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Ultrasound velocity dispersion measurements in aqueous yttrium nitrate so-
lutions are analysed. A single relaxation and its concentration dependence
has been determined. Data of ultrasound velocity dispersion are interpreted
as being due to the process of association between the Y** and NO,™.
Kinetic parameters for the formation of [YNO,]**complexes have been de-
termined. The activation energy (the free enthalpy shift AH)), the difference
in enthalpy AH, and the change of molar volume during the association
reaction AV were calculated.
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INTRODUCTION and perchlorate are the outer sphere in 0.2 mol/l

The inorganic complexation reaction of the type
M*(H,0), + X7, = [MX(H,0) ] 1)

can be discussed in terms of M** formation in inner
or outer sphere complexes. In outer sphere comple-
xes metal M** and ligand X~ (such as CI', Br,
ClO,", SCN, NO,", J*', F' and SO,?) are sepa-
rated by a layer of water molecules, but no hydra-
tion separating the cation and anion exists in inner
sphere complexes.

Ultrasonic waves, i. e. the associated pressure and
adiabatic temperature oscillations, disturb the equi-
librium between solvent and solute molecules. The-
se retarded equilibrium shifts between different mo-
lecular configurations or hydrated ions substitutions
affect, in turn, the ultrasound velocity and absorp-
tion. Relaxation behaviour can be observed as well.
In this way ultrasonic spectrometry permits to study
complexation processes in solution and the extrac-
tion of specific relaxation parameters of a chemical
equilibrium [1]. The existence of both outer and
inner sphere complexes in polyvalent electrolytes inc-
luding lanthanide salts systems has been observed
in ultrasonic absorption measurements [2-6]. Chop-
pin has summarized the data on the nitrates, conc-
luding that the percentage of inner sphere comple-
xes increases from the lighter to the heavier lantha-
nides [7]. In water, the ultrasonic relaxation techni-
que can easily distinguish between the inner and
the outer sphere ligands. Chloride, bromide, iodide
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solutions, whereas nitrate and sulphate are the in-
ner sphere [8-10].

MATERIALS AND METHODS

In the present work we have investigated the rela-
xation process in aqueous yttrium nitrate solutions,
some results on La’** also have been included in
order to compare the chemical behaviour of these
early or pre-lanthanides (no f electrons) with the
lanthanides (4f) in common systems [11]. The ultra-
sound velocity in aqueous Y(NO,), solutions was
measured by an ultrasonic laser interferometer wit-
hin the frequency range of 3 to 100 MHz [12-13],
and ultrasound velocity dispersion was defined. All
ultrasound velocity measurements at each frequency
were made in tenfold. Measurement error at the
medium ultrasonic frequencies was 0.001%. At low
frequencies (<15MHz) experimentally determined
diffraction corrections were introduced. The tempe-
rature was kept with an accuracy of +0.005 °C. The
solutions were prepared by weighing bidistilled wa-
ter and commercial salt Y(NO,), - 6H,0 without furt-
her purification. The concentration of cation was de-
termined by EDTA titration, using Xylenol Orange
as the end-point indicator. Each analysis, made in
triplicate, gave a mean deviation less than 1% [14].

RESULTS AND DISCUSSION

A single relaxation was observed for investigated
aqueous Y(NO,), solutions studied. Experimental re-
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sults are listed in Table 1. Figure 1 shows disper- et e ki et o
sion curves at concentrations 0.1 mol/l, 0.2 mol/l Mag™" + Lag > M7 (H0).L
and 0.3 mol/l. One can see that the ultrasound ve- ka1
locity at low frequencies ¢, (f<<f,), the relaxation K
! . . . 23 -
frequency f,, and the velocity dispersion Ac increase > (ML)yg" ™ + H0. 2)
. . N
with the electrolyte concentration C. k3o
Table 1. Relaxation parameters of Y(NO,), solutions at a temperature of 20 °C for different concentrations
Concentration | Ultrasound velocity at low frequencies | Relaxation frequency | Ultrasound velocity dispersion
C, mol/l c, mM/s f» MHz Ac, m/s
0.1 1490.46 63 0.66
0.2 1498.88 69 1.52
0.3 1507.70 72 3.90

We accept the modified two-step mechanism pro-
posed by Eigen and Tamm for the studies of the
complexation of many metal ions in water or mixed
solvents [15]:
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Fig. 1. Ultrasound velocity dispersion curves for Y(NO,),
solutions in water at 20 °C: a) concentration C = 0.1
mol/l; b) C = 0.2 mol/l; ¢) C = 0.3 mol/l
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Step I represents a diffusion-controlled associa-
tion of the two ions to form a solvent separated
outer sphere complex coupled to solvent loss from
the inner solvation shell of the ligand. Step II rep-
resents solvent loss from the cation solvation shell
and the formation of inner sphere [ML]™™ complex.
Here k,, k,, are forward rate constants and k,, k,,
are reverse rate constants for reaction (2).

We have attributed the observed relaxation fre-
quency to the second step of reaction (2). Relaxa-
tion frequency cannot be confined to step I as the-
oretically estimated rate constants, because a diffu-
sion-controlled association would give about 10°-10'
I/mol's. Such a value predicts the relaxation frequ-
ency of an order of magnitude higher than that ob-
served in this work. For a bimolecular second order
reaction the correlation between the relaxation time
7 and the forward and reverse rate constants k, and
k. can be expressed as follows:

21°

v = 2nf, = kO + ky 3)
ki, -k k,, -k

k= k12+ k23 ky = k21 2 "
21" "2 21+ Ky,

The function ® depends on the equilibrium ac-
tivities of the free ions. The following dissociation
scheme has been adopted:

Y(NO,), - YNO2* + 2NO," = Y** + 3NO,, (5)
C (1-0)C  2C  oC (2+0)C (6)

where C is the analytic concentration of Y(NO,),, ¢
is the ratio of the equilibrium concentration of Y3*
to the sum of the concentrations of Y**and YNO,**,
ie, o = C/(C, + C,)); C, is the concentration of
Y’* and C, is the concentration of YNO,**. The
function © for a 3-1 electrolyte is given by the fol-
lowing equation:
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© = n,C[2(c + 1) + (2 + o)dlnn/olnc], (7)

where m, is the ratio of the activity coefficients of
the ions:

Tys X Tno,
T,y =——.
f 8
Y yvo, 2+ ®
To calculate v, ~and hence m, the Davies equation
must be used [16]:

N
-9y, = Az (———=-0.3I),
g’Ymn Z| (1+ Ba\/T ) (9)

where A = 0.509, B = 0.33 x 105, z, is the charge
of the ions, a is the closest approach of the ions,
and [ is the ionic strength.

I = 122Cz? = 3(c + 1)C. (10)
There is no universally accepted opinion for the choi-
ce of the parameter a. Usually a is equal to the
distance ¢ in the Bjerrum model [1]:

a =q = |z,z |e*2DKT, (11)
where e is the charge of the electron, D is the die-
lectric permeability of the medium, k is the Bolt-
zmann’s constant, T is the absolute temperature. For
a 3-1 electrolyte, g = 10.7 - 10'° at 25 °C.

In Table 2 the calculated values of 6, © and t! for
step II of reaction (2) at various concentrations of
Y(NO,), solutions are listed.

Table 2. The values of 6, 8 and ' for Y(NO,), solu-
tions at 20 °C

C, mol/l o 6x10%, mol/l ! x10%, s
0.1 0.47 8.07 3.96
0.2 0.41 13.01 4.27
03 0.29 15.00 4.52

In Fig. 2, the plot of v versus the calculated ©
is shown; the data for the forward and reverse rate
constants k; and k,, are determined as the slope and
intercept of the plot:

k. = 816 x 10° (smol/l)", k, = 3.28 x 10°% s™.

So the kinetic association constant for the for-
mation of [YNO,]** K, = k/k, = 2.49 mol/l. Assu-
ming the condition k, >>k ,, the rate constants k,
and k, are equal:

k. = k. /k, Xk, =K xk,and k, =k,, (12)
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Fig. 2. v versus O for definition of the rate constants k;
and k,

where K, is the equilibrium constant for step I of
reaction (2) and K, = k,Jk,, is the equilibrium cons-
tant for step II. The kinetic rate constants must be
consistent with the Eigen association equilibrium re-
lation [15]:

K, = K[ + K). (13)
From our value of K, K, was chosen such as requi-
red by equation (13). Garnsey and Ebdon [17] by a
graphical analysis found K, = (4 + 2) for Gd**
nitrate. Since gadolinium and yttrium have nearly
the same ionic radius, electrostatics would predict
that they have nearly the same formation constant.
So the value of K, = 2 was taken by us and this
would make k,, = 4.08 - 10%", K, = k /k,, =
= 1.24 (mol/)™..

Based on the numerical values of relaxation fre-
quencies and on the ultrasound velocity dispersion
at different concentrations and at various tempera-
tures, we have calculated thermodynamic data of the
relaxation process, as the activation energy E_ (the
free enthalpy shift AH)), the difference in enthalpy
AH, and the molar volume shift AV during the re-
action.

According to a two step mechanism, like the Ei-
gen process the excess absorption per wavelength is
given by equation [18]:

1,./C, = WIY)(AV,)'T2RTH, (14)
where C, is the equilibrium concentration of all as-
sociated species, C, = (1-0)C, vy is the degree of
conversion of the second step of reaction (2) with
K, = 1-yiy, AV, is the change in volume per mole
for step II, R is the gas constant, T is the absolute
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temperature, and B, is the compressibility of the pure
solvent. In the present work relaxation process in
Y(NO,), is investigated by ultrasound velocity mea-
surements; it is known that the excess absorption
per wavelength is connected with the ultrasound ve-
locity dispersion Ac by the following equation [1]:
_ AC-TT (O)ZTZ )*1

(ook)max = p‘max - c 1+m212

)

(15)

where c_ is the ultrasound velocity corresponding to
very high frequencies f>>f,, o = 2nrf.

Thus from equations (14) and (15) AV, is obtai-
ned 8.7 cm*/mol. It can be seen that pu_as well Ac
depend on K, through C,, on K, through y and on
AV, ?. However, without knowling the precise values
of K, and K, the magnitude of AV cannot be esti-
mated with certainty. The change of molar volume
AV, also can be calculated from the theory for the
relaxation of compressibility 3, [19]

AVZ 1
P = VoRT 2 ! (16)
o (14 cosAH,/RT)
where V is the partial molar volume, AH, (the free
enthalpy shift) is the activation energy E,_ of the

backward reaction. The activation energy E_ can be
calculated using the theory of absolute reaction rates

(17)

where k; is the reaction rate constant, k is Boltzmann’s
constant, h is Planck’s constant. The dependence of
the relaxation frequency on temperature is shown in
Fig. 3. The slope of 1g(f,/T) versus 1/T gives the acti-
vation energy: £, = —-2.303Rzgo. = 10.3 kJ/mol. E, =
= 6.5kJ/mol of the complexation reaction in La(NO,),
solutions [11].

From our earlier experiments the partial molar vo-
lume V = 34.2 cm’/mol [14]; B, = 44.047 - 10"'m*/N,

=k =T eXp(-E,JRT),
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Fig. 3. Graphic determination of the activation energy E,
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thus from equation (16) AV, = 12.1 cm’/mol. This
value is of the same order as that obtained from equ-
ation (15) and is the order of magnitude of the elimi-
nation of one molecule of water. The dissociation of
a water molecule from the primary hydration shell is
known to correspond to an increase in volume. The
volume difference for the two coordinances, corres-
ponding to the dissociation of one water molecule from
[Ce(H,0),]’* to form [Ce(H,O),J**, has been calcula-
ted using a model developed by Swaddle [20]; this
volume is +12.8 cm®mol and agrees well with the
reaction volume AV = 10.9 cm*/mol determined expe-
rimentally by variable-pressure UV spectroscopy at 295
nm [21]. The formation of an inner sphere complex
from oppositely charged ions involves an extensive bre-
ak-up of the hydrate structures. The water molecules
thus set free bring about a considerable part of the
solution volume. The formation of an outer sphere
complex is accompanied by a much less extensive de-
hydration, and hence by a much smaller increase in
volume.

The difference in enthalpy AH| can be evaluated
by a graphical method from the dependence of
lg(Tw, /c*) versus 1/T [22] or in our case from ultra-
sound velocity dispersion measurements Ig(TAcr/c_ c,’)
versus 1/T, here ¢, = (c_ + ¢,)/2. The relaxation data
of Y(NO,), solutions for the calculation of AH are
presented in Table 3.

Table 3. Relaxation parameters of Y(NO,), solution of
concentration 0.1 mol/l at different temperatures
Temperature | Relaxation | Ultrasound Ultrasound
T, °C frequency | velocity | velocity at high
fw» MHz | dispersion frequency
Ac, m/s C_, m/s
4.3 48 0.93 1435.07
12.0 55 0.75 1465.35
20.0 63 0.66 1491.12

The change in the internal energy AH, evaluated
from the plots of 10 + Ig[TAcn/c_(c,)*] versus 1/T
as shown in Fig. 4 is equal to 17.0 kJ/mol. In outer
sphere complexation the primary hydration sphere
is minimally perturbed, so no energy is required for
dehydration and the difference in enthalpy AH = 0.

The equilibrium constant K and the Gibbs free
energy AG is connected by the equation

AG = - 2.303RTlg K, (18)
from here AG is estimated as 2.2 kJ/mol.

The entropy AS is defined by

-AG = TAS - AH, (19)
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Fig. 4. Definition of the difference in enthalpy AH,

so the experimental value AS was found to be
65.5 J/mol - K.

Table 4 lists the kinetic and thermodynamic pa-
rameters obtained from the studies of yttrium nitra-
te solutions.

Table 4. The kinetic and thermodynamic parameters for
the formation of [YN03]2+ complexes
Parameter Value

K, 1 -mol™ 2.0
K, 1.24
k,, s 4,08 - 108
k,, s 328 - 108
K, 1- mol™ 2.49
AV,, cm’ - mol™! 8.7+12.1
E,, kJ - mol™ 10.3
AH, kJ - mol™ 17.0
AS, J - mol! 65.5
-AG, kJ - mol*! 2.2

The free energy AG for the complexation reac-
tion of lanthanide ions with various ligands can be
expressed [8]:

AG = AG, + AG, = AH, + AH, — T(AS, + AS,),
(20)

here R = cation — anion interaction, H = hydration
changes upon complexation. In this equation
|AH, |>|AH |and |AS,|>|AS,|. If the net hydra-
tion decreases upon complexation, both AH, and
AS,, would be positive; since positive values of AH
and AS are observed for most reactions in aqueous
solutions with simple ligands, the hydration terms
are, indeed, larger than the reaction terms.

The experimental positive values of AH and AS
obtained in this work may be interpreted that hydra-
tion changes for complex formation in Y(NO,), so-
lutions are larger than the yttrium-ligand interac-
tion.

The rate constant k,, measured in this work by
ultrasonic method corresponds closely with the rates
for the exchange of labelled water molecules from
the inner coordination spheres of the lanthanide(III)
ions, determined by "O-NMR relaxation and che-
mical shift measurements [23-24]. There is much
evidence to support the theory that the removal of
a water molecule from the primary hydration shell
of a cation by the dissociative D or dissociative in-
terchange I, mechanism is the rate-determining pro-
cess of step II of reaction (2) which would become:

rate 3¢ fast
Y(H,0). — = 5Y(H,0),* +H.,0 N
(H20) determining (H20); *"H,0
- Y(H,0),*
2 fast L NO, ™
[Y(H,0),NO;]*"  (21)

with the assumption that Y(III) have the coordina-
tion number 8.

It is known that in aqueous solutions the coor-
dination number is 9 for the light lanthanides in the
La-Pm range [25], then for La’* the rate-determi-
ning step is

La(H,0),/* — La(H,0);* + H,O. (22)

The relaxation frequency f,, for Y(NO,), solutions
is higher than for La(NO,), at the same concentrations
[11]. The difference of f,, primarily reflects a differen-
ce in the k,, rate constants, so k,, = 3.28 - 10° s for
[YNO,J** and k,, = 1.76 - 10°s™" for [LaNO,]** comple-
xes. This is the anticipated result, since the activation
energy E_ for this reaction, the release of the anion
from the first coordination sphere of the cation, might
reasonably be expected to be related to the coulombic
interaction between anion and cation. This may reflect
an increased rate constant k., for a smaller Y (III) ca-
tion compared to La(Ill), e.g. r,’* = 1.06 - 107" m,
r.,t=1.22-10""m. Assuming the ultrasound veloci-
ty dispersion Ac in Y(NO,), and La(NO,), solutions is
caused by an association process, the magnitude of Ac
may be the quantity of complexation, since the disper-
sion values are close, the amount of inner sphere com-
plexes is approximately identical.

CONCLUSIONS

Rate constants and thermodynamic parameters for
the formation of [YNO,]** complexes have been cal-
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culated on the basis of relaxation data. The positive
values of the entropy effect AS and the change in
the internal energy AH, were interpreted in terms
of dehydration during complexation. The obtained
reaction volume AV indicates also the elimination
of a water molecule from the primary hydration
shell. The rate constant k,, measured in this work
closely corresponds with the rates for the exchange
of labelled water molecules from the first coordina-
tion sphere of the lanthanide (III) ions, determined
by NMR measurements. Thus the dissociative sub-
stitution mechanism was proposed for the [YNO,J**
complexes studied. We hope that ultrasound veloci-
ty dispersion measurements may contribute to a bet-
ter knowledge of the fast reaction in solution.
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B. VoleiSiené, G. Migliniené, A. VoleiSis

ULTRAGARSINIAI ITRIO NITRATO KOMPLEKSU
KINETIKOS TYRIMAI

Santrauka

Analizuojami ultragarso grei¢io dispersijos matavimai van-
deniniuose itrio nitrato tirpaluose. Aptiktas relaksacinis
procesas apibiidinamas viena relaksacijos trukme. Ultra-
garso greicio dispersija interpretuojama Y** ir NO,~ jony
asociacija, susidarant vidiniams kompleksams [YNO,]**.
PaskaiCiuoti susidariusiy kompleksy kinetiniai parametrai.
Nustatyta aktyvacijos energija, entalpijos, entropijos ir ti-
rio poky¢iai asociacijos proceso metu.

b. Boaeiimene, I. Murinnene, A. Boueiimmuc

YJBTPA3ZBYKOBBIE UCCJIEJOBAHS
KHMHETHUKHN KOMIIJIEKCOOBPA3OBAHUS B
BOJHBIX PACCTBOPAX A30THOKHCJIOI'O
UTTPUSA

Peswowme

VccnenoBanack JUCIIEPCHS CKOPOCTH YIBTPa3ByKa B BOXHBIX
pacTBOpax a30THOKUCIOro UTTpus. OOHapyKeH pelaKcaruoH-
HBIl [pOIlECC C OXHUM BpeMeHeM penakcauuu. Ilpenmosna-
raercsi, YTO JIUCIICPCHUIO CKOPOCTH YJIBTPa3ByKa BBI3BIBACT acco-
muanus moHoB Y¥ ¢ NO,~ ¢ o6pazoBanmeM BHYTPHCHEPHBIX
komrnekcoB [YNO,]*. Pacunrana oHeprus akTHBALMM, Ope-
JACJICHbBI MW3MCHCHHSA OHTAJBIIMKM W OSHTPONHUU IIPpU PCaKIUu
ACCOLUAIMH.



