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By combining earlier stability studies with the calorimetric measurements of the
present investigation, the thermodynamics of the fluoride complex formation of the
tetravalent ions Zr**, Hf**, Th** and U** have been determined. The high stabilities
of the complexes formed according to the reaction MF,_*~"*! + F~ == MF,* " are for
the steps (1)—(3) due to very positive entropy changes, while the enthalpy changes are
small, exothermic or endothermic. These steps are evidently characterized by an
extensive dehydration which on the whole provides the large decrease of Gibbs
energy observed. For the fourth step the entropy gain is much smaller; on the other
hand, the reactions are fairly exothermic. Most of the dehydration has evidently
taken place before this complex is formed. Because metal ions are more strongly
hydrated the smaller they are, the entropy gains due to dehydration should be larger,
the smaller the ionic radius. In most cases this is indeed observed; the possible reason
for an exception found for the second step of U** is discussed. Finally, entropy gains
for the formation of neutral fluoride complexes have been compiled for a few
representative acceptors, and the dependence of these gains upon the charges and

radii of the acceptors is discussed.

In a previous paper,’ one of the present authors has com-
pared the stabilities of fluoride complexes of tetravalent
metal ions belonging to two different classes of transition
elements, viz. Zr**, Hf** and Th**, U*, Np**. As these
ions are very prone to hydrolysis in aqueous solution, a
strongly acid medium was chosen, viz. 4 M perchloric acid.
In this medium, the hydrolysis of the actinide ions is vir-
tually suppressed.? Also, the hydrolysis of Hf** is almost
negligible, while that of Zr** amounts to a few percent in
solutions free from fluoride.>* At this acidity, the equilibria
actually existing are:

MF,_ ™'+ HF=MF,*"+H* n=1->N

where N is the highest number of F~ ions attached. The
constants experimentally determined refer to these equi-
libria. For a comparison between the affinities of water and
fluoride for the M** ions, it is more rational, however, to
consider the equilibria:

MF, 4! + F- = MF,*"

Their stability constants can evidently be calculated once
the dissociation constant of hydrofluoric acid in the present
medium is known.

It is generally found, however, that from stabilities
alone, the factors of importance for the complex formation
are difficult to discern. More, and safer, conclusions could

* To whom correspondence should be addressed.
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be drawn from a discussion of the enthalpy and entropy
functions.>® The present study therefore aims at the deter- .
mination of these functions for four of the fluoride systems
mentioned, viz. those of Zr**, Hf**, Th** and U*. On
account of severe experimental difficulties, Np** was omit-
ted.

The earlier measurements have generally been per-
formed at 20 °C; for the present measurements the standard
temperature 25°C has been chosen. The stabilities previ-
ously determined have been recalculated accordingly.

Symbols

Cy, Cyp = total concentrations of metal ion and hydro-
fluoric acid;

A = (Cyr — [HF])/ Cy = ligand number;
*B, = [MF,][H]"/[M] [HF}"; B,y = *B,/[H]";

*K, = [MF,][H]/[MF,_,] [HF]; *K; = *B;;
K, = [MF,]/[MF,_,][F];

Q.,, = heat change on addition of titrant (>0 if heat is
evolved);

Qcor = Qexp — Qau = heat change corrected for heat of
dilution;

* Charges omitted for simplicity.
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V, = initial volume (ml) of the solution in the reaction .

vessel;
v = volume (ml) of titrant added; V=V, + v;

gy = heat equivalent (J Q') of the calorimeter system at
the volume V;

Ah, = —Z1000 Q.,../ CyV = total molar heat change after
addition of v;

*AG°,, *AH®,, *AS°, = changes of Gibbs energy,
enthalpy and entropy in the standard state for the reaction
MF,_, + HF = MF, + H;

AG°,, AH®°,, AS°, = changes of Gibbs energy, en-
thalpy and entropy in the standard state for the reaction
MF,_, + F = MF,.

Derivation of the enthalpy changes from the
measurements

For the present measurements the conditions have been
such that the concentration of the species F~ and HF,~
could be neglected in comparison with the concentration of
fluoride bonded in metal complexes and undissociated
hydrofluoric acid.® Disregarding the formation of hydroxo
and polynuclear metal complexes, the following mass
balance equations are obtained:

N
Cur = [HF] + [M] X n B, [HF]" 1)
n=1
N
Cu = M] (1 + X, B, [HF]") = [M] X, @)
n=1

The stepwise enthalpy changes are related to the experi-
mentally determined heat changes according to eqn. (3): **

N n

Ah, =3, 3 a,*AH®, 3)
n=1 k=1

where

an= 6M{H{FP/A% (4)

The least-squares computer program, KALORI,* founded
on these relationships, has been used for the evaluation of
the values of *AH®°,.

Experimental

Chemicals. Stock solutions of Hf(IV) were prepared from
spectrographically pure HfOCl, - 8H,0 supplied by John-
son Matthey & Co., London. The stated zirconium content
of this salt was <0.5 mass %, which did not warrant any
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correction of the measured value of Ah,. Other impurities
were reported to be present only in ppm amounts. All
other chemicals used were of analytical grade. The prep-
aration and analysis of the stock solutions were performed
as described previously,"!' except that the concentrations
of free acid, Cy, in the primary stock solutions of Zr(IV)
and Hf(IV) were determined in the same manner as for
Th(IV).! Titration solutions having different values of Cyu
were prepared by dilution with perchloric acid so that the
free acid concentration was 4.00 M. The values of C, for
these solutions were occasionally cross-checked by analy-
sis' and were invariably found to be correct within the
limits of experimental error.

Apparatus. A titration calorimeter of the isothermal jacket
type previously used by Ahrland and Kullberg® and based
on the design of Grenthe et al.'* was used in the present
work. Ref. 13 should be consulted for details of the con-
struction and accuracy of the calorimeter.

Procedure. By means of a plastic pipette, V, ml of a hydro-
fluoric acid solution (in the following referred to as
solution S), containing 4.00 M perchloric acid, was intro-
duced into the inner gold vessel. Then the calorimeter
was assembled and placed in a thermostat bath, kept at
25.000 £ 0.002°C. An external piston burette filled with a
metal perchlorate solution (T), also containing 4.00 M per-
chloric acid, was connected, and the calorimeter was left,
usually overnight, to attain thermal equilibrium. The stir-
ring of S was then initiated, causing a slow increase in its
temperature. When the temperature (i.e. the thermistor
reading in the reaction vessel) had reached a certain value,
3.000 ml of T was added over a period of 2 min. When the
temperature change had been recorded, the solution was
cooled (or heated) to its original temperature and a further
aliquot of T added, etc. The thermistor value was selected
so that no heat effects were obtained when S and T were
both just 4.00 M HCIO,. With this procedure, fluoride
solutions were never in contact with glass. In the thorium
measurements, the volume in the gold vessel was kept
constant at V= 102.38 ml, by removal of 3.000 ml before
the addition of a further aliquot. In all other measurements
the volume V increased in a titration series from approxi-
mately 100 to 115 ml. The heat equivalent of the
calorimetric system was determined by electrical calibra-
tion. It was found to depend linearly on V according to
ey =2.053 + 0.0209 (V —99.98) J Q. Individual calibra-
tions departed by at most 0.1 % from this relationship.

The heats of dilution were determined in separate titra-
tions with only one of the reactants present. For all so-
lutions S they were found to be zero within experimental
error. The metal ion solutions (T) gave appreciable heats of
dilution, however. Thus, when 3 m! solutions of 30 mM
Zx(1V), Hf(IV), Th(IV) or U(IV) in 4.00 M HCIO, were
diluted to 100 ml, Q4 = 0.5, 0.5, 0.1 and 0.01 J were
found. Corresponding values of 0., and Qy; were always
determined by analogous titration series.



For the zirconium(IV) and hafnium(IV) systems, the
initial concentrations Cyy of the solutions S were varied
between 28.6 and 1.4 mM. This implies that the highest
ligand numbers reached were ca. 3.4; as aliquots of T were
added this number decreased, finally to ca. 0.3. Within this
range, the first four mononuclear complexes are formed in
both systems. Their stability constants are all fairly pre-
cisely known,''? a factor which has determined our choice
of the present range of measurements. Within this range no
precipitation occurs. This had been ascertained during the
stability measurements, and has been confirmed by the
regular performance of the systems during calorimetric ti-
tration.

For the thorium(IV) and uranium(IV) systems, on the
other hand, precipitation of the tetrafluorides already
occurs at fairly low fluoride concentrations.! To avoid this,
the initial values of C in solution S were chosen to
be <6.7 mM for thorium(IV) and =129 mM for
uranium(IV), implying ligand numbers of at most ca. 1.5
for thorium(IV) and ca. 2.0 for uranium(IV).

Results and calculations

The zirconium(IV) fluoride system. Titrations were carried
out with C,; = 50.38, 30.23 and 20.15 mM in solution T. In
the measurements of Qg for the highest value of Cy
(50.38 mM), heat was evolved for an appreciable time fol-
lowing addition, particularly for the last additions. A slow
reaction, presumably involving polynuclear hydroxo com-
plexes, evidently takes place. Hence results from titrations
at Cy = 50.38 mM were excluded from the values reported
in Fig. 1.

According to previous investigations®'>* of the zirco-
nium fluoride system, the first four complexes must be
considered in the present calculations. The values selected
for the stability constants were B,y = 2.20x10° M1, B,y =
1.15%10° M2, By = 2.63x10" M3 and By = 1.07x
10® M. Of these, only B, and B,y had been experi-
mentally determined at 25°C.* The values of By and By
were calculated by means of eqn. (5).

din*K,/dT = *AH®,/RT? )

From the values of *K; = 1.0x10° and *K, = 1.9x10?
determined at 20°C,? provisional values of B,y and B,y
were calculated which, inserted in eqns. (3) and (4),
yielded preliminary values of *AHy and *AH,". With these,
preliminary values of *K; and *K, at 25°C were calculated
from eqn. (5). The cycle was iterated until consistent re-
sults were achieved (Table 1), which in fact occurred in the
third cycle.

The hydrolysis of zirconium(IV) is very pronounced and,
on the basis of existing information,>*!* both mono- and
polynuclear hydroxo species might be expected to form
even in 4 M perchloric acid. Strictly speaking, the heat
changes observed should therefore be corrected for the
occurrence of these complexes. Fig. 1 shows Ah, as a func-
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Fig. 1. The total molar heat change Ah, plotted as a function of
the ligand number 7 for the formation of fluoride complexes of
Zr** (V) and Hf** (@). The full curves have been calculated
from the values of stability constants and enthalpy changes
listed in Table 1.

tion of /i [calculated from eqns. (1) and (2)] at various
values of Cy,. Evidently all points fall along the same curve,
irrespective of the value of Cy; used. This means either that
the enthalpy changes for the break-up of the polynuclear
hydroxo complexes presumed to be present are small or
that the hydrolysis is less extensive than was previously
thought. Whatever the case, the observed heat changes can
be referred to the formation of the mononuclear fluoro
complexes. This is confirmed by a comparison between the
values of *AH?®, calculated from all measurements and
from those performed at [HF] >0.03 mM, where the for-
mation of polynuclear hydroxo complexes is negligible.
The values were 17.46 +0.19 and 17.26 +0.21 kJ mol™,
respectively, i.e. they agree within the limits of error (one
standard deviation). It may thus be concluded that the
enthalpy values quoted in Table 1 really represent the for-
mation of the mononuclear fluoride complexes.

The hafnium(IV) fluoride system. In this case no slow heat
evolution on dilution was observed for any of the solutions
used. This is in keeping with the fact that hafnium is less
extensively hydrolysed than zirconium.** Four fluoride
complexes are formed within the investigated concentra-
tion range, cf. Ref. 11. The values of the stability constants
B = 7.78x10* M~! and B,y = 2.06x10° M2 have been
determined at 25°C.? Values of By = 5.28x10" M~ and
B = 1.76x10"2 M~ were calculated, as described above
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Table 1. The stability constants used and the values of Gibbs energy, enthalpy and entropy changes for the stepwise complex
formation MF,,_,*~ ™' + HF = MF,*" + H* of the four systems investigated. The limits of error refer to one standard deviation, as

obtained by computer. Medium 4.00 M perchloric acid; 25 °C.

n Acceptor
Zr Hf4* Th* U+
K, 1 8.80(8)x10° 3.11(1)x10° 4.24(2)x10* 3.02(1)x10°
2 2.09(4)x10* 1.06(2)x10* 0.73(2)x10° 1.43(3)x 10°
3 0.91(3)x10® 1.03(7)x 10° 0.84(9)x 102
4 1.63(8)x 102 1.33(8)x10?
—*AG°,/kJ mol™! 1 33.93(2) 31.35(1) 26.41(1) 31.28(1)
2 24.66(5) 22.98(5) 16.34(7) 18.01(5)
3 16.89(8) 17.2(2) 11.0(3)
4 12.6(1) 12.1(1)
—*AH°,/kJ mol~! 1 17.5(2) 15.2(1) 14.3(1) 17.52(6)
2 16.8(3) 15.0(2) 12.8(4) 9.8(2)
3 11.2(6) 8.8(3) 8(2)
4 22(1) 27.4(7)
*AS°,/J K™ mol™! 1 55.1(6) 54.2(3) 40.6(4) 46.2(2)
2 26(1) 26.8(6) 12(1) 27.5(6)
3 19(2) 28(1) 11(5)
4 —32(4) -51(3)

for zirconium, from values of *K; and *K, determined at
20°C.t

Titrations were carried out with C,; = 55.85, 31.23 and
15.64 mM in the solution T. As for zirconium(IV), the
function Ah,(7) is independent of the total metal ion con-
centration (Fig. 1), indicating that polynuclear complexes
are not involved in these measurements. This agrees with
the result arrived at previously.® Also, the monohydroxo
complexes should be negligible in 4 M perchloric acid,
amounting to ca. 2% of Cy. Again, the enthalpy changes
determined therefore refer to the formation of the mono-
nuclear fluoride complexes.

The thorium(IV) fluoride system. The stability constants for
the formation of the fluoride complexes of thorium(IV) in
4.00 M perchloric acid medium have been determined at
25°C by means of a fluoride membrane electrode (Ref. 3,
p. 1372). With these values (B, = 1.043x10* M~ and By
= 1.67x10°M™?), the present measurements of Ah,
(Fig. 2) result in *AH®°, = —14.13 kJ mol™' and *AH®, =
—14.49 kJ mol™, respectively.

The constants have also been determined by the same
method at 20°C. Graphically values of By = (1.19%
0.01)x10* M~! and B,y = (2.8+0.1)x10° M2 were ob-
tained.! By applying the least-squares computer program
developed by Sandell” to these measurements, values of
B = (1.193 £0.004)x10* M~" and B,y = (2.69 £0.04)x
10° M2 are obtained. These were recalculated to 25°C by
means of the values of *AH°; and *AH°, presently deter-
mined, yielding B,y = 1.082x10* M~ and B,y = 2.21X
10° M~2. The value of B,y agree quite well with the experi-
mental value at 25°C quoted above, while the value of B
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differs somewhat. There is no obvious explanation for this
difference, as both determinations were carried out by
much the same method. The enthalpy changes presented in

30 T T T
—Ah,/kJ mol~!

20# -

10F -
- e
i
L 1 1
Oo 10 20

Fig. 2. The total molar heat change Ah, plotted as a function of
the ligand number 11 for the formation of fluoride complexes of
Th** (¥) and U** (@). The full curves have been calculated
from the values of stability constants and enthalpy changes
listed in Table 1.
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Table 2. Values of Gibbs energy, enthalpy and entropy changes for the stepwise complex formation MF,_*~™' + F~ = MF,* "
calculated from the data of Table 1, by means of the values for H* quoted below. The radii r of the ions M** are also given.*

n Acceptor
H* Zr Hf4+ Th*+ U4+
riA
0.72 0.71 0.98 0.93
-AG®,/kJ moi™ 1 20.2 54.1 51.6 46.6 515
2 449 43.2 36.5 38.2
3 371 374 31.2
4 328 323
—AH°,/kJ mol™! 1 -11.9 5.6 3.3 24 5.6
2 4.9 3.1 0.9 -2.1
3 -0.7 -3.1 -4
4 10 155
AS°,/J K™ mol™? 1 108 163 162 149 154
2 134 135 120 136
3 127 136 119
4 76 57
2All values referred to the same coordination number 6; from Ref. 25 (Zr**, Hf**) and Ref. 26 (Th**, U**).
Table 1 were calculated using the mean values B,y = *AG°, = —RTIn*K, (6)
1.06x10* M~! and B,y = 1.94%10° M2,
Titrations were carried out with Cy = 105.9, 52.94 and  *AG°, = *AH®°,— T*AS°, )

39.70 mM in solution T. The function Ah,(7) does not vary
significantly with Cy (Fig. 2), implying that no polynuclear
hydroxo or fluoro complexes are present. This agrees with
the results found in Refs. 1 and 3.

The uranium(IV) fluoride system. Stability constants for the
fluoride complexes of uranium(IV) in 4.00 M HCIO, have
been determined only at 20°C.! The results reported were
obtained graphically. To obtain a better estimation of the
limits of error, least-squares calculations!” were applied to
the primary data of Ref. 1, which resulted in f;; =
(8.52+£0.07)x10* M}, B,y = (3.2610.06)x10" M~2 and
Bsy = (7.3+£0.7)x108 M3, in close agreement with the
values originally obtained. These constants were used as
starting values in the iterative procedure described above,
which resulted in the following values for 25°C: B,y =
7.55%10° MY, By = 2.70%10" M2, By = 5.7X108 M3,

Titrations were carried out with C,, = 82.71, 47.26 and
28.37 mM in solution T. As for the other systems studied,
the function Ah,(#7) is independent of total metal ion con-
centration (Fig. 2).

Discussion

The values of *K, and the enthalpy changes *AH °, deter-
mined are collected in Table 1. From these, the values for
*AG°, and *AS°,, also listed in Table 1, have been calcu-
lated from eqns. (6) and (7).

The enthalpy and entropy terms generally contribute in a
similar degree to the fairly large decreases of Gibbs energy
characterizing the fluoride complex formation as formu-
lated in Table 1. Marked exceptions are, however, the
fourth step in the two cases Zr** and Hf**, where this step
could be investigated. These reactions are much more
exothermic than any of the previous steps; moreover, they
are characterized by a decrease in entropy while all the
other steps display a sizeable increase in entropy.

Obviously, these values depend on the dissociation of
hydrofluoric acid as well as on the fluoride complex forma-
tion of the M** ions. To discuss the latter process, the
influence of the former has to be subtracted. In this way
one arrives at the processes considered in Table 2, i.e. the
exchange of water in the hydration shells of the M** ions
for fluoride ions.

In Table 2 the thermodynamic functions of the hydrogen
fluoride system used in this calculation are also listed. To
conform with the presentation of the other systems, these
refer to the association equilibrium H* + F~ = HF. Values
referring to the present conditions have been arrived at as
follows. Kleboth'® and Hefter' have determined K,(H*) in
a 4 M sodium perchlorate medium at 25°C, arriving at
the same value, log K,(H*) =3.54. This value should also
be a fair approximation for the acid medium presently
used: hence the value of AG°,(H*) listed in Table 2. For
AH*®(H*), a reasonable estimate can be obtained from the
measurements of Kozlov et al.? in perchlorate solutions of
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varying ionic strength. From the values of AG°(H*) and
AH°,(H") thus chosen, AS°,(H") is calculated.

For all the M** ions investigated, the exchange of water
for fluoride is characterized by small heat effects as far as
the first three steps are concerned. The values of AH®,
are either slightly exothermic or slightly endothermic
(Table 2). The entropy changes of these reactions are all
strongly positive, however, so in the end very stable com-
plexes result. In the two cases where a fourth complex is
formed within the range of ligand concentration available,
viz. Zr** and Hf**, this step is much more exothermic than
the previous ones; the entropy changes are, on the other
hand, much less positive (Table 2).

Enthalpy and entropy changes accompanying the forma-
tion of fluoride complexes of tetravalent cations have previ-
ously been determined by Baumann,” by Choppin and
Unrein® and by Grant et al.?

In the thorium(IV) system, at zero ionic strength and
25°C, Baumann found the following values from the tem-
perature coefficients of the stability constants: AH®,
(n=1-4) = -5.0, —3.3, —3.3 and —3.8 kJ mol™!; AS®,
(n=1-4) = 145, 115, 80 and 52 J K~! mol™'. (The values
of AS°, and AS°®, have been slightly corrected by the pre-
sent authors.) Calorimetrically, Choppin and Unrein
found, in a perchlorate medium of /=1M and 25°C,
AH° =3.0 kJ mol™'. From the temperature coefficients
of the stability constant, determined by two different
methods, values of AH®, = 1.1 and 2.3 kJ mol™! were ob-
tained, corresponding to AS°, = 145 and 150 J K~! mol ™},
respectively. Quite recently, Grant ef al.” have determined
calorimetrically the enthalpy and entropy changes for the
first three steps. In a perchlorate medium of /=0.5 M and
25°C they found AH®, (n=1—-3) = 1.6, 2.7 and 3.5 kJ
mol™! and AS°, (n=1-3) = 150, 120 and 100J K™
mol ™',

For the uranium(IV) system,” the temperature coeffi-
cient yielded AH®, = 0.8 kJ mol~' and AS®, = 151 J K™!
mol~! [and for neptunium(IV) AH®; = 3.2 kJ mol™! and
AS° = 1557 K™ mol™!]. These results are, as far as they
go, certainly consistent with ours. Considering the differ-
ences in the medium and in the methods of measurement,
the values of AS°,, in particular, found by the various
investigators agree surprisingly well with ours in most cases
(Table 2). It follows that the stability constants used here
are also in broad agreement with those found by other
authors. 2

The results can be rationalized as follows. The coor-
dination of a fluoride ion implies neutralization of charges
on the metal ion as well as on the ligand. Consequently, a
strong dehydration takes place, most extensively around
the highly charged metal ion, but the contribution from F~
is certainly also sizeable. The effect is also felt outside the
inner hydration sphere, so the process involves a large
decrease of order, reflected in the very large entropy gain.
On the other hand, the energy spent on this extensive
dehydration is seemingly almost compensated by the gain

from complex formation, so the net value of AH °, becomes
small.

As the charge on the complex decreases, the values of
AS°, should also decrease. This happens for all the ions
between the first and second steps. For U** a similar de-
crease also takes place between the second and third steps.
For Zr** and Hf**, however, the decrease at this step is
small, or nonexistent (Table 2). One might speculate that
for these small ions an extra-large dehydration, connected
with some structural change, takes place at the third stage,
a change which does not occur in the case of the con-
siderably larger U**. The sharp decrease in AS°, between
the third and fourth steps would indicate that the dehydra-
tion has gone quite far with the formation of the third
complex, so that the coordination of a further ligand in-
volves only a modest gain of entropy. On the other hand,
no large dehydration enthalpy has to be spent at this step,
so the values of AH °, becomes rather exothermic (Table 2).

For M** ions, the hydration enthalpies are not very
accurately known, but the hydration is certainly stronger,
the smaller the ion.”? The dehydration accompanying
each step should therefore tend to be more extensive, and
the entropy gain consequently larger, the smaller the ion.
For the first step this result evidently holds, as seen from an
inspection of the values of AS°, and r (Table 2). Moreover,
as might be expected, practically the same values are found
for Zr** and Hf**. The second step also fits into this pic-
ture, except that the value found for U** is unexpectedly
large. The anomalous behaviour of U** at this step stands
out more clearly if the reactions M** + MF,?** = 2 MF**
are considered. In Table 3 the equilibrium constants,
*K,/*K,, and the thermodynamic functions for these reac-
tions are listed. In spite of the unexpectedly high value of
AS°,, the second complex is less stable relative to the first
one for U* than for any of the other acceptors investi-
gated. This depends upon the unfavourable value of AH °,.
This is reflected in the functions quoted in Table 3. The
uranium(IV) reaction is considerably more exothermic
than the other reactions, and this more than compensates
the less favourable entropy change. As to the reason for the
special behaviour of U**, one might guess, from the values
of AH®, and AH °, reported in Table 2, that the first com-
plex F~ is more strongly bonded in UF** than in the other

Table 3. The equilibrium constant *K,/*K, and the functions
AG°®, AH° and AS” for the reactions M** + MF,?* = 2 MF3*,
Medium 4.00 M perchloric acid; 25°C. Errors indicated refer to
one standard deviation.

Acceptor *K,/*K, -AG® ~AH° AS°

kJ mol~! kJ mol~’ J K" mol™!
zr 42.1(9) 9.27(6)  0.7(4) 29(1)
Hf++ 29.3(6) 8.38(5)  0.2(2) 27.4(7)
Thé+ 58(2) 10.07(7)  1.5(4) 29(1)
U 211(4) 13.27(5)  7.8(2) 18.3(7)




Table 4. Entropy gains? for neutralization reactions M™ + nF~
= MF, in aqueous solutions for acceptors of different charges
and radii.?

Acceptor AS°,/J K™ mol™! riA
z 500 0.72
Hf#+ 490 0.71
AR+ 336 0.53
Fe®t 293 0.65
Be?* 145 0.27
vo?* 158

uo2* 160

2For the tri- and divalent ions these have been taken from the
compilation in Ref. 5. °From Ref. 25; they refer to six-
cooordination, except for Be>*, where four-coordination seems a
natural choice.

complexes MF**, while the opposite occurs for the second
complex.

The very strong hydration of tetravalent ions is impres-
sively reflected in the very high total entropy gains found
for the formation of the neutral complexes, i.e. for ASg,
(Table 4). Much higher values are found for Zr** and Hf**
than for the trivalent AI** and Fe**, in spite of the smaller
size of the latter ions. For divalent ions, the entropy gains
are fairly small even for very small ions, as illustrated by
Be?*. Ions that do not possess spherical symmetry might
display much larger entropy gains than would be warranted
by their size and charge, as illustrated by VO** and UO,**.
In these cases the charge is of course a much more formal
quantity than for ions of spherical symmetry. For the ions
quoted, the actual charge on the central atom is certainly
higher than 2. Applying an extended Born equation, Chop-
pin and Rao® found an “effective” charge of +3.2 on the
uranium atom of UO,**.

FLUORIDE COMPLEXES OF M(IV) IONS
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