2 x ]fol6 o/:\:s;}“..x, 10°
(Hz) (ab/cm) (ab/em) (db % sect/cm) (db)"
5 0.367 0.259 103.5 7.7
15 1,699 1.306 58.0 13,02
25 3.6 2.298 36.8 13.75
35 4,867 2.640 21.5 11.29
55 8,486 3.054 10.1 8.31
75 11.358 3.340 5.9 6.66
0.00269 F
-5 :
v x 10 o o, axs/“e x 1016 oy M X 1o3
(Bz) (ab/cm) (db/cm) (abx seca/cm) (ab)
5 - 0.268 0.160 63.8 W77
15 1.095 0.701, 31.2 6.99
25 2.296 1,132 18.1 6.77
35 3.438 1.211 10,0 5,18
55 6.818 1.386 ‘ L6 3.77
75 9.510 1.kg92 2.7 2,98
0.00134
- 16
v x 10 6 o o a /v° x 10 o, Ax 1o3
T X8 X8 > X8
(3z) (ab/cm) (av/cm) (ab x sec”/cm) {abv)
5 0.199 0.091 36.h 3.73
15 0.755 0.362 16.1 3.61
25 1.673 0.509 8.1 3,05
35 2,783 0.556 4,5 2.38
55 5.988 0.557 1.8 1.51
75 8.761 0.7Thh 1.3 1.48




. TABLE II

MEASURED ABSORPTION OF SmE(SOh)B AT 25°C

0.01060 F
v X lQ- o o ozm/v2 x21016 @\ X 105
: (HZ) , (db/cm) (db/cm) (abx sec™/cm) (dv)
5 0393 0.285  113.8 8.5k
15 2.466 2.072 92.1 20.66
25 5665 L.502 72.0 26,94
- 35 8.557 6.330 51.7 - 27.06
55 15,542 ©10.110 33.4 27.50
75 19.406 11.389 20.2 22.72
| 0.00529 F
v X lO"6 QT Uyg cnzxs/\a2 X ‘1016 axs}‘ X 103
(Hz) (ab/cm) (db/em) - (dbxsecg/cm) (ab)
S ' v 00297 ’ 00189 750’-" 506’-‘-
15 1.615 l.221 54.3 12,18
25 3.710 2.546 4o.7 15.24
35 5.507 3.280 26.8 14,02
55 10,344 o Lh,912 16.2 . 13.36
75 13.655 5.637 10.0 11.24
0.00264 F
v x 10 @ o o N x 100 o A x 100
: R S xs Xs 2 X8
(H:_zv ) (dv/cm)’ (ab/cm) (dbx sec” /cm) (av)
5‘ 0;217' 0.109 . 43,5 3.25
15 1175 0.781 b7 T-T9
25 2,53k 1.370 21.9 8.20
35 37l 1.547 12.6 6.61
55 - 8z 2.361 749 6.148
75 10.689) 2.671 b7 5.33

2k



TABLE II (Continued)

0.00132 F

v x 107° o o o IV x 1ol6 o 2\ x 100
Xs X8 5 X3

(Hz ) (ab/em) (ab/cm) (ab x sec™/em) (ab)
5 0.153 = 0.045 18.0 1.3k

15 ' 0.8kk 0.450 20,0 h.hg
25 1.848 0.685 11.0 4.10
35 3.005 0.778 6.3 3.32
55, 6.555 1.124 3.7 3,06
2,3 2.57

75 9.305  1.287




TABLE TIT

MEASURED ABSORPTION OF Er,(S0, ), AT 25°¢

0,00539 F
v X :I.O'"6 o o | o /v2 X lO16 o A\ X lO3
v » T x8 X8 5 X8
(Hg) (db/em)  (db/cm) (ab x sec”/cm) (dav)
5 0.547 0.438 175.2 13.11
15 1.390 0.996 Lk, 3 9.93
25 2.347 1.183 18.9 7.08
35 3.4k9 1.222 9.7 5422
55 , 7.145 1.7k 5.7 h.66
75 | 9.8k42 1.825 3.2 3.6L
0.00270 F
- 2 16 3
v X 1o_ | Uy o axs/v x210 a )\ x 10
(Hg_) “(ab/cm) (dv/cem) (dbx sec /em) (ap)
5 ‘ 0.363 0.255 101.9 7.62
15 0.886 0.hg2 21.9 k,01
25 . 1.762 0.599 9.6 3.59
35 2.772 0.545 b b 2,33
55 6.2 0.970 3.2 2,6
75 8.818 0.800 1.k 1.60
0.00135 F
v X 107 o o o /v x 10%° o ) X 10°
T X8 XS > XS
(Hz) (av/em) (db/cm) (dbx sec™/cm) (av)
5 0.213 0.10k k1.6 3.11
15 0.706 0.312 13.8 3.11
25 1.k26 0.262 h,2 1.57
35 2.542 0.315 2.6 1.35
55 5.906 O Tl 1.6 1.29
75 8.324 04307 0.5 0.61




TABLE IV

'MEASURED ABSORPTION OF La(NO,), AT 25%¢

0.0545 F

v x 107 o o @ A x 103
T XS Xs
(Hz) (db/cm) (db/cm) (dab)
5 0.138 0.030 8.89
15 0.870 0.476 .75
25 2.295 1.131 6.77
35 3.776 1.5k49 6.62
5% 8,018 2,587 7.04
75 10,861 2.843 5.67
0.0115 F
v x 10 o @ M x lO3
, T X8 XS
(Hz) (ab/em) (av/cm) (ab)
5 0.130 0.021 0.64
15 0.48k 0.091 0.90
25 1.393 0.229 1.37
35 2,473 0.246 1.05
55 5.8414 0.h12 1.12
75 8.319 0.302 0.60
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TABLE V

MEASURED ABSORPTION OF Ce(NO3) 3 AT 2500

0.052% F
v X 10'6' o, ' g N X 100
(Hz) - (ab/cm) (ab/cm) (ab)
5 0.h15 0.306 9.16
15 1.181 0.787 7.85
25 2.737 1.57h 9.h2
35 : h,701 2.47h 10.57
55 ‘ 9.661 k.230 11.51
75 ~13.173 5,155 10.28
, 0.0111 F
v x‘ 10 o % o g a’xs)\ X lO3
 (Hz) (db/cm) (ab/cm) (ab)
5 0.180 0.071 2.13
15 0.557 0.163 1.62
25 1.347 0.183 1,10
35 . 2.535 0.308 1.32
55 5,910 0.478 1,30

75 8.584 " 0.566 1.13




TABLE VI

 MEASURED ABSORPTION OF Pr(NO,), AT 25°C

0,0512 F
vx 10 o o @\ x 10
T X8 Xs
(B2) (ab/cm) (db/cm) (avb)
5 0.193 0.085 2.54
15 1.096 0.702 7.01
25 3.029 1.865 11.16
35 5.255 - 3.028 12,9k
55 10.873 5.h4h2 14.80
75 14,970 6.952 13.87
0,0105 F
v x 107 ' ay o gk X 103
(Hz) ~ (db/em) (db/cm) (db)
5 0.152 0,043 1.30
15 0.600 0.207 2,06
25 . - 1.540 0.377 2.25
35 2.467 0,240 1.03
55 6.152 0.721 1.96

[5) 8.973 0.956 1.91




MEASURED ABSORPTION OF Sm(NO

TABLE VII

AT 25°%C

0.0528 F

. _6‘

v x 10 Q’T a’xs awxs)\ x 10
(Bz) . (ab/em) (ab/em) (ab)
5. 0.294 0.186 5.55
15 - © o 1.,1h3 0.749 T.h7
25 - 2.87h4 1.710 10.23
35 . h.obl 2,733 11.68
55 10,34k k,912 13.36
75 13.936 5.919 11.81

0.6105 F

v x 107 B QT Yy Oy x 10
(Hz) - (ab/em) (av/em) (avb)
5 0.112 0. 00k 0.11
15 0.593 0,199 1.20
25 1.541 0.378 2.26
35 2.326 0.099 0.h2
55 6.256 0.825 2.24
75 8.749 0.731 1.h6
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TABLE VIII

MEASURED ABSORPTION OF Er(NO,), AT 25%

8.107

0.0505 F
| -6 : | 3
v x 10 U Uyg axsk x 10
(Bz) (ab/em) (db/em) (av).
5 . 0,181 0.073 2.18
- 15 0.532 0.138 1.38
25 1.457 0.293 1.76
. 35 2.560 0.333 1.ho
- 55 5.915 0.484 1.32
75 8.4ko 0.423 0.8k
0.0101 F
-6 3
v x 19 cLIT Yxs O’xs}‘ x 10
’ (Hz) (dv/em) (ab/cm) {avn)
5 0.141 0.033 0.98
15 0.480 - 0.086 0.85
25. 2.274 1,110 6.65
35 . 2,204 0.000 - 0.00
55 5.478 0.046 0,12
- T5 0.089 0.17
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| TABLE IX
MEASURED ABSORPTTON OF UO,S0, AT 25%
| 0.229 F
_ -6
: .v x lO Q"I‘ . . XS Q‘X‘sx x 10
(Hz) - (db/em)  (ab/cm) (dav)
5 1.851 1.743 52,14
15 2,620 2.226 22,20
25 - 3.700 2.537 15.18
35 5.039 2.812 12,02
.55 9,17k 3.7h2 10,18
75 - 13,04k 5,026 10.03
0,115 F
. -6 . 3
\':‘ x 10 | o s a A X 10
: (Hz) 3 - (db/em) (av/cm) (av)
5 0.999 o;890 26,63
15 1.591 1.197 11.9k
25 2,582 1.418 8.h8
35 3,841 1.61h 6.90
55 7.87h 2,443 6.6h
75 11.110 3,002 6.17
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TABLE X

MEASURED ABSORPTTON OF W, (N0,) AT 25°%¢

" 0.213 F
-6 | | 3
VX .lO o | s cvxs?\ x 10
- (w2) (av/em) (db/cm) (av)
5. 0.128 - 0.020 0.59
15 0.491 0.097 0.96
25 1.418 0.254 1,52
- 35 2.2979 0,071 0.30
55 5.833 - 0.401 1.09
15 8. 52k 0. 507 1.01
»”;' 0.107 F
vx 10 o« g dxs)‘ X J.O3
(8z) (db/em) (db/cm) (dv)
5 0.112 0. 00k 0.12
15 0.455  0.061 0.61
25 1.388 0.225 1.34
35 2,222 0. 000 0.00
55 - 5.535 0,103 0.28
8.422 0. Lok 0.80
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k3
Lanthanide Sulfates

The snalysis of the sulfates is based on the three step complex

11
formation mechanism:

k
3+ PN ¥ 2-
M3 (aq) + 80y, ‘(aq)<$_____[M (H20)2 SOh ]
k .
21
. k32 k23 (19}
3k :

SLI 3+ 2- ,

M 80, J+H20___>[M (Hzo)soLL ]+H2o
, k,+3

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

with corresponding relaxation timeé given by the equations

™ — "‘
l/TI. = 2my, =k + k12 (20)
v k;
/T = 2my =k +[ 12 1k =k +k' (21}
I1 mIT 32 X' 4k 23 32 23 -
_ 12 21
, _ kéS
1/t = 2nv =k 4+ kK, = + k! 22)
" IIT mIII ~ 43 [k-. bk T, =Xy (
23 32
where Ti = relaxation time and vmi = frequenéy of maximum absorption
for step i, ki& involves a correction for activities of the icons. For
small perturbations
’ : . dln
T 3 2- 2= f oy .
kl? =k, T, £[M "]+ [50,77] 4 [s0, I )7 | (23)

3 1n[M3+]



Ll

e} ' :
~ where k12 is the rate constant at zere ionic.strength, “f is the

| + 2
activity coefficient quotient f3+ f2 /f+ and [M3 7 and [SOh ] re-
present the equilibrium free ion concentrations in solution.

The concentration of solute is Cy mole/l. of MQ(SOh)3° At

equilibrium let the degree of dissociation be Y, therefore.

_ 3+ 2-.
L0, /= Lo+ 80, (2k)
2c (1~y)  2vc (2v H)C
and thus l/KT - [2yc)fcay )], u” (25)

2c(1-v)

» 1
" Where K.T is the thermodynamic agsociation constant. 9 Hence eguation

(23) becomés

) Oln m
ot - ° < ! f — o B
K, =k, M 03 {(5Y 41) 4+ (2Y 41) J= 1k, 6(c) (26)

- d1n vy

The values of VY were evaluated using a computer program {Appendix T)
for each value of Ci (Appendix II) by standard iterations procedures

where the activity coefficients f

o 34 f2- ?i'were calculated using the
Davies equation.
‘ 1/2
-log £; = .509 2, (775 - 0.3u) {27)
1+Ba ™~

where Zi iz the charge on the ifh ion

‘B 1is the constant .33 x 108

a° is the distance of closest approach of the ions

Bo= 3Ci + 12 YCi, the lonic strength of the medium.

In the original treatment of the lanthanide sulfatesyl3 assumptions



L5

were made in the evaluation of the derivative in 8(C). It was decided
that a more rigorous calculation was appropriate, which involved the

complete solution of the derivative with & minimum of assumptions.

Slmm, 3Jln Te O W

g

d Invy 0 W d1ln Y

(28)

2 2 2.2
-509(Z; + zg - ZAB)

13

[ - =.3] yC;
212 (1482%1/) 1

In the original treatment of the data, the Davies equation20 vas
used without modification. for the ion size. B a° ; 1 was taken where the
estimated value of ao, the distance of closest approach of the ilons,
was taken as 3 X which ig too small for a 73:2 electrolyte. The new
value of the distance of closest approach was taken to be the sum of
the ionic radii plus two water molecule diameters. This distance
varies little from cation to cation with the lanthanide series and the
value a° = 8.86 A is.used for all three salts.

Activity corrections cancel in step IT and III for the singly
charged species. The rate expression can be written in terms of con-

centration and equilibrium constants

v o
omy = kyy + k12 [e(c)]
L _6(c)
amvprr = ¥gp * [Kl2 + e(c)i| *23 (29)

Qﬂ\’mﬁi ékh3 + [8(c)/ (K K, 4 (14,)8(0)] &,
= kh3 + ¢(c) k3h

where K12’ Ké3 and K3h are thermodynsmic equilibrium constents for



TABLE XI

CALCULATION OF 4(C) FOR RARE EARTH SULFATES

2% - 8.86 R Ky, = 0.0023 mole l:l K23 =0.51 unitless
o) lnTrf
. galt c Y T " S1ov e(c) g(c)
0.00537 F 0.1256 0.2463 .0,02h2 -.0,138°  .0.00I76 .0.459
Prg(soh)3 0.00269 F 0,17h3 0.3110 0.0137 - =.0.163 -0:00123 . 0.406
0.00134 F 0.2381 0.3839 .0,0079 - 0.175 0.00087 0.350
0.01060 F 0.0822 0.1967 0.0hk21 - 0.095 0.00253 0.507
0,00529 F 0.1173 0.2503 0.0233 - 0.132 0.00173 0.h57
SmE(SOh)
3 0.0026L F 0.1636 0.3162 0.0131 - 0.157 0.00121 0.403
0.00132 F 0.2251 0.3900 0.0075 - 0.169 0.00085 0.347
0.00539 F 0.1333 0.2437 0.0248 - 0.1hk 0.00177 O.ké1
ErE(SOh) 0.00270 F 0.18h0 0.3078 0.01k40 = 0,170 0.00125 0.ho8
0,00135 F 0,2499 0.3802 0.0081 - 0.181 0.00089 0.353 .

on
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steps I, II and IIT respectively and defined by K, = k21/k£;’ Ké3 =
k3é/k23, and K, = kh3/ 3
The value of KiQ is calculated from the theory of diffusion con=-
trolled reactions using Bjerrium's equationel
i
1000

Kpp = b° Q(b) (30)

where TAB = 8° the distance of closest approach of the iona'?2
b -l
ab) = v ap
2
zZ. 2
A B

rABDk T

(31)

The value obtained is .0023 mole l'l. No experimental velue is avail-
able for Ké3 and there is no theoretical way in which it may be cal-
culated. Consequently the Ké3.value for Mgsoh is taken,23 equal to
0.51 (unitless). While it is unlikely that the increase in charge of
the cation will not have sn effect on the equilibrium constants of
Step IT, the nature of the cation is of secondary importance in the
elimination of water from the sulfate solvation sheath.

A plot of ¢ (C) versus 2my_ I (Appendix III) gives k3h (Figure

I
17) as the slope and k, . &8 the intercept. The evaluation of k, _ is
k3 k3

complicated by the limiting value of ¢ (C) which is not zero at zero

2
absorption. Plots of a/va vs d(c) for each salt were extrapolated

IT

2
to a/va = 0. From plots of ¢ (C) vs v,y the intercept at the

1T
limiting value of ¢ (C) is taken as the value of kh3°

The valuesz for k3h and kh3 are given in Table XII
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(per sec.)
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™hITT
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Figure 17. Plots of 2my .. against 4(C) for the Sulfates of
Pr(11I), Sm(IT1), and Er(III).
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TABLE XII

VALUE OF THE RATE CONSTANTS k3h AWD kh3

RS - -
In(II1)  ky(sec ) K (sec Ly 1m@ath
Pr " 8 | (
5 x 108 5.4 x 10 0.917
Sm 6.5 x 10 9.3 x 10/ 0.962
Br 1.7 x 109 1.6 x 107 1.042
la 2.1 x 102 4.0 x 10/ 0.870
Ce 3.4 x 105 L5 x 107 0,901
Eu 6.5 x 10 9.4 x 107 0,970
@ 6.3 x 103 7.9 x 107 0.980
Dy 4,3 x 10 1.9 x 10/ 1.010
Yo 1.0 x 100 3.8 x 107 - 1.06k
Error + 15% on 33h and kh3

together'with the recalculated values for La{IIT), ce(IIT}, Eu(ITII),
@d(III), Dy(III), and Yb(III) from previous work by Purdie and
Vineent.l3 There is excellent égreement between the samarium results
and with the praeseodymium results obtained by G-recsek.lh

The rates of substitution are faster than those reported by Geier7
for the murexide system by T-Jjump but this is not unreasonable because
df the difference in ionie strength in the two systems. On the other
hand the rate of water exchange (by 17O MR studieth) into the
primary solvation sphere of gadolinium is given to bhe 91?X108 seconds“ly
in excellent agreement with the present result.

In Figure 18, log k ., is plotted as a function of 1/r, the

3k

reciprocal cationic crystal radius. The dependence is quite different

from that of Geier (Figure 4) and is non-linesr which is inconsistent
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i - Purdic &
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Figure 18. Dependence of log k

1/r (Xgl)

3l on the reciprocal cationic
radius.
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with the data for the alkaline earths. In view of the weight of
thermodynamic evidence for a change in coordination number within the
-series, it is possible that this could be used to explain the trend

in rates of substitution.
~The Lanthanide: Nitrates

Interpretation of the lanthanide nitrates speetra is complicated
by the presence of more than one relaxation. Quantitative interpre-
tation is prohibited by inadequate theory for the resolution of
multiple relaxations. bThe differences in the spectra, both from the
corresponding sulfates and from each other, allow & qualitative des~
cription to be made.

The absorption curves are compared in Figure 8 through 13 for the
sulfates and the nitrates of each particular cation, The curves differ
in three respects:

(1) although sulfate solutions of equal concentration absorb to
the same order of magnitude, a comparison between nitrates
shows an order of megnitude difference, Table XIIT.

(2) the low frequency maximum of the sulphates has been shifted

‘to a higher value in all cases except erbium

(3) in the nitrates where the peaks have been shifted upfield,

the peaks are considerably broadened as compared to a typical

relaxation in the corresponding sulfate,
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TABLE XIIT

ABSORPTION PEAK MAXIMA

Sulfate* Nitrate¥**
Salt | (arxsk)max (aksk)max
(av) (ab)
Ia 0.0120° 0.0070
Ce 0.0120° 0.0115
Pr 0.0190 0.0145
Sm 0.0155 0.0130
Er ~ 0.0140° 0.0022

* ~0.0050 F
*¥¥ ~0.050 F
peaks are not complete

The.basis for the interpretation of the sulfate data was that the
relaxation was simple and due to the third step in the mechanism only
i.e. the formation of the innerf complex. Marcu325 has reported that
nitrates form very little inner complex unless concentrations are
relatively high. The sulfates on the other hand are almost 90% inner
complex. Since the amplitude of abéorption depends on the concentra-
tion of inner complex and since the characteristic frequency for step
ITI is independent of the anion, & large decrease in'absorption would
be expected in going to the nitrates. This is indeed true for
lanthanum and erbium. An absorption at a higher frequency is also

observed with some overlap of the low frequency relaxation. Since
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step III is the rate determiningvstép, this higher frequency relaxa-
tion has been identified with step IT, i.e. solvent substitution into
the anion. Preliminarvaork on celcium nitrate which is not inner-
complexed shows an absorption in the frequency range 35 to 55 MHz.

For multiple relaxations, the absorptions appear separately if
the charﬁcteristié frequencies differ by‘ét least a decade.ll When
relaxations overlap, the total sbgorption expressed as stk‘*is‘not
simply the sum of'the two valﬁes for ﬁhe separate relaxations but
always mch larger.26 In addition if the absorption extends over more
than one decade then the characteristic frequency is shifted. The
higher frequéncy relaxatioﬁ for lanthanum aﬁd erbium occurs around
35=55 MHz and ié sufficiently far removed from the low frequency re-
laxation in the sulfates that the -curve' 'ig’ partially resolved.

On the other hand for cerium, praeseodymium and samarium the
differences in the chafacteristic frequencies are much less so that
overlép isvsubStantial and no resolution is observed. Consequently
the magnitude of gbsorption is greater for these three ions and the
dharaéteristic freguency is shifted upfiéld.26

It can therefore he concluded that the interpretation of the
sulfate dats is correct and the‘relaxations observed in the sulfates

are dve to the third step.
Uranyl Nitrate and Uranyl Sulfate

No valid interpretation of the data (see Figure 13) can be made.
Since the abgorption at 5 MHz, seen in the sulfate, is aebsent in the
nitrate, then the principle contribution to the relaxation would

appear to be due to inner sphere complex formation. Considerably more



study would have to be done to substantlate this conclusion.
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APPENDIX A

COMPUTER PROGRAM

DEGREE OF DISSOCIATION USING DAVIES EQUATION REPETITIVELY

THIS PROGRAMME REQUIRES ONE DATA CARD TO INITIATE THE CHARGES OF THE

SPECIES FOR ALL THE DATA TO BE EVALUATED. ‘THE SUCCEEDING CARDS
ALLOW A 6 CHARACTER LABEL AND THEN THE VALUES OF THE DISSOCIATION
CONSTANT AND CONCENTRATION :
DIMENSION GAM(3)12(3),T{3}

99 FORMAT(3F3.0)

" 100 FORMAT(AG44X31EL10«3+10XsE1Ca3)

101 FORMAT{1HO46B8HTHE VALUES APPARENTLY APPLY TO A COMPLEX QUADRATIC E
1QUATION - - HELP//77)

102 FORMAT{1HO13+6(4XsEL16.8))

103 FORMAT(1HO412HFINAL ANSWER//LXsI3+6(4XsE164811)

104 FORMAT{1H1s48Xs34HPROGRAM TO CALCULATE THE DEGREE OF//39Xs55HDISSO
ICIATION BY REPEATED APPLICATION OF DAVIES EQUATION//60Xs13rDRe N
2PURDIE}

105 FORMAT(1HO+21HDISSOCIATION CONSTANT+2XsE164842Xs11HMOLES/LITER/ /22
1H INITIAL CONCENTRATION»2XsE164892X911HMOLES/LITER)

. 106 FORMAT(4HO Ns15XsBHALPHASLSX 4BHPI(F )} y6Xs14HIONIC STRENGTHs 11X 99H2

1#ALPHA®C s TX s L3HCH* (2*ALPHA+1 ) 9 TX 9 L3H2#C* ( 1 =ALPHA)}
107 FORMAT(1HOs18HCALCULATION NUMBERsI34s10XsBHSALT OF 4A6)
108 FORMAT(1H1}
WRITTEN BY DANIEL LITCHINSKY
WRITE(6s1041) .
READ CHARGES ON ONS
READIBSGI{Z(11 412143}
N=G
READ DATA CARDS FOR LABELs DISSOCIATION CONSTANT AND CONCENTRATION
1 READ(54100)ARGsDISK <
IF(DISK¥CsEQe00)50T090
ALF=1.0
IF{CIN/2)%2YeNFoN) WRITE (64108}
5 N=N+1 ’
WRITE(6+107)NsARG
DO2J=14+3
2 GAM(J)=140 .
WRITE(6»1051D15K+C
WRITE(64106)
K0
3 K=K+l
PAL=ALF
A2 0%C*GAMI2) *GAM(3)
B=GAM(2)#GAM(3) #C+GAM (1) *DISK
R={=GAM{1)*DISK)
DS=B*¥2-4,0%A%*R
IF(BS130,10,+10
30 WRITE(6,101)
GOTO80
16 ALF=(-B-SQRTIDS} 1/ {2,0%A}
- IF(ALF)12413513
12 ALF=(=B+SQRT(DS) )1/ (24C*A}
IFIALF)30513513
13 T11)=22.0%C*(1eG-ALF)
T(2)=C*{2.0%ALF+1.0)}
T{31=2,0%ALFaC
DI=040
DO15J=1y3
15 DI=D1+2(J)%#2%T{J}#0.5
BI=SQRT(DI}
PI=GAM{2)*GAM(3}/GAM{1}
WRITE(691021KsALFsPIyDIsT(3)19T12),T(1)
IF (ABS{ALF-PAL) «LE+0.001300TOT7Y

£020I=1,3
20 GAM{IY=EXP({(0e509%Z (1) #%#2%(B1/{1e0+2924*B811-0e3%#0]1))%(-2+3025851}}
GOTO3

79 WRITE(69103)IKsALFPIsDI»T(31sT(2)47T1(1)
AA={,509%]1240/{2.0%BI*{1,0+24924%B1)1%%#2)-1,84)%24302585
BB=ALF*(*12.0
DIFF={—-AA)*BB
THETA=PI*C* ({4 ,0%ALF+140)1+{2.0*ALF+1<0}*D1FF}
CC=THETA/{(0023%#a513+(1e0+eB51)*THETA}
WRITE(69109)AA,CCHDIFF,THETA

109 FORMAT(1HOs10Xs5HAA = E164835Xs5HFC = sE16e8»5XsTHDIFF = »E16489
15X +BHTHETA = sE1648//7}

80 GOTO1

90 STOP
END
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APPENDIX B

PREPARATION OF SOLUTIONS

Rare earth nitrates and oxides wit£ a purity of 99.9% were pur-
chased frqm the American Potash and Chemical Corporation, U02804 and
UOZ(N03>2 w&re‘purchasad from British Drug Houses Ltd. and Baker
Chemical Ceo. respectively.

The hydrated rare earth sulfates were prepared from their corres-
ponding oxide. The oxides were dissolved in 6N HCl and then 6N
stou added to yield a quantitative amount of the sulfate, The rare
earth sulfates were then precipitated by the addition of a large
excess ofv@thyl alcohol. Thexsulfates were analyzéd for cation con-
centration by cation ex;hange on Dowex 50W-X8 20-50 mesh resin made
strongly acidie, The résulting solutions were titrated to the
phenolphthaiein end point with standardized sodium hydroxide.

The salts were weighed as the 6-hydrate for the nitrates and the
8=hydrate for the sulfates, the only exception being eribum nitrate
which was weighed as the 5-hydrate, The concentrations were analyzed
by cation exchange as before, Two ml aliquots of ths solutions were
passed through column loaded with acidic Dowex 50-W-X8 20-50 mesh
exchange resin, and washed with 100 mi of deionized water, The re-
sultihg effluent was titrated with Fisher Certified 0.02N NaOH Solution

Standard with the end point being observed potenticmetrically using a

Beckman research pH meter,
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APPENDIX C

RELAXATION FREQUENCY DATA

2 -1

Ion Formal Cone x 10% _ZTTvaII(MHz) _'1/_KT‘(‘;719]7e 17°)

Lo+ 0.88 8 2,38 x 1077
044 69
0,22 60

*Ce3+ 0,98 111 2,56 x 10'4
0.49 89
0.2 79

Pr3+ 0,54 120 2,38 x 10-4
0,27 97
0.13 76

s>t 1.06 231 2,17 x 10"4
0.53 194
0.26 158
0.13 128

Byt 0,98 228 1.89 x 10“4
0.49 185 ‘
0.25 161

saqot 0,95 207 2.56 x J.,o“LP
0,47 171
0,24 143

*Dy3+ 0.97 104 2,56 x 1o"'LP
0.65 93
0.32 70

Er>t 0. 54 43 2.56 % 10~F
0,27 34
0,14 35

*Yp o+ 3,57 18 2.5 x 10~
1.14 39
e -

13

*Purdie & Vincent
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