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The enthalpy changes for the formation of hydrogen, uranyl(VI),
and vanadyl(IV) fluoride complexes have been determined by a direct
calorimetric titration procedure. From these enthalpy changes and
the changes in free energy computed from the corresponding stability
constants ! the entropy changes have been calculated from the
relationship:

4G;° = 4H;° — T A4S}

All data refer to 25.00°C and an aqueous sodium perchlorate
medium of ionic strength 1.00 M.

In the fluoride systems studied, nearly all the species are formed
in endothermic reactions. The strong complex formation for these
systems thus depends upon the large gains of entropy involved.

As pointed out in part I of this series,! it is necessary to determine both the
enthalpy and the entropy changes accompanying a complex formation
reaction in order to get information about the nature of the bond formed. In
the work described here, the enthalpy changes for the formation of fluoride
complexes of the hard acceptors uranyl(VI) and vanadyl(IV) have been deter-
mined. From these data, and the stability constants measured previously,!
the entropy changes are calculated according to:

AGP=AHP T 487 (1)

All quantities necessary for a discussion of the factors governing the formation
of these complexes are then known.

Enthalpy changes can be determined either by measuring the stability
constants as a function of the temperature, or by direct calorimetric measure-
ments. With the first method the enthalpy change is obtained from the slope
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3472 AHRLAND AND KULLBERG

of logK as a function of 771, provided that the change of heat capacity,
40,, is negligible within the range of 7' used. If this does not apply the graphs
show an appreciable curvature. Even if the conditions are fulfilled, however,
very precise measurements of K over a wide range of 7' are demanded if the
values of 4H obtained by the temperature coefficient method are to be as
reliable as those obtained by calorimetry.2*

The calorimetric measurements are most conveniently arranged as titra-
tions which permit the collection of a large number of data with a reasonable
amount of effort.4 To simplify the conditions, the hydrolysis of the metal ions
has been suppressed by the addition of perchloric acid. As a consequence,
proton as well as metal fluoride complexes were formed during the calori-
metric experiments. In order to find the heat changes referring to the formation
of metal fluoride complexes, those due to the formation, or disruption, of
proton complexes had to be known. They were found from a separate investiga-
tion of the hydrogen fluoride system.

The stability constants of the systems have to be known not only for
the calculation of the entropy term, according to eqn. (1), but also for the
calculation of the compositions of the solutions obtained during the calori-
metric titrations. The values of f; used are collected in Table 5.

No direct calorimetric determination of the enthalpy changes of the
uranyl(VI) and vanadyl(IV) fluoride complex formation has been published
so far. Day and Powers 5 have studied the uranyl fluoride system by an
extraction method and they have determined the stability constants at 10,
25, and 40°C at an ionic strength of 2.00 M with NaClO, as the supplementary
neutral salt. From the values found, they calculated 4H,° to be about —10 kJ
mol™, The hydrogen fluoride system has been investigated by calorimetric
measurements by Hepler et al.® They obtained a value of 4H,°=13.3 kJ mol™
at infinite dilution and 25.0°C. From a compilation of apparently reliable
values of K, in the temperature range 0—50°C, a value of 4H,°=12.2 kJ
mol™? has been calculated 7 for an ionic strength 0.5 M.

All measurements in this study have been carried out at 25.00°C in an
aqueous medium of an ionic strength 7=1.00 M with sodium perchlorate as
supplementary electrolyte.

NOTATION AND GENERAL EQUATIONS

The notation is the same as in part I of this series with the following
additions:

AR =change in resistance after addition of titrant

Qexp = corresponding heat change (> 0 if heat is evolved)

Q. =heat of dilution

Q' corr = Qexp — Qan =heat change corrected for heat of dilution

Q. =heat change corrected for both heat of dilution and heat effects due
to the formation or disruption of proton complexes

V, =initial volume (cm?) of the solution in the calorimeter vessel

v  =volume (cm?3) of titrant added

V  =total volume (cm3) of the solution in the calorimeter vessel
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METAL COMPLEX FORMATION II 3473

ey =heat equivalent (J ohm™) of the calorimeter system at the volume V
=- z IOOC(,) ?/. =total molar heat change after addition of V

—free energy change in the standard state for the step j
AIf =enthalpy change in the standard state for the step j
48; b =entropy change in the standard state for the step j

All the concentrations are given in molarity units (M) and all heat quantities

in absolute joule.
The quantity 4k, is related to the stepwise enthalpy changes according to

=5 3% W AH (2)
i=1k=1
where ;= p,[LY/X (3)
N
Hence dhX=73 3 pILVAHS (4)
i=14=1
and
N 4 . o
ahX|[L1= (L= 3 3 ALY 4H, (5)
Extrapolation to [L]=0 yields:
lim y,([L])=p,4H,° (6)
(L]0
Generally

Pal[L]) = {p,a((L]) - lim Paa([LD)}/[L] =

Z Z B; [L]"”AH ° @

j=nk=1

and by extrapolation to [L]=0
lim 3,([L)=$, > 4Hy (8)
L]0 =1

As the values of f; are known this procedure yields the total enthalpy
change ﬁ 4H,® up to and including the step j. Hence AH? for each suc-
k=1

cessive step can be calculated.

The function y,([L]) is obtained in the following way. The compositions
of the solutions after each addition are determined from known values of
B;» 9;, Cy, Oy, and Cy. The changes in the concentrations of proton complexes
upon the addition of titrant are then calculated. With the 4H-values of
protonation known, the heat effects arising from proton complex formation
can then be calculated. Introducing the heats of dilution determined separately,
Qe 18 finally computed and hence A4k, (see above). Thus all quantities
needed for the calculation of the function y,([L]) are available (¢f. eqn. (5)).
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3474 AHRLAND AND KULLBERG

As seen from eqn. (4), 4h, is a function of [L] only. If polynuclear
complexes had been introduced, 4k, would depend also on [M] i.e. C,.
Consequently it is possible to decide whether polynuclear complexes exist or
not by performing titrations with different values of C,,. Plots of Ah, versus
[L] or #, which is also a function of [L] only,! will fall on the same curve if
only mononuclear complexes are present in the solutions.

The enthalpy changes have also been calculated by a least squares computer
program, ‘“Letagrop Kalle”, developed by Sillén ef al.8,® With this program,
the computer searches for the set of values of unknown parameters, which
will minimize the error square sum :

U= Z(Q’i, corr, cale Q,i, c:ox'x-)2

The input data were the corresponding values of @', and v, the stability
constants B, and J;, the initial volume V, and the total concentrations of
metal, hydrogen, and ligand in the S and T solutions.

The “Letagrop Kalle” calculations result in a set of enthalpy changes
with their standard deviations and also the standard deviation 0Q’ orrs
in the quantity @’,. Moreover, the difference (@’ carc—@ corr) denoted
4Q' .. in the following, was given for each point.

EXPERIMENTAL

Chemicals. Hydrochloric acid and potassium hydroxide used for testing experiments
were of analytical grade. The hydroxide solution was standardized against potassium
biphthalate. All other chemicals used were preEared and analyzed as described before.!

Apparatus. The calorimeter used in this work is of the model developed and described
by Grenthe et al.® It is a titration calorimeter of the isothermal jacket type, with an
inner vessel holding 120 cm?. In order to stand the acid fluoride solutions, this vessel is
made of gold. For the same reason all other parts which are in contact with the solution
(inlet and outlet tubes, stirrer, casings for heater and thermistor) are made of either gold
or teflon (¢f. Ref. 10).

The inner vessel is surrounded by an outer can which is wholly immersed in a
thermostat bath of type LKB 7603 A, maintained at 25.000 + 0.001°C. During the time
(=45 min) required for the determination of the temperature change for one addition of
titrant, the temperature was usually constant even to +0.0003°C. The entire equipment
is placed in a thermostated room where the temperature is kept within 25.0+0.2°C.

The temperature change obtained for an addition of titrant or in a calibration
experiment was measured with an estimated uncertainty of +5x107% degrees,
corresponding to +0.03 J, by the use of a thermistor. The calorimeter was electrically
calibrated. The time of equilibration 1° of the system after heating and cooling, respectively,
involving as much energy as 80 J was found to be 5 and 10 min. ’

Procedure. During operation about 100 cm? of a solution 8 is first placed in the inner
vessel and (by heating or cooling) given a temperature a little below that of the outer
bath. By stirring the solution in the reaction vessel a smooth raising of its temperature
is obtained. When the temperature is exactly the same as that of the outer bath, a
%ortion (at most 4 cm?®) of the titrant T is added from a piston burette. On its way,

passes through a heat exchanger, placed in the thermostat. In order to ensure that
the capacity of the heat exchanger is not exceeded, the addition is made at the slow
rate of 1 cm?/min. After reaction is completed, the solution is cooled, or heated, back to
approximately its initial temperature, and the procedure is repeated.

Through the outlet tube, portions of the solution can also be removed. This has
been done either before each addition (method A) of after the inner vessel has been
almost completely filled (method B).
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METAL COMPLEX FORMATION II 3475

In general, every titration series was carried out twice. The reproducibility was
usually within 0.05 J.

To determine the heats of dilution, series were performed with only one of the reacting
components present. Thus the heats of dilution for the 8 solution were determined by
additions of a 1.00 M NaClO, solution to the S solution and the heats of dilution for the
T sg{%tion were obtained by adding this solution to a S solution containing only 1.00 M
NaClO,.

Testing of the calorimeter. In order to test the accuracy of the calorimeter, the enthalpy
changes of two well-investigated reactions have been determined, viz. the heat of dilution
of hydrochloric acid and the heat of neutralization of a strong acid with a strong base.

In the first experiment, 2.002 M hydrochloric acid was used. The reaction vessel
was filled with 100.24 cm?® of water and the acid was added in 2.000 cm?® portions. The
titrations were performed according to method A. The enthalpy changes refer to the
process HCI1,26.7H,0 + (n—26.7)H;0-»HCl,nH,0 where the values of n are 1412,
719, and 488. The results, which are mean values of three series, are collected in Table 1.

Table 1. Heats of dilution of HCL,26.7H,0 to- HCl,nH,O at 25°C. At each addition
4.004 x 1072 mol is added. The Q-values are mean values of the observed heats of dilution
for three series. The last column gives the corresponding 4H-values calculated from

SVCTP.1t
—4H —4H
J e —A%calc
i Q/ kT mol K mol 1
9.408 + 2.350 +
1412 0.012 0.003 2.332
8.268 + 2.208 +
719 0.014 0.003 2.203
7755 + 2117+
488 0.014 0.004 2.105

In the last column the corresponding data calculated from SVCTP! are given. The
graphical evaluation of the SYCTP data is somewhat uncertain. In view of this, the
agreement is quite satisfactory.

In the second experiment, 0.09855 M potassium hydroxide was neutralized with
0.1004 M hydrochloric acid. Four series were performed, with three additions of 2.000
cm® in each. After correction for the heats of dilution, — 4H,00 =55.86+0.03 kJ
mol™! is obtained for the reaction HCl,ocH,0+KOH,0H,0-»KCl,coH,0 in good
agreement with the well-established %1% value of — 4H 00 =55.82 kJ mol™.

Unit of measurement. The results are expressed in absolute joule and refer to isothermal
processes at 25.00°C.

MEASUREMENTS AND RESﬁLTS

The heat equivalent of the calorimetric system, determined by electric
calibrations, was found to obey e&y=2.333+0.0230(V —100) J ohm™ for all
solutions used with /=1 M.

For all the S solutions the heats of dilution were found to be negligible.
Dilution of the T solutions in 1.00 M NaClO,, on the other hand, gave perceptible
heat effects, though in all cases <0.080 J per cm® added T solution. Corre-
sponding values of @, and @ were always determined by analogous
titration series. v
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Table 2. Determination of the heats of formation for the hydrogen fiuoride system.
For all the series: V,=100.0 cm® and V= (V,+v) cm?

al le] S: 0H= 0.06000 M, CN8C104= 0.940 M.
T: CNQF=O.4OOO M, i CNaClO;=O'600 M.
v/em?, —Qexplds —Q'cort/ds AQ core/T:
2.000, 9.5717, 9.447, —0.076; 4.000, 9.485, 9.359, —0.074; 6.000, 9.347, 9.225, —0.075;

8.000, 9.096, 8.978, — 0.083; 10.000, 8.635, 8.522, —0.121; 13.000, 11.443, 11.284, — 0.058;
16.000, 7.807, 7.656, 0.008;

all O 8: 0x=005172 M, Cnap=0.05517 M,
CNBCI()c: 0.893 M.
T: CNaF= 0.4000 M, 0NaClOu= 0.600 M.
vjer®, —Qexpld, —Q'core/Ts AQ cors
3.000, 3.836, 3.698, —0.020; 6.000, 1.895, 1.765, —0.016; 9.000, 1.167, 1.046, —0.018;
12.000, 0.828, 0.719, —0.029; 15.000, 0.694, 0.594, 0.012;

alll O S: Cg=0.04498 M, Cxap=0.1002 M,
Cnaci0,=0.855 M.
T: ONRF =0.4000 M, CNBCIOA =0.600 M.
vfem®, — Qexp/J’ =@ core/Is 4Q core/T:
3.000, 0.502, 0.410, —0.058; 6.000, 0.439, 0.359, — 0.029;

bl [0 S: Cg=0.04000 M, Cnacio. = 0.960 M.
T: ONaF =0.4000 M, CNBC104= 0.600 M.
v/em® = Qexp/ds —Q'corr/Is 4Q cor/T:

2.000, 9.497, 9.367, —0.029; £.000, 9.275, 9.150, —0.025; 6.000, 8.840, 8.719, 0.008;
8.000, 7.819, 7.702, —0.024; 10.000, 5.999, 5.886, 0.125; 13.000, 4.660, 4.501, 0.096;
16.000, 1.979, 1.828, — 0.004;

b [] 8 Cu=003448M,  Cyap=0.06517 M,
ONaClO.': 0.910 M.
T: Onap=0.4000 M,  Cyacio.=0.600 M.
v/em?, —Qexp/J, —Qcort/Ts AQ’cor/T:
3,000, 1.037, 0.899, —0.054; 6.000, 0.656, 0.527, —0.079; 9.000, 0.418, 0.297, — 0.146;
12.000, 0.351, 0.242, —0.108; 15.000, 0.259, 0.158, —0.133;

cl . A S: OH‘—‘ 0.02000 M, ONBCIOA’_‘ 0.980 M.

T: 0N8F= 0.4000 M, CN&CIOA =0.600 M.
v/em?, = Qexpldy —Q cort/ds AQ' or[T:
1.000, 4.5717, 4.510, —0.029; 2.000, 4.414, 4.351, —0.033; 3.000, 4.092, 4.029, —0.025;
4.000, 3.544, 3.481, —0.008; 5.000, 2.715, 2.653, 0.017; 6.000, 1.787, 1.728, 0.009; 8.000,
1.782, 1.665, — 0.059; 10.000, 0.887, 0.774, —0.004; 13.000, 0.741, 0.582, —0.033: 16.000,
0.431, 0.280, —0.092;

ol A 8: Og=0.01724 M, Cnap=0.05517 M,
0NaC104 = 0.928 M.
T: CNaF = 0-4000 M, CNaClOa =0.600 M.

v/em?, _Qexp/J’ —=Q'corr/Is AQ corc/I:
3.000, 0.318, 0.180, —0.084; 6.000, 0.255, 0.126, —0.075; 9.000, 0.230, 0.109, —0.054;
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Table 2. Continued.
dr @® S: COn,p=0.1000 M, CNacio,= 0.900 M.
T: 0H= 0.4000 M, ONaClO¢= 0.600 M.

v/em?®, "'Qexp/J’ —Q cort/Is AQ  core/J:
3.000, 15.405, 15.259, 0.046; 6.000, 15.192, 15.054, 0.155; 9.000, 14.828, 14.698, 0.146;
12.000, 14.326, 14.205, 0.063; 15.000, 13.669, 13.556, =0.038;

i ® S: 0yx=0.05217 M, Cxap = 0.08696 M,
CNaC]04= 0.861 M.

T: CH=0.4000 M, ONaClO|=O'600 M.

vjem?®, —Qexp/d, — @ cors/Ts AQ cond:
3.000,12.682, 12.577, —0.092; 6.000, 10.878, 10.778, —0.088; 9.000, 7.795, 7.703, —0.029;
12.000, 4.460, 4.372, 0.050; 15.000, 2.372, 2.289, 0.071;

dIir ® S: Cy=0.09754 M, Cnap=0.07561 M,
CNaCIOd=O‘827 M.
T: Cgyg=0.4000 M, Cxacio, = 0.600 M.
vjem?, "Qexp/J’ —Q'core/d> AQ core/J:
3.000, 1.297, 1.218, 0.038; 6.000, 0.774, 0.699, 0.021;

el . S: ONaF= 0.05000 M, 0N3C10|=0'950 M,
T: CH= 0.4000 M, ONaC104= 0.600 M.
vjem?, —Qexp/J! = Q@ core/ Ty AQ o/
3.000, 14.732, 14.585, 0.004; 6.000, 14.121, 13.983, 0.063; 9.000, 12.749, 12.619, — 0.005;
12.000, 9.678, 9.556, 0.004; 15.000, 5.092, 4.979, 0.113;

ell m S: Cy=0.05217 M, Crap=0.04348 M,
C‘NaClOc = 0.904 M.
T: CH.=O'4000 M, CNaC104= 0.600 M-

v/cm", "Qexp/J, —Q’con/Jy AQ’con'/J:
3.000, 2.071, 1.966, 0.063; 6.000, 0.950, 0.849, 0.046; 9.000, 0.552, 0.460. 0.025; 12.000,
0.381, 0.293, 0.029; 15.000, 0.285, 0.201, 0.033;

f1 A S: Cnap=0.02500 M,  Cyaci0,=0.975 M.
T: CH=0'4000 M, CN“c]0‘= 0.600 M.
vfem?®, —Qepids —QcorelTs 4Q cors!T:
3.000, 13.732, 13.585, —0.050; 6.000, 10.418, 10.280, 0.017; 9.000, 4.046, 3.916, 0.054;
12.000, 1.264, 1.142, 0.042; 15.000, 0.615, 0.502, 0.042;

f11 A S; Oy=0.05217 M, Cyap=0.02174 M,
Cracio.= 0.926 M.
T: Cp=0.4000 M, Cxacios=0.600 M.

vfem?, "'Qexp/J’ ~Q'corr/ds 4Q core/d:
3.000, 0.322, 0.218, —0.021; 6.000, 0.280, 0.180, 0.042; 9.000, 0.172, 0.079, —0.004;

The hydrogen fluoride system. Six different titration series on this system
have been carried out, Table 2. The titrations were performed according to
the scheme B, and V thus varied, between 100.0 and 118.0 cm3. Every series
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will therefore consist of several parts, divided by a removal of solution, cf.
Table 2. In the series a, b, and ¢, S and T had the following compositions:

s: {Cn M HCIO, T {0-400 M NaF
“(1.000—Cy) M NaClO, *10.600 M NaClO,

where C=0.060, 0.040, and 0.020.
For the series d, e, and fin Table 2, S and T had the following compositions:

s: {Crur M NaF . {0-400 M HCIO,
" 1(1.000 - Cpro) M NaClO, *10.600 M NaClO,

where Oy, =0.100, 0.050, and 0.025.
For the calculations, the stability constants previously found,! wviz.
;=899 M and J,=3000 M2 were used. In Fig. 1 4h, is plotted versus n.

150

T T T T T
Ahy /kJ mot™!

125 .
100 -1
75 1

sor i Fig. 1. The total molar enthalpy change,

4h,, as a function of #, for the hydrogen
fluoride system, ¢f. Table 2. Only half of
25 T the expermmental points, chosen at random,
have been plotted. The full-drawn curve
5 has been calculated from the values of g;

L 1 L 1 Xt .
oE 05 o im0 1% and 4H,° listed in Table 5.

Evidently no variation of 4k, with Cy can be discerned. This once more
indicates that no polynuclear complexes were formed. Moreover, it is seen
from the graph that all the six series coincide although three of them, a—c,
have been started at low values of # and the other three, d—f, at high
values of 7. The graphical and numerical methods of calculation gave the
same result within the limits of error stated. The values of 4H.° obtained by
the computer are collected in Table 5. The errors given are three standard
deviations. The differences 4@’ for all individual points are included in
Table 2. The standard deviation ¢@’.,, was found to be equal to 0.062 J.

The uranyl(VI) fluoride system. Three initial values of Cy were used. The
solutions S and T had the compositions:

Cu M U0,(CI0,), T, {0400 M NaF
S: {GH M HCIO, 0.600 M NaClO,
(1.000—3 C,, —Cy) M NaClO,

where Oy =Cy=0.050, 0.030, and 0.015.
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Table 3. Determination of the heats of formation for the uranyl fluoride complexes.

For all the series: V,=100.0 cm?® and V= (V,+7v) cm3

al O 8: Oy=Cyx=0.06000 M, Cyacio.=0.800 M.
T: Cyap=0.4000 M, Cacio, = 0.600 M.

vjem?, '_Qexp/J’ —Q corelds AQ core/J:

3.000, 2.615, 2.389, 0.000; 6.000. 2.736, 2.527, 0.029; 9.000, 2.933, 2.741, 0.050; 12.000,
3.121, 2.941, —0.063; 15.000, 3.556, 3.393, —0.054;

all O 8: Oy=0yx=0.04348 M,
CN3F= 0.05217 M, CNaClOc = 0.774 M.
T: Ciap=0.4000 M, Owacio,=0.600 M.

vjem?®, —Qexp/d, = Q' coreldy AQ cor/J:

3.000, 4.251, 4.100, 0.105; 6.000, 4.849, 4.711, 0.146; 9.000, 5.251, 5.121, 0.092; 12.000,
5.502, 5.385, 0.071; 15.000, 5.515, 5.406, 0.050;

all O §: Cy=Cy=0.03781 M,
Cnap=0.09754 M, Owacion=0.751 M.
T: CNaF= 0.4000 M, 0N8C104= 0.600 M.

v/cma, "Qexp/J’ ~Q core/Is AQ cortld:

3.000, 5.243, 5.138, 0.046; 6.000, 4.615, 4.519, 0.046; 9.000, 3.745, 3.653, 0.059; 12.000,
2.774, 2.686, 0.092; 15.000, 1.874, 1,791, 0.134;

alv O 8§: Cy=Cx=0.03288 M,
CNaF= 0.1370 M, CNaClOt = 0.731 M.
T: ONaF= 0.4000 M, ) ON&C]OC= 0.600 M.

vfem?, _Qexp/J’ =@ corrlds 4Q cort/T:
3.000, 0.874, 0.795, —0.109; 6.000, 0.494, 0.414, —0.013; 9.000, 0.351, 0.276, 0.084;
12.000, 0.163, 0.088, —0.004; 15.000, 0.130, 0.059, 0.004;

av o 8 CM = OH =0.02859 M,
ON3F=0'1713 M, CN3C10‘=0.714 M.
T: Crap=0.4000 M, Cnacio, = 0.600 M.

vfem? _chp/J’ ~=Qcore/s AQ" core/J:
3.000, 0.050, —0.021, —0.063; 6.000, 0.021, —0.050, —0.088; 9.000, 0.025, —0.046,
—0.092;

bt [J 8: Cy=0Cg=0.03000 M,
CNaClOu =0.880 M.
T: Cyap=0.4000 M, Cxacio = 0.600 M.

v/em?, "Qexp/J’ =@ cors/Ts AQ cor/T:
2.000, 1.724, 1.569, —0.025; 4.009, 1.862, 1.715, 0.033; 6.000, 2.029, 1.887, 0.046; 8.000,

2.167, 2.033, —0.071; 10.000, 2.431, 2.305, —0.151; 13.000, 4.581, 4.406, 0.033; 16.000,
5.188, 5.025, 0.000;

bl [0 8: Cy=Cyx=0.02586 M,
Cyap=0.05517 M, Cywacio0.=0.841 M.
T: CNAF= 0.4000 M, CNaCl()t: 0.600 M-
v/em?, _’Qexp/J’ =@ cors/V, 4Q cor /I
3.000, 5.314, 5.167, —0.092; 6.000, 4.795, 4.657, —0.167; 9.000, 3.770, 3.644, —0.092;
12.000, 2.502, 2.389, 0.000; 15.000, 1.372, 1.264, 0.012;
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Table 3. Continued.

bIiI O 8: Cy=Cy=0.2249 M,
CN8F= 0.1001 M, ONEC104= 0.810 M.
T: 0N8F= 0.4000 M, CNaClOA= 0.600 M-
v/em?, _Qexp/Jr = Q corr/ds AQ cors/J:

3.000, 0.649, 0.548, 0.004; 6.000, 0.322, 0.226, 0.021; 9.000, 0.201, 0.109, 0.025; 12.000,
0.113, 0.025, —0.021;

ol A 8: Cy=Cgx=0.01500 M,
CN3C104= 0.940 M,
T: CN3F=0'4000 M, ONaClO(=O'600 M.
v/em?, _chp/J’ ~ Q@ corc/Ty 4 core/:
1.000, 0.849, 0.770, —0.025; 2.000, 0.937, 0.862, 0.021; 3.000, 1.000, 0.925, 0.008; £.000,
1.138, 1.067, 0.021; 5.000, 1.176, 1.105, —0.109; 7.000, 2.900, 2.761, —0.176; 9.000,

3.439, 3.310, —0.042; 11.000, 3.272, 3.146, —0.071; 13.000, 2.594, 2.481, —0.054; 15.000,
1.736, 1.623, —0.008;

clt A 8: Oy=Cy=0.01304 M,
CNaF = 0.05217. M 0NaC]0¢ = 0-896 M.
T: Cyap=0.4000 M, Cnaci0.=0.600 M.
v/em?, —Qexp/J’ = Qcorr/ds 4Q cor/J:
3.000, 1.146, 0.996, —0.071; 6.000, 0.464, 0.326, 0.017; 9.000, 0.226, 0.096, 0.000; 12.000°
0.163, 0.046, 0.008; 15.000, 0.138, 0.029, 0.004;

The titrations have been performed according to the scheme B. The
results are found in Table 3. The experimentally measured heat changes,
Qexp» are in fact mainly due to the reactions between protons and fluoride
ions. The data just determined for this system allow, however, a very precise
calculation of the heat change due to uranyl complex formation. From Fig. 2

T T T
Ahy/kJ mol™? Vo2t o

20r

Fig. 2. The total molar enthalpy change, 4h,, as a function of 7, for the uranyl(VI)

and vanadyl(IV) fluoride systems, ¢f. Tables 3 and 4. For the uranyl(VI) fluoride system

only half of the experimental points, chosen at random, have been plotted. The full-
drawn curves have been calculated from the values of g; and 4H;° listed in Table 5.
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it can be seen that there is no significant variation of 4k, with Cy, implying
that no polynuclear species are present. The graphical method of calculation
and the least-squares program gave 4H S -values that agreed very well. The
results of the latter method are tabulated in Table 5. The standard deviation
0@ o Was assigned a value of 0.073 J and the values of 4Q’.,. for all
individual points are given in Table 3.

The vanadyl(IV) fluoride system. Titrations were performed with three
different initial values of C}, according to the scheme A. In all series, the
value of C'y was the same as that of Cy,. The solutions S and T were composed
according to:

Oy M VO(CIO,), 7. {0:4043 M NaF
S: {0 M HCIO, “10.596 M NaClO,
(1:000—3 Oy — Cy) M NaClO,

The values of ., and @', arrived at are given in Table 4. The
titrations could not be pursued to values of [L]>90 mM (corresponding to a
value of 7= 3) as a precipitation of the vanadyl(IV) fluoride Na;VOF; occurred.
The fourth complex is therefore formed only in minor amounts within the

range of [L] available, which means that the accuracy of 4H,° is not very

Table 4. Determination of the heats of formation for the vanadyl fluoride complexes.

For all the series: V="V;=100.24 cm?

a O 8: C0y=0.02964 M, On=0.03000 M,
Cnacio.=0.881 M.
TZ CN3F= 0.4043 M, CN&CXO4= 0.596 M.

v/cm’, -—Qexp/J, _Qlcon,/Jr AQ’corr/J:
3.000, 11.171, 10.941, 0.012; 6.000, 11.238, 11.016, 0.038; 9.000, 11.054, 10.837, 0.042;
12.000, 10.502, 10.297, 0.084; 15.000, 9.351, 9.150, —0.025; 18.000, 7.824, 7.632, 0.000;

21.000, 6.176, 5.991, —0.008; 24.000, 4.653, 4.477, —0.038; 27.000, 3.594, 3.431, 0.037;
30.000, 2.778, 2.623, 0.029; 33.000, 2.218, 2.071, 0.038; 36.000, 1.799, 1.657, 0.050;

b ] 8: Cy=0.01976 M, Cx=0.01776 M,
ONacio.=0.923 M.
T: Onap=0.4043 M,  Cyacion=0.596 M.

v/em?, _Qexp/J’ —Q cort/ds AQ'con/T:

3.000, 10.975, 10.749, 0.021; 6.000, 10.791, 10.573, 0.059; 9.000, 9.690, 9.485, 0.042;
12.000, 7.678, 7.481, 0.004; 16.000, 6.690, 6.439, —0.084; 20.000, 4.105, 3.862, —0.033;
24.000, 2.741, 2.515, 0.021; 28.000, 1.962, 1.753, 0.025; 32.000,1.431, 1.243, —0.012; 36.000,
1.146, 0.971, —0.004; £0.000, 0.870, 0.707, —0.042;

c A 8: Cy=0.01486 M, Cx=0.01504 M,
Oacioe= 0.940 M.
T: Cnap=0.4043 M,  Cyacio.=0.596 M.

v/em®, _chp/J’ —=Qcorr/Ts 4Q’ core/J:
3.000, 10.912, 10.678, — 0.100; 6.000, 10.226, 10.004, — 0.167; 9.000, 8.305, 8.092, —0.008;
12.000, 5.540, 5.335, 0.088; 15.000, 3.402, 3.205, —0.004; 18.000, 2.301, 2.113, 0.029;

21.000, 1.628, 1.448, —0.012; 24.000, 1.272, 1.096, 0.013; 27.000, 0.971, 0.808, —0.054;
30.000, 0.803, 0.649, —0.025; 33.000, 0.665, 0.519, — 0.042; 36.000, 0.536, 0.393, —0.063;
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high. The 4k, functions for the three series are plotted versus # in Fig. 2.
As the series coincide within the experimental errors there is no indication of
polynuclear complexes. This agrees with the result found in the potentiometric
investigation of the same system.! Graphical and computer evaluation of the
data gave the same results. The values of AH? presented in Table 5 are
those obtained by the computer. In Table 4 the calculated values of 4Q’ ..
for all measured points are also reported. The standard deviation ¢Q’_,, was
found to be 0.052 J.

Table 5. The stability constants used and the computed values of free energy, enthalpy and
entropy changes for the stepwise reactions of the three fluoride systems. The limits of error given

correspond to three standard deviations or to estimated errors.

Acceptor Ht U0, s+ vort
j=1 899+ 5 (3.48+0.04)x 10¢ | (2.35+ 0.03)x 10%
M- 2 3000+ 100 (9.5 +0.2)x107 | (5.5 +0.1)x 108
i 3 - (2.60% 0.07)x 101 | (1.97% 0.07) x 107
4 - (7.8 £0.5)x 101 | (1.2 +0.1)x 108
. 1 16.86+ 0.02 25.89+ 0.03 19.24+0.03
— 4G; 2 2.99+ 0.08 19.65+ 0.07 13.53+ 0.06
kJ mol 1 3 - 13.91+ 0.09 8.8740.10
. 4 - 8.43%0.17 4484 0.24
. 1 —12.17+ 0.04 —1.70+0.08 —17.86+0.10
— 4H; 2 — 2.03+0.28 —0.40+0.17 —6.4740.25
kJ mol? 3 - —0.25+0.25 —58 +0.4
4 - 2.06+ 0.35 —6.1 +1.4
. 1 97.440.2 92.5+ 0.3 90.9+ 0.4
458 2 19.840.9 67.24 0.6 67.1+0.8
J mol? K1 3 - 47.5+0.9 49.2% 1.4
4 - 214+ 1.3 35.4+ 4.7
DISCUSSION

The free energy, enthalpy and entropy changes found for the stepwise
formation of the investigated complex systems are collected in Table 5. The
limits of error refer either to three standard deviations, as given by the
computer, or to estimated maximum errors from the graphical evaluation
methods.

The value of 4H,° found here for the hydrogen fluoride system agrees
very well with that quoted before as the most probable value for I=0.5 M.7
This is in accord with the observation of Gerding and Jonsson1® that the
enthalpy changes do not vary much with the ionic strength in the range
0.5<I<1. On the other hand the difference between the AH,° value for
the uranyl fluoride system now obtained and the value (—10 kJ mol™) found
at an ionic strength of 2.00 M by Day and Powers® is rather large.
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The discrepancy probably depends on the fact that the temperature coefficient
method does not work well in this case (cf. p. 3471).

The complex formation of the three fluoride systems investigated is
entropy stabilized. The reactions are all endothermic with the exception of
4H ,° for the uranyl fluoride system. Especially for the hydrogen and vanadyl
fluoride systems, the enthalpy changes are highly counteracting complex
formation. This behaviour is expected as the ligands and acceptors involved
are all quite hard.”,}4. '

The uranyl and vanadyl fluoride systems have almost the same entropy
changes for the first three reaction steps, while corresponding enthalpy
changes' are approximately 6 kJ mol™ more favourable for the uranyl
complexes, causing their increased strength relative to the vanadyl complexes.

For each of the fluoride systems, the 4HS and 48 values decrease
progressively as j increases. This certainly depends upon that the hydration
decreases for each consecutive complex. Consequently, less water is set free
for each step.’® The trend is especially marked in the hydrogen fluoride
system where both 4H and 48 decrease very much between the first and
second step.

Further discussion will be postponed until the complete result of this investigation
has been reported.
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