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Oxide, hydroxide and fluoride are all excellent bridging
ligands. Bridged species formed with the first two ligands
are legio both in the solid state and in solution, while
fluoride mainly seems to form bridges in the solid state.
The formation of complexes containing bridging fluoride
requires the formation of a polynuclear species Be,F,”~9,
or Be,F (OH)*~*". The formation of the first type of
complex gives direct evidence (in the absence of metal-
metal bonding) of the presence of bridging fluoride(s),
while the formation of the ternary complex requires addi-
tional non-thermodynamic information to establish the
presence of fluoride bridges. Such information may be
provided by the spin—spin coupling pattern between "°F and
°Be. For a fluoride bonded to a single Be the F NMR
signal will be a quartet, owing to coupling between the two
nuclei. For a bridging fluoride spin—spin coupling to two Be
is expected to result in a septet for the °F signal.

Previous investigations of the Be(II)-F~ system, cf.
Mesmer and Baes,! Bond and Hefter? and references cited
therein, indicate that only mononuclear complexes BeF,>™",
n = 1-4, are formed. There is no evidence for the forma-
tion of ternary complexes of the type Be,F,(OH),?~¢*" in
the literature. However, Soboleva et al.® report the
formation of the ternary complexes Be(OH)F(aq) and
Be(OH),F~ in hydrothermal systems at a temperature in
the range 150-300°C. Previous experimental studies have
been made in concentration ranges in which the formation
of polynuclear complexes are not favoured. We therefore
decided to reinvestigate the system under conditions for
which the possible formation of polynuclear, ternary com-
plexes should be facilitated. Our experiments have been
made at 25.00°C in a 3 M NaClO, ionic medium, and cover
concentration ranges 20 < [Be],,, < 100 mM, 1 < [F],,, <
75.4 mM and 4.08 < —log [H*] < 5.17. The experimental
information was obtained from EMF data using H*- and
F--selective electrodes and from “F and °Be NMR
measurements.

Experimental

Chemicals used. All chemicals used were of analytical
grade; they were prepared (NaClO,) and analyzed using
standard methods.
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EMF measurements. The EMF of cells of the following type
was measured:

H,(g)/H* electrode | Test 0.01 M AgClO, | Ag,AgCI(s)

F~ electrode

solution || 2.99 M NaClO,

The E, values of the hydrogen electrode and the total initial
acidity H, of the Be(II) solution in the cell were determined
coulometrically using a Gran plot; the procedure has been
described previously, e.g. by Bruno.* The E, value of the
fluoride electrode was determined in a separate experi-
ment, also using a Gran titration procedure. The titrant
was a solution of a known concentration of fluoride in a
0.01 M bicarbonate/carbonate buffer and 3 M NaClO,. Af-
ter the pH is defined by the buffer, the concentration of F~
is equal to the total concentration of added NaF. The
experimental EMF data are plotted in Fig. 1 and can be
obtained from one of the authors (R.A.).

NMR measurements. The NMR measurements were made
using a Bruker AM 400 instrument on some selected test
solutions for which the concentrations of the various com-
plexes were assumed to be known from the EMF data.

F (°Be) NMR chemical shifts are given in ppm towards
higher frequency from an external standard of CF;COOH
[S M Be(ClO,), solution in water]. Some typical NMR
parameters are as follows: °F (°Be) spectral window 20 (1)
kHz; pulse width 5 (20) pus, ca. 45° (90°) pulse; pulse
repetition time ca. 0.5 s (15 s); digital resolution 1.2 (0.1)
Hz per point. Some F NMR shifts and coupling constants
for the investigated species are given later in Table 2, and a
typical F NMR spectrum is shown in Fig. 3. The assign-
ment of the peaks was made by measuring the peak
integrals and comparing these with the concentrations
expected from the EMF data.

Interpretation of the experimental data. From the measured
concentrations of [H*] and the known total concentrations
of Be(II) and fluoride it is in principle possible to deduce
the composition of the complexes formed and their equilib-
rium constants, cf. Rossotti and Rossotti.* However, within
the concentration ranges investigated in this study it turned
out to be impossible to obtain a unique chemical model by
using EMF data alone. We could have extended the EMF
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Fig. 1. n(F~) as a function of —log [F~). The full-drawn curves
have been calculated using the equilibrium constants
determined in this study and the hydrolysis constants of Bruno.*
0, 20 mM Be, pH 4.23-4.48; A, 30 mM Be, pH 4.13-4.61; O,
80 mM Be, pH 4.6-5.17; V, 100 mM Be, pH 4.59-5.06.

part, but preferred to use auxiliary information from the
NMR investigations to establish the composition of the
predominant species, i.e. BeF*, BeF,, Be;(OH),F** and
Be;(OH),F,*. It was then possible to refine the equilibrium
constants using the least-squares program LETAGROP,*’
with either log [H*] or log [F~] as the error-carrying
variable. Both methods gave the same chemical model and
essentially the same values of the stability constants; the
largest difference was found for the species (3, 2, —3),
where the numbers are the stoichiometric coefficients

(p,gq,r) in eqn. (1).
pBe** + gF~ + rH,0 = Be F,(OH),*"“* + rH* (1

The final model selected and the equilibrium constants
are given in Table 1. The constants are the averages of the
refinements using the two different error-carrying varia-
bles; the uncertainties are estimated standard deviations.
Fig. 1 indicates the agreement between the experimental
data in the form A vs. —log [F7] and the corresponding

+ BeF,

0.4

0.3

0.2

ol Bey(OH)F”

i /::;.;/Beéméé gﬁe“
40 L2 44 L6 48 50 52
—log n

Fig. 2. Distribution of Be(ll) among the different complexes as a
function of —log h. [Be(ll)] = 0.0720 M, [F~],,, = 0.0678 M.
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Table 1. Equilibrium constants for the species formed in the
Be(ll)-F—H,0 system.?

Reaction log K Remarks
Be? + F~ = BeF*(aq) 521+0.03  This work
5.12+0.15°> Ref. 1°
Be?* + 2F~ = BeF,(aq) 9.57+0.03  This work
9.58+0.15° Ref. 1°¢
3Be?* + 3H,0 + F~ = Bey(OH);F>* —4.18+0.06  This work
3Be?* + 3H,0 + 2F~ = Be,(OH),F,* —0.67+0.24 This work

?lonic medium: 3 M NaClO,; temperature 25°C. °The
uncertainties are obtained by including the estimated uncertainty
of +0.06 in the specific ion interaction term .29 °The data have
been recalculated from 1 mol kg~ NaCIO, (Ref. 1) to 3M
NaClO, using the specific ion interaction theory.8?

values calculated from the selected model. The EMF ex-
periments have only been extended to fairly low fluoride
concentrations; the average number of fluorides per
beryllium, 7, is only slightly above one. Hence precise
values cannot be expected for the species (1, 3,0) (Fig.2).
The value of this constant was therefore taken from
Mesmer and Baes,' recalculated to 3 M NaClO, using the
specific ion interaction theory (vide infra), and was used as
a fixed parameter in the least-squares refinements. The
equilibrium constants for the binary hydroxide species
(p,0,r) were taken from Bruno® and were also kept
constant in the refinement.

Results and discussion

The equilibrium constants of the mononuclear fluoride
complexes BeF* and BeF,(aq) from the present study
agree very well with the corresponding constants deter-
mined by Mesmer and Baes!' after recalculation to a com-
mon ionic medium. This was made by using the specific ion
interaction theory,*® and the values thus obtained are also
given in Table 1. The magnitude of the standard deviations,
and the good agreement of the mononuclear fluoride con-
stants with the previous determination, indicate that both
the precision and the accuracy of the present study are
satisfactory. Additional support for the proposed model is
obtained by a comparison of the stoichiometry of the
ternary complexes with previous chemical information on
ternary beryllium complexes. Bruno et al.' identified
Be,(OH),(CO;);*~ in solution, while Faure e al."! identi-
fied Be;(OH),(pic);, where pic is picolinate, by an X-ray
single-crystal structure determination. Both these studies
indicate that the “Be,(OH);” core has a large chemical
stability.

There are large differences in chemical shift between the
various complexes formed (cf. Table 2), and both the “F
and the *Be NMR spectra are governed by slow exchange
on the actual timescales. Hence, it is straightforward to
identify any new complexes that appear and to determine



Table 2. *F NMR chemical shifts () and °Be-'F spin—spin
coupling constants 'J(°Be-'°F) for the various complexes
formed in the Be(il)}-F —H,O system.?

Species 9F chemical shift/ppm®  'J(°Be-'9F)/Hz°
BeF* —-98.0 42.2

BeF, -95.8 39.7

BeF," -94.6 37.3
Bey(OH);F2* ~ —88.6 ~ 35

Bey(OH),F,* =~ —89.2 ~ 34

4lonic medium: 3 M NaClOQ,; temperature 25°C. The chemical
shifts are given in ppm toward higher frequency from external
trifluoroacetic acid. The shifts vary somewhat depending on the
composition of the solution. “The coupling constanst vary
slightly depending on the composition of the solution.

their concentrations from the corresponding peak integrals.
This method probably offers the most precise way to deter-
mine the speciation and quilibrium constants in this system.
All “F signals are quartets, indicating that no bridging
fluorides are present in ternary complexes. The fluoride
seems to be bonded in a terminal fashion to the bridging Be
atom(s). It is interesting to observe that the binding con-
stants for reactions (2) and (3) are only about a factor of

Be,(OH)** + F~ = Be,(OH),F**; log K= 4.48 £ 0.06 (2)

Be,(OH),F** + F- = Be,(OH),F,*; log K =3.51+£0.24 (3)

ten smaller than the corresponding stepwise constants for
the formation of BeF* and BeF,(aq), even when a correc-
tion is made for the larger statistical factor for the binding
of the fluoride in the ternary complexes.
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Fig. 3. 376.5 MHz "®F NMR spectra of a solution containing
0.0720 M beryllium and 0.0678 M fluoride; pH 5.17;
temperature: 25°C.
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The data of Soboleva et al.* refer to such high temper-
atures that an extrapolation to 25°C seems difficult; how-
ever, in this case one also observes the formation of ternary
complexes. These are mononuclear, owing to the low total
concentrations of beryllium in this solubility study;
[Be]x < 1072 M for most of the experimental data. A high
temperature also sems to promote the formation of mono-
nuclear species.'? This exploratory study has established
the composition and the stability constants of the main
ternary complexes present in the Be(II)-H,0O-F~ system.
However, as can be seen from Fig. 3, there are some
additional species formed besides the predominant BeF*,
BeF,(aq), Be;(OH),F** and Be,(OH),F,*. The reason for
the difficulty in interpreting the EMF data alone is prob-
ably the simultaneous presence of several complexes of
comparable concentrations. This fact is used as an ad-
vantage in the NMR study, and a combination of the two
methods leads more quickly to a unique chemical model
than does each method alone.

References

—

. Mesmer, R. E. and Baes, C. F., Jr. Inorg. Chem. 8 (1969) 618.

2. Bond, A. M. and Hefter, G. T. Critical Survey of Stability
Constants and Related Thermodynamic Data of Fluoride Com-
plexes in Aqueous Solution, IUPAC Chemical Data Series,
No. 27, Pergamon Press, Oxford 1980.

3. Soboleva, G. I., Tuganirov, I. A., Golintsina, N. S. and Kho-
dakovskiy, 1. L. Geochem. Int. 21 (1964) 20.

4. Bruno, J. J. Chem. Soc., Dalton Trans. (1987) 2431.

5. Rossotti, F. J. C. and Rossotti, H. The Determination of
Stability Constants, McGraw Hill, New York 1959.

6. Sillen, L. G. and Warnquist, B. Ark. Kemi 31 (1969) 315.

7. Ekelund, R., Sillen, L. G. and Wahlberg, O. Acta Chem.
Scand. 24 (1970) 3073.

8. Biedermann, G., Bruno, J., Ferri, D., Grenthe, I., Salva-
tore, F. and Spahiu, K. In: Lutze, W., Ed., Scientific Basis for
Nuclear Waste Management V. Materials Research Society,
Berlin 1982, p. 791.

9. Grenthe, L., Fuger, J., Lemire, R. J., Muller, A. B., Nguyen-
Trung, C. and Wanner, H. Chemical Thermodynamics of
Uranium, Nuclear Energy Agency, OECD-NEA, Paris 1991.
In press.

10. Bruno, J., Grenthe, 1. and Munos, M. J. Chem. Soc., Dalton
Trans. (1987) 2445.

11. Faure, R., Bertin, F., Loiseleur, T. and Thomas-David, G.
Acta Crystallogr., Sect. B30 (1974) 462.

12. Baes, C. F. and Mesmer, R. E. The Hydrolysis of Cations,

Wiley Interscience, New York 1976, p. 88.

Received October 10, 1990.

525



