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For molecules to have a significant number of bro-
mine atoms the ratio of Br/Cl pressure must be
large. The ratio in experiments 1-5 was approxi-
mately 6 X 10%

The decrease of moles of iron halide in the vapor
with temperature is more pronounced than in the
chloride system. The heats of reactions 4 and 5
are ca. 6.44 and 16.3 kcal,, respectively; —2.3R-
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[A log n(Fe)/n(Br;)/(A1/T)] in the present system
is 18.1 kcal. These values are not strictly com-
parable, however; the latter must be considered
as a composite of a number of possible reactions
and also does not allow for the difference in degree
of dissociation of dimers to monomers at the two
temperatures.
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The equilibrium quotient for the reaction Zn*+ + HF = ZnF* + Ht at 25° and an ionic strength of 0.50 has been de-

termined to be (6.6 £ 1) X 1073,

The corresponding value for cupric ion is (6.2 = 1) X 1073,

The reactions written

as M *2 4+ F~ = MF* have equilibrium quotients of 5.4 %= 1 and 5.0 % 1 for zinc and copper, respectively, under the same

experimental conditions. 1
17 =+ 4, respectively, for the equilibrium constants.

Extrapolation of the latter values to zero ionic strength gives estimated values of 18 =+ 4 and
From measurements at 15 and 35° approximate values for AH and

AS of the above reactions were obtained. The fluoride complex of Pb** was too unstable to be detected unambiguously.

An upper limit was set to its stability.

In recent years there has been interest in the
stability of complexes formed between metal ions
and fluoride ions in aqueous solution. In addition
to the importance arising from the relatively high
stability of many of these complexes, they should
provide a simple series for the testing of any theory
of ionic complexing.

The stability constants of the fluoride complexes
of only three cations of charge +2 have previously
been determined. Therefore it was desirable to
extend the measurements to other cations and in
particular to some of the elements of the first long
series. Zinc, copper and lead were selected for
study. Complexing constants previously had been
measured for Be T+ 12 Mg++3and Sn++¢

A potentiometric method® was used in which the
concentration of the complexed fluoride was deter-
mined by measuring the change in fluoride complex-
ing of ferric ion in the same solution. The latter
was detected by the ferrous—ferric potential.

Experimental

The apparatus and procedure have been described in de-
tail elsewhere.367 Briefly, three half-cells A, B and C were
prepared for each experiment with the same initial concen-
trations of Fe(ClOy);, Fe(ClO,), and HCIO,. Half-cell A
contained in addition a known concentration of zinc, copper
or lead perchlorate. The ionic strengths of all were ad-
justed to 0.500 M with sodium perchlorate and the volumes
were equal. To half-cells A and B were added measured
volumes of 0.500 M sodium fluoride and the potentials of
A-C and B-C were measured after each addition. Correc-
tion was made for the small initial potentials with no added
fluoride which averaged 0.20 millivolt for the experiments.
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Con-

Stock solutions of zinc perchlorate, cupric perchlorate and
plumbous perchlorate were prepared by solution of the cor-
responding oxide in perchloric acid. The preparation of the
other solutions has been given previously.” All concentra-
tions are expressed in moles per liter, M, at room tempera-
ture.

The data for a typical experiment are shown in Table I.
The potentials in the second and third columns are in milli-
volts, mv. In Table II are given the initial concentrations
and highest stoichiometric fluoride concentrations, (£ZF~),
for all of the experiments. The complete data for the ex-
periments may be found elsewhere.?

TABLE I

CoMPLEXING OF ZINC Iox BY FLUORIDE IoN AT 25°

Initial concentrations: HCIO, = 0.005338 M; Zn(ClOy),
= 0.08676 M; Fe(ClO,); = 0.0002221 M; Fe(ClO,);
0.0006838 M,; NaClO, = 0.2296 M. Ionic strength
0.5000 2; initial vol. = 110.06 ml.; NaF = 0.5000 M.

NaF added
to cells
A and B Ep-c¢ Ea—c _
(ml.) (mv.) (mv.) n (HF)/(H?)
0.0489 8.65 8.26 0.00012 0.00272
.0978 19.51 18.91 .00014 .00888
.1467 32.43 31.57 .00017 .01532
.1956 46.32 45.15 .00021 .02740
. 2445 59.07 58.02 .00022 .04312
.2934 71.97 70.23 .00030 .0628
.3423 83.42 81.05 .00056 .0849
.3912 93.98 90.70 .00082 .1088
.4648 108.12 105.41 .00109 . 1545
.5384 120.84 116.46 .00118 .1974
.6120 132.14 127.71 .00154 .2500
. 6856 142.13 136.12 .00250 .2961
L7592 151.28 142.19 .00370 .3333

Analysis of Results

The interpretation of the data follows that of
references 3 and 7. The difference between the
total fluoride concentrations in the sample half-
cell A and the reference half-cell B at the same po-
tential equals the concentration of fluoride com-
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TABLE II
CONDITIONS FOR INDIVIDUAL EXPERIMENTS
Temp., M(ClOgs,% HCIO« Fe(Cl0s)s5,5 NaClOs, I({égi?e;t
°C. M X 102 3 X 108 M X 10¢ M M X 107
Zinc
15,25,35 8.676 5.338 6.838 0.2296 3.4t04.0
15,25,35 2.779 5,699 7.299 .4058 3.7t04.3
15,25,35 2.779 21.64 7.299 .3809 T.5t07.7
Copper
15,35 8.667 22.85 6.838 0.2127 7.8,8.9
15,35 4.543 12.83 7.161 .3396 6.4,5.3
15,35 4.543 22.60 7.161 .3361 7.2,7.8
25 1.874 0.988 3.765 .4305 4.5
25 4.558 12.63 3.658 .3473 4.3
25 8.703 23.24 3.492 .2126 6.6
Lead
25 4.562 10.89 3.658 0.3490 3.2
25 1.876 3.471 3.765 .4366 3.7

M = Zn, Cu or Pb. »The concentration of ferrous
perchlorate was approximately one third that of ferric per-
chlorate in all experiments except those for lead and copper
at 25° where the two iron concentrations were nearly equal.

plexed by the zinec, copper or lead. Division of
this quantity by the total zinc, copper or lead con-
centration yields # (see column 4 of Table I).

It was assumed, and then confirmed by the fit of
the data, that the only important equilibrium in-
volving the 42 cation under investigation was the
formation of the first fluoride complex where

M+*2 + HF = MF* + H*
_ (MEHH"Y
© = e
parentheses represent concentrations in moles per
liter and Q designates the equilibrium quotient ex-
pressed in concentrations. Rearrangement yields

1 1 (HF)
) ST ltemEs @
T (ZMHY)

where (ZM*?) indicates the total concentration of
the +2 cation in half-cell A.  The quantity (HF)/
(H7) in half-cell A is essentially equal to that in
half-cell B at the same potential and was calculated
using the equilibrium quotients shown in Table
I11,° equation 22 of reference 7, and the relation

(SHH = (H*) + (HF) + (FeOH*)

TapLe IIT
EQuILiBrRIUM QUOTIENTS USED IN CALCULATIONS’
[0} Q2 O3 QO X 108 Onr X 103
15° 192 11.5 1.0 1.18 1.42
25° 184 10.3 1.0 1.9 1.23
35° 178 10.0 1.0 3.2 1.01

The equilibrium quotients @, Q. and Qs refer to
the successive formation constants of ferric fluoride
complexes containing the number of fluorides indi-
cated by the subscript and with one HF consumed
and one H* formed in each case. The hydrolysis
constant of ferric ion to form FeOH *? is indicated
by Qu and the ionization constant of HF by Qur.
All Q’s are for an ionic strength of 0.50. Since the
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calculations were made, Milburn!® has published
new values for the AFT of hydrolysis of ferric ion
from which new values of Qy can be calculated for
15 and 35°. It was found, however, that these
values do not change the calculations significantly.
The hydrolysis of ferrous ion!' and the formation
of HT,71? were negligible for all experiments.

Because of the weakness of the complexing and
the resulting small, experimental effects, it is neces-
sary to verify that the approximaticns made in the
interpretation can be justified. The assumption of
constant activity coefficients at essentially con-
stant jonic strength has been discussed for a similar
case.? The assumption of no fluoride complexing
of ferrous ion,® if not strictly valid, would produce
only a small change in the calculated (HF)/(HT).
The neglect of the small volume difference between
A and B at the same potential is justified. The di-
merization of the hydrolyzed ferric species, FeOH +2
was ignored in the calculations. Using results of
Milburn!® it is calculated that correction for this
species would in the worst case raise the value of
(HF)/(H™*) by 29, which change will affect the
final result less than the experimental error.

According to equation 1 a plot of 1/(1 — #) vs.
(HF)/(H *) should yield a straight line of intercept
unity and slope equal to Q5. Such plots of the
data are shown for zinc and copper at 25° in Figs.
1 and 2. It is believed that the data fit a straight
line within the experimental accuracy for the range
of acidity, metal ion concentrations, and fluoride
concentrations shown in Table II. The values of
Q1 deduced from these and similar plots are given
in Table IV along with the equilibrium quotients
for the complexing reactions written in terms of
fluoride ion.

In Table V are given the thermodynamic quan-
tities derived from the equilibrium quotients. The
uncertainties listed for AH and AS were calculated
using the highest values of K at 15° in Table IV
in combination with the lowest values of K at 35°,
and vice versa. An estimate was made of the
equilibrium constant (7.e., zero ionic strength value
of Q) for the reaction M+2 4+ F~ = MF*at 25° us-
ing the empirical equation given by Nisdnen!?
for CuCl*. Values of 18 = 4 and 17 = 4 were ob-
tained for zinc and copper, respectively.

For the first lead experiment of Table II the po-
tentials of cells A-C and B-C were essentially the
same up to a total fluoride concentration of 3.2
X 107% M. In the second experiment, where the
acidity was decreased by a factor of 3, the poten-
tials of the two cells were still the same up to a
total fluoride concentration of 2 X 10~% 3/, and it
was only when the fluoride concentration was in-
creased to 4 X 1073 M that a difference of 0.25
millivolt, which may be significant, was obtained.
Precipitation of lead fluoride prevented the attain-
ment of higher fluoride concentrations.

If one assumes the maximum voltage difference
between the two cells in the second experiment
might have been 0.5 millivolt, then at u = 0.50
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TABLE IV
VALUES OF EQUILIBRIUM QUOTIENTS FOR FLUORIDE COMPLEXING OF Zn*+ AnND Cu** AT AN JonNI¢c STRENGTH OF 0.50
Reaction 15¢ 25° 35°
Zntt + HF = ZnF* + H* (7.0+ 1) X 103 (6.6 &=1) X 10-3 (5.4 = 1) X 1073
Zn*t + F~ = ZnF* 5.0%1 541 541
Cu** + HF = CuF* + H* (7.4 £ 1) X 1073 (62:&1) X 103 (5.6 = 1) X 10-3
Cu*t + F~ = CuF* 5.2 %1 5.0 = 5.6 1
TABLE V 1072 and 1.2 X 107% respectively. Impurities
TurrMopYNAMIC Fuxcrions For FLuoripe CompLexing Would be expected to give high values. The Mal-

or Zn+* AND Cu** AT AN IoNic STRENGTH OF 0.50 AxD 25°

AFas, AHaes, ASss,

Reaction kcal./mole keal./mole e.u.
Zn** + HF = ZaF* + H* 2.9 =01 —2.3x24 —17x9
Zn** 4+ F~ = ZaF*+ -1.0 = .1 1.6 = 2.4 8£9
Cut++ 4+ HF = CuF* 4 H* 3.0 £ .1 —-2.6=%27 —19=9
Cuv+ 4+ F~ = CuF* ~0.95 £ .1 0.9 = 2.7 69

and 25° an upper limit for Q; of 2 X 103 is ob-
tained. For the complexing reaction written in
terms of fluoride ion the upper limit is 2 at p =
0.5 and estimated to be 6 at zero ionic strength.
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Fig. 1.—Fluoride complexing of zinc ion at 25° and ionic
strength 0.50: O, [ and A—first, second and third experi-
ments of Table 11, respectively.

From Table I and Figs. 1 and 2 it is apparent
that only a small fraction of the added -2 ion was
complexed. Consequently it was to be expected
that small amounts of impurities in the +2 metal
salt could invalidate the results, and such was
found to be the case. For zinc, separate experi-
ments were run at 25° using zinc perchlorate pre-
pared from Mallinckrodt Analytical Reagent ZnO,
Merck Reagent ZnO, and Baker’s Analyzed ZnO.
The values of Oy obtalned were 6.6 X 1073, 5.7 X

linckrodt and Merck values agree within the experi-
mental accuracy and constitute a check on the re-
liability of the data. Although the Merck value
was slightly lower, the zero readings in those ex-
periments were quite high, and therefore the Mal-
linckrodt values are reported in Table IV. Spec-
trographic analysis later showed the Baker sample
to contain ca. 0.29, titanium,
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Fig. 2.—Fluoride complexing of cupric ion at 25° and
ionic strength 0.50: [], O and A—first, second and third
copper experiments at 25° of Table II, respectively.

Similarly separate experiments at 23° using
cupric perchlorate prepared from Mallinckrodt,
Baker, and Baker and Adamson CuO gave values
of Oy of 6.2 X 1073 6 X 1072 and 7.4 X 107¢
The Baker and Adamson and Mallinckrodt values
agree within the experimental accuracy, and the
latter material was used for the experiments of
Table IV. The Baker sample was found by spec-
trographic analysis to contain 0.2 per cent. iron.

The comparison of the fluoride complexing con-
stants of copper and zinc with those of other +2
ions will be reserved for a later paper.
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