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Rates and mechanisms of fluoride exchange reactions between various uranyl fluoro cofyfxEsO)s—F2 "},

and HF/F have been studied in aqueous solution ugffrgand’O NMR line broadening technique. A group

of 15 different exchange pathways has been identified, and their rate laws and rate constants have been determined.
All reactions are first order with regard to the uranyl complex and second order overall. Two pathways
dominate: fluoride exchange between two uranyl complexes, presumably through the formation of a fluoride
bridging intermediate/transition state, e.g., O+ UO*F, = UO,F*F 4+ UO,F (ky,2), and fluoride exchange
between a uranyl complex and HF, e.g., UQFt + H*F = UO>*F* + HF (ky.ue). The exchange between
U0+ and UQF takes place mainly according to YO + HF = UO,F" + HT (forward, K o yr, reversek; yp).

Most of these reactions have rate constaits,~ 5 x 10* M~1s71, at—5 °C. The exchange reactions seem to
follow the Eigern-Wilkins mechanism, where the rate determining step is a ligand promoted dissociation of
coordinated water. The exchanges involvingB@ ", n = 4 and 5, are much faster than the others, indicating
mechanistic differences. The exchange rate was approximately 3 times faster for reactions involving DF than for
HF. The activation parameters have been determined for two reaction pathways.

Substitution mechanisms have been discu8$eand the
) ) o i ) experimental evidence seems to favor dissociative (D) or

The linear dioxoactinoid(V1) ions, e.g., Y&, have all their  gissociative interchangejl mechanisms. An exception is a
exchangeable ligands in apla}ne_perpendlcular to the linear axis.rgcent study by Tomiyasu et dlinterpreted in terms of an
The "-yI" oxygens are substitution ineftexcept in the case  associative or associative interchange mechanism. The main
when the ion is excited by UV lighit:* This unusual coordina-  jndicators for this mechanism are a strongly negative activation
tion geometry indicates that the pathway for ligand substitution entropy and that the rate of fluoride exchange is not influenced
reactions might be located in, or close to, this plane, a very py jrradiation at 488 nm, which is expected to increase the
different situation from those encountered in most other |apjlity of the in-plane ligands. From the available literature
coordination geometries. There are comparatively few inves- information it is not possible to draw any clearcut mechanistic
tigations of the mechanisms for ligand substitutions in uranium- conclusions, and we have made the present study to try to
(V1) complexes. Most studies have been made in nonaqueousyesolve the conflicting mechanistic evidence. We have inves-

Introduction

systems, and these have been reviewed by Lintand
Tomiyasu and Fukutonfi. Ligand exchange reactions in aque-
ous systems have been studied by Glaser €tahd Tomiyasu
etal? In a previous papé?we have described the possibilities
offered by 1D and 20°F NMR methods for the study of the
dynamics of fluoride complexes. Additional insight into the
dynamics in the uranium(VI) fluoride system has been obtained
from studies of luminescence lifetim&s!?
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tigated the exchange reactions in the U(vE)~ system over a
very broad concentration range in order to obtain the rates and
mechanisms of the exchange reactions between the various
complexes UGF2", n = 1-5, and between these and free F
and HF(aq). The experiments have been made in a 1.00 M
NaClO, ionic medium, using the equilibrium constants previ-
ously determined by Ahrland and Kullbetg,the known
analytical total concentrations of U(VI) and fluoride, and the
measured hydrogen ion concentration to calculate the species
distribution of the various test solutions investigated. The pH
of the solutions was varied in the range-QoH > 6, where no
hydroxo or mixed fluoro/hydroxo complexes are present.

Experimental Section

Solutions. An uranium(VI) perchlorate stock solution prepared by
a method described earliéand a NaF stock solution (from recrystal-
lized NaF) were used to prepare the investigated solutions. The ionic
medium was kept constant by NaGIQCIO,] = 1 M). The free
hydrogen ion concentratior-{(og[H*]) was measured by a HF-resistant
combined glass electrode (Ingold, HF-405-60-57/120; the inner solution

(12) Moriyasu, M.; Yokoyama, Y.; lkeda, S. Inorg. Nucl. Chem1977,
39, 2199.

(13) Ahrland, S.; Kullberg, LActa Chem. Scand.971, 25, 3457.

(14) Ciavatta, L.; Ferri, D.; Grenthe, |.; Salvatore,lforg. Chem.1981,
20, 463.
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Ligand Exchange Reactions for Uranyi? Fluorides

of KCI was replaced 1 M NaCl solution in order to avoid
precipitation of KCIQ in the membrane between the electrode and the
test solutions) connected to a pH meter (Radiometer PHM62). The
hydrogen ion concentration was calculated from the measured pH using
the method suggested by Irving et'al.pD in the pure RO solvent

was calculated from glass electrode measurements usirg pB +

0.4. 70 NMR measurements were performed by usif@-enriched
(about 4%) samples. The enrichment of the -yl oxygens of uranyl-
(2+) was accomplished by a procedure described previdusling
H,Y0 (12.3%0, ISO-YEDA Co., Rehovot, Israel).

NMR Measurements. The NMR spectra have been recorded on a
Bruker AM400 spectrometer in unlocked mode-di °C, or at variable
temperature when determining activation parameters. The probe
temperature was regulated using a Bruker Eurotherm variable temper-
ature control unit and was measured by a calibrated Pt-100 resistanc
thermometer. Samples under investigation were kept in Teflon inserts
within the standard 5 mm (foF) or 10 mm (for}’O measurements)

€
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can be evaluated. Considering only the first-order terms, we
have

n=5 n=5

k(obs),, = ko + 3 kylUOF ™ + Ky el HF] +

Kne[F 1+ kne[H'T (3)

n=

When the exchange is fast on the chemical shift time scale,
only one peak can be observed in the spectrum. In this case
the line shape can be described by creating a rate matrix using
the formalism introduced by Reeves and SR&wWhe line width

of the observed peak, with a chemical shift determined by the
individual chemical shifts of all of the exchanging species and
their relative concentrations, can then be compared to the line

sample tubes. Typical parameters for the NMR measurements are agvidth calculated from thé(obs),, values. The creation of a

follows: °F at 376.5 MHz; pulse width, 8s (~70° pulse); relaxation
delay, 2 s; spectral width, 80 000 Hz. The spectra are referenced to
an aqueous solution of 0.01 M Nak L M NaCIQ, (pH = 12); this
corresponds to the chemical shift of the hydratedda in this medium.

170 spectra were recorded at 54.2 MHz (pulse width,u$5(~60°
pulse); relaxation delay, 0.4 s; spectral width, 5500 Hz). The chemical
shifts are given in ppm, using the signal of external tap water 4€25

as the reference. The line widths were determined by fitting a
Lorentzian curve to the experimental signal by using the standard Bruker
software.

Results

Data Treatment. The choice of the optimal experimental
technique in dynamic NMR spectroscopy depends on the
characteristics of the exchange system. In systems which ar
in slow exchange on the time scale characterized by the chemical
shift difference of the exchanging species, it is often possible
to obtain kinetic information by using magnetization transfer
experiments as detailed in the literatété’ When the exchange
is fast enough to affect the line shape, but slow on the actual

chemical shift time scale, the desired kinetic parameters can be

[S)

rate matrix using this formalism has been described in previous
papers?20 The calculated parameters are given in the following
text with their standard deviationsdlLor with their error limits
(+values).

Determination of Empirical Rate Equations

19 NMR Investigations. The line widths of different
exchanging fluorine sites are very broad at room temperature.
Depending on the composition of the solution, they can coalesce.
At lower temperature and/or lower total concentration of uranyl-
(2+) ion, the exchange rates were slow enough odtRéIMR
chemical shift scale to observe the different fluoride complexes
separately. However, the exchange rate between the different
Ifluorine sites within a given complex was fast. The equilibrium
compositions of the investigated solutions were calculated using
the stability constants determined in the same ionic medium by
Ahrland and Kullberd? These calculations showed that three
or even more species may coexist in the solution, depending
on the total concentrations of Y& and Fand on the pHgf.

obtained by an analysis of exchange-broadened spectra. Th&i9ure 1. We found it convenient to measure the line width of
observed separate Lorentzian peaks have a half-width equal to>eParate signals within a certain pH region at seleéted

1
To(inn)

obs __ 1

Avi, ==
2=

+

+

1 1
(? - ) ®
2 (ex),
which contains the transverse relaxation time, the field inho-
mogeneity, and the chemical exchange contributions. The

pseudo-first-order rate constants can be calculated from the
equation

n=5
Al(Avim) — Avy ()] = AV, (m) =y kobs),, (2)
Es
where AvSfs (m) is the measured, andlv§,(m) is the nonex-
change line width for themth species, whilék(obs),, is the
pseudo-first-order rate constant for the chemical exchange
process from theth site to thenth site. From the concentration
dependence of the experimenidbbs),, values the various

[F Ttot/[UO22 1o, ratios. Preliminary experiments showed that
it is essential to keep the number of exchanging sites to a
minimum by a proper choice d® and to select a pH region in
which the concentrations of the exchanging species are com-
parable. Their concentrations must also vary over a sufficiently
wide range so that significant changes in the line widths could
be observed. The equilibrium distributions of the investigated
solutions at different [Fliot/[UO2? 1, ratios, R (Figure la-

c), were used to select the pH regions where the first and the
second complexefR(= 3), the second and the third complexes
(R=4), and the third and the fourth complex&- 8) are the
only ones that give measurable contributions to the observed
line width.

The experimental line width of the first complex, in solutions
with R = 3, follows the empirical rate equation

Avy(1) = Cy dHF] + C; JUO,F)] 4)

stoichiometric rate constants in the experimental rate equationsgy means of a least-squares fitting procedure, the following

(15) Irving, H. M.; Miles, M. g.; Pettit, L. DAnal. Chim. Actal967, 38,
475.

(16) Orrell, K. G.; Sik, V.; Stephenson, OProg. Nucl. Magn. Reson.
Spectroscl199Q 22, 141.

(17) Sandstim, J.Dynamic NMR Spectroscopicademic Press: London,
1982.

values of the constants were obtaindd; yr = (1.7 £+ 0.2) x
10°M1standC;,=(2.94+0.4) x 10* M~1s™L The value

(18) Reeves, L. W.; Shaw, K. NCan. J. Chem197Q 48, 3641.
(19) Bayai, |.; Glaser. J. Am. Chem.S0d.989 111, 3186.
(20) Banyai, I.; Glaser. J. Am. Chem. S0d.99Q 112 4703.
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a.) also be influenced by the following exchange process:
k’l,HF
UO,F" + HF = UO,F, + H' @)

However, there was no experimental evidence for the reverse
reaction in the line shape analysis of the second complex. This
may be due to a small value kf 4+, as discussed below. The
parametelC; ; can then be assigned to the following exchange
process only:

Fraction

k.
UOF" + UO,F, 5~ UOF*F + UOF"  (8)

for which ky 2 = 7Cy J/2.
The experimental line width of the second complex follows
the rate equation:

b.) Avy(2) = Cy JUO,*'] + Cy dHF] + C, JUOF'] +
C,dUO.F; ] (9)

where the parameters determined using a least-squares method
wereCpo= (1.8+ 0.4) x 10°M1s] Conr=(2.3+:0.3) x
10*M1s C3=(8.2+ 0.5) x 10* Mt s L. The value of

C,1 was fixed so thalCy1 = Cio. In this caseCy, can be
attributed to the following process which leads to a net chemical
change:

Fraction

ko2
UO,”" + UO,F, < 2UOF" (10)

The rate is

—d[UO,F,J/dt = k, JUO,” " T[UO,F)] (11)
with ko, = 1Co 2 The ratio betweeRy » andk; ; can be obtained

C-) from the equilibrium constant, as follows:
HF

ko [UOFT By
kii [UOS2UOLF,] B

0.6 ; P Using the data from the literatufé3,%3, ~ 13. This means

i i that the reverse of reaction 10 is approximately 1 order of
magnitude slower than the forward reaction. Hence, it is
understandable why this process did not make any measurable
contribution to the line width of the first complex. In the same
way, C, yrandC; 3 could be related to the following reactions:

12)

Fraction

U0F 4(27)

k2,HF

. 0 . 1 ‘ 2 ‘ 3 4 5 l é I ; U()ZFZ_%I4*F
pH

UO,F*F + HF (13)

ko, 1F

Figure 1. Distribution of uranyl(2+) fluoride complexes as a function _ kg _

of pH at different values oR = [F]ot/[UO22 ]tot, [UO22 1ot = 5 MM: UO,F, + UO,*F, ﬁ UO,F*F +UOF, (14)
(@)R= 3, (b)R=4, (c)R= 8. Dashed lines represent the investigated ) '

pH region. from which the values fok; yr and kz 3 could be calculated.

The measured line widths of the complexes and the fitted curves
of Cy nr refers to the following exchange reaction, without any using the rate constants given in Table 1 are shown in Figure

net chemical exchange: 2a—c. Figure 1c shows that foR = 8 and pH= 6, the
) dominant species are UBy~, UOF2-, and F. The line
U02F+ + HE == UOZ*F+ +HE ) broadenlng of the separate free fluoride Slgn6.1| was found to be
ke, Hr determined only by the exchange processes:
The exchange rate between the different magnetic environments B _ kg B B
of the fluorine nuclei is UOF; +*F <=UOFF +F (15)
— = + k
d[UOZF+]/dt 2kl,HF[UOZF ][HF] (6) UOZFAZ* + *F*——-nkz':: UOZFg*FZ* + F* (16)

where the factor of 2 takes the reverse reaction into account.

From egs 2, 4, and 6, .We Ok.)tamHFz mC1 2. The calculated (21) Grenthe, I.; Fuger, J.; Konings, R. J. M.; Lemire, R. J.; Muller, A. B.;
rate constants are given in Table 1. The dependence of the" ™ Nguyen-Trung, C.: Wanner, HChemical Thermodynamics of Ura-
line width of the first complex on the HF concentration might niunt North-Holland: Amsterdam, 1992; Vol. 1.
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Table 1. Rate Constants for Different Exchange Reactionsat’C (Calculated Standard Deviationssjlin Parentheses)

reacn Keq (M) Kag(s71) AS, AH* (J mol™*
type rate constants (Ms™?) Kos(M)  (Kodle M0)  (Kmn/Kogd)  Kint (573 (kmn/Keg K™%, kd moiY]
koi  (5.5+0.5)x 10° 0.018 0.09 3.0« 10° 6.1x 10° —56,+31
koo (5.6+0.6)x 102 0.3 3.0 1.8 10° 1.8x 10¢

ki,  (4.5+0.6)x 1072 (3.6 0.6) x 104" 0.3 2.4 1.5x 107 1.8x 10

kns  (1.4+0.1)x 10°3(1.3+0.1) x 10°P 0.3 2.7 4.6x 10° 5.1x 10°

ksa  (2.1£0.1)x 1052 (2.24 0.1) x 10°°¢ 0.018 0.144 1.% 107 1.5x 109

Ka5 (1.0£0.4)x 10°¢ 75x10°% 3.75x 10* 1.3x 10% 2.6x 10

Kope (5.7+0.6) x 10%, (1.84 0.2) x 10°¢ 0.3 15 1.9 10° 3.8x 10 —12,+38
kiwe  (2.7+0.3)x 10t2 0.3 1.2 9.0x 10 2.2x 10

kewe  (3.6+0.3) x 10%2(2.8+ 0.5) x 10*P 0.3 0.9 1.2 10° 4.0x 10°

ke (9.44 0.5)x 1000 (3.94 0.1) x 1055 (1.1+ 0.1) x 10°¢ 0.3 0.6 3.1x 108 1.5x 10°

Kepe  (3.940.2) x 10°°(1.24+ 0.1) x 10°¢ 0.3 0.3 1.3x 108 1.3 x 108

kKswr >1x 10° 0.3 3.3x 1¢°

ks, 4.7+£1.3)x 10° 0.074 0.148 6.3% 10* 3.2x 10¢

kie  (8.5+£1.0)x 1C° 0.018 0.018 4% 10° 4.7 x 1P

ko (1.5+0.1) x 108 0.074 2.0x 10

aDetermined in solutions witlR = 3.°’R=4.°R = 8. 49In 80% D,O. ¢In D,O.

We determined the rate constants for these processes from the The fifth complex gave a very broad signal which was
line width of the free fluoride signal in solutions with a total difficult to observe even at higher pH. Hence, it was impossible
uranyl(2t+) concentration of 5 mM, and a pH approximately to get precise information on the exchange rate between the

constant at about 6. The concentrations ohbBO and UQF4*~ fifth complex and HF, at least in the slow-exchange region
were varied by changing the total fluoride concentration between determined by the chemical shift difference of these species.
50 and 100 mM. The calculated rate constantslare- = However, the spectra measured at higher pH values indicate
47+ 13)x 1M 1standky— =(8.5+ 1.0)x 1M1 that this rate constankd{yg) is larger than 1x 106 M1 s,

s 170 NMR Investigations. The remaining exchange reactions

The F line width is not affected by the concentrations of between UG, UO,F, and HF were investigated BYO NMR
HF, UOFy(aq), and UGFs®~. The concentration of HF is  technique, using’O-enrichment of the -yl oxygens. The
negligible at the pH studied, but the concentrations of the two chemical shift of the free uranyl?2) ion was determined in a
complexes are higher, at most 5 and 14%, respectively, of theseparate solution containing no fluoride. In solutions with the
total uranyl(2-) concentration (see Supplementary Information). total concentrations of [U&™] = 10 mM and [F] = 4 mM,
Assuming that the exchange rate betweemn,E@q) and the at—5 °C, we observed separate signals for the free uramyl(2
free fluoride ion is of the same order of magnitude as those of ion and the first complex (see Supplementary Information). The
UO,Fs~ and UGF42-, and knowing that the rate constakgr— observed chemical shifts did not change with the composition
= 4.3 x 10 M1 5719 is 2 orders of magnitude lower than of the solution in the pH range—12, where the distribution of
ks, we find that the contributions of U, and UGFs3~ to the uranyl varied between 60% W0, 40% UGF*, and 70%
the line broadening of the Fsignal are negligible, in agreement  UO»2", 30% UQF'. This indicated that the exchange is slow
with the experimental observations. on the time scale determined by the chemical shifts of the

The exchange reactions involving the third and fourth present species. In order to reduce the experimental time, and/
complexes were determined from the concentration dependenceor to improve the signal-to-noise ratio of tHéO NMR

of the line widths of all peaks measured in solutions viRtk experiments, the total concentration of uranylj2vas increased
8 (pH > 3.5). In addition to eqs 15 and 16, also the following to 50 mM, where spectra with excellent signal-to-noise ratio
four reactions contributed to the line broadening: were obtained within a short experimental time.
. In order to deduce the experimental rate laws, we varied the
UO.F.” + H*F == UO.F*F~ + HF 17 total uranyl(2+) ion concentration between _10 and 50_mM at
23 kape 2 2 (17) R = 0.1 and pH= 1.5-1.7, where the dominant species are

UO2" and UGQF' and the equilibrium concentrations of HF
UO,F, + UOZ*F427 % UOZF3*F27 +UOF,~ (18) and UQF; are very low. There is one dominant exchange path:

*U0,2" + UO,F" % “UO,F" + U0 (21)

2— Ky e 2—
UO,F,~ + H*F o UO,F*F* + HF (29)
’ At the high uranyl(2-) concentrations used, only one peak at
o oo 3 fas 3 o approximately constant chemical shift was observed in the
UG, + UO,'F4 ks UO,FF* + UO,F,~ (20) spectrum, because the small signal of JBOwas so exchange
broadened that it disappeared in the base line (see Supplementary
In order to facilitate the mechanistic deductions, we investigated Information). The pseudo-first-order rate consté(dbs) i,
if the exchange reactions showed any isotope effects by obtained by complete line shape analySis equal to
repeating the measurements for the third and the fourth
complexes in deuterium oxidef(Figure 2c). No isotope effect k(obs), ; = 2k, JUO,F'] (22)
was found for the exchange reactions between the various
complexes K3 ks34 andkss). However, there was a pro- koiwas determined from the slope of the straight lin&(obs) 1
nounced isotope effect, approximately three timggher vs [UOF'] (see Figure 3). At higher [Hiw: values the
exchange rates for DF than for HF, for the exchange reactionsrelationship is no longer linear, and an additional exchange path
between HF and the third and fourth uranyl fluoride complexes makes a contribution to the line broadenirg. (he following
(ks.ur and Ky p). discussion).
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a_) k(ObS?(}l ‘
450 - 140 &
120 T
400
o 100 T O
F'350 4 UO,F, .
o 80 T
£ 300 - o
8 80 T
g 250 |
[ * 40 T+
5200 | ) o
© 20 1
+
150 | S UOF
o 0 : ; : ' |
100 et : ‘ ! 0 0.002 0.004 0.006 0.008 0.01
0.001 0.01 H 0.1 [UOE"]
b ) Figure 3. Dependence ok(obs) i on the equilibrium concentration
: of UO,F" atR= 0.1, pH= 1.5, andT = —5 °C. The total concentration
700 of uranyl(2+) ion was varied between 10 and 50 M.
k(obs)osr
600 1 1200 T
£ UO,Fy
=y 1000
£ 500
c
3 800
S .
(5 400 ¢
8 600 T+
~ 300 { UoF: 400 |
200 — : R - 200 1
1E-5 1E-4 0.001 [H+] 0.01
0 f t t + f + ; f
c.) 0 0.002  0.004 0.006  0.008 0.01
. [HF]
1800 + b4 Figure 4. Dependence ok(obs)ue calculated by eq 25 on the
equilibrium HF concentration: Q) in H,O and @) in 80% DO, T =
1600 —5°C.
iy
I 1400 | .
24200 | UOF; negligible contribution), we could determine the temperature
§ dependence d ; and in this way calculate the corresponding
§ 1000 7 activation parameters. The Eyring plots fay; between—5
@ 800 1 and +70 °C are given in the Supporting Information. The
5 600 | activation parameters areH* = 31.2 (1.4) kJ mol* andAS*
UO,Fy = —56.2 (1.0) I mot* K~1, where the value within parentheses
400 + is the computed standard deviationr)(1
200 Pt e The influence of HF on the exchange between,&Cand

1E-8 187 1E-6 1B5 1E-4 1y 0001 UO,F* was studied by changing the total fluoride concentration
Figure 2. Line width dependence dfF NMR signals of uranyl(2) between 5 and_ 25 mhhil M HCIQ“' In these solutions, the
fluoride complexes on pH, at differeftvalues, [UQ?]. = 5 mM, total hydrogen ion concentration is constant and the concentra-
T=-5°C: (a)R=3, (b)R=4, and (c)R= 8 in H,O (solid symbols) tion of UO,F; negligible. The presence of HF results in a new

and in DO (empty symbols). Lines represent line widths calculated exchange path, in addition to eq 21:
using rate constants in Table 1.

K
U0 + HF—-—kf:‘f UO,F" + H* (23)
We have also studied the temperature dependence of exchangigmm egs 22 and 23, the concentration dependence of the

reactions 21 and 23, in order to obtain additional mechanistic do-fi d fh h b

indicators. These were the only reactions that could be studiedpSeu o-first-order rate constant of the exchange process between
. Y UO2* and UGQFT can be written as

without influence from parallel exchange pathways. For the

other reactions it was not possible to interpret the temperature k(obs), , = 2k, JUO F+] + Ky e [HF] (24)

dependence of the exchange rates in terms of temperature 1 A2 OHF

dependent rate constants for the various parallel exchangeUsing the known value ok 1, Ko xr can be determined from

pathways. By using a total fluoride concentration of 5 mM the slope of the straight line ¢{obs) e vs [HF] (see Figure

and R = 0.1 (where the HF dependent pathway gives a 4):
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k(0bs), i = k(0bs), ; — 2k, JUOF'] = Koy [HF]  (25)
These experiments were repeated in 8090 [h order to detect

if there is any deuterium isotope effect (as previously observed
for the reactions denoted ty r andks we). The results showed

Inorganic Chemistry, Vol. 35, No. 7, 1992041

experiment, we obtaineki 4 equal to (3.0 0.5) x 10* M1

s, in good agreement with the value determined as detailed
earlier. In another experiment, the total hydrogen ion concen-
tration was kept constant (i = 1 M) and the total uranyl-
(2+) ion concentration was varied between 200 and 100 mM,

that there is no isotope effect for the exchange between the freedt constant total fluoride concentration Jie. = 10 mM. The

uranyl(2t) ion and the first complex, while there is a pro-
nounced effect for reaction 23. From eq 25, the exchange rate
in 80% D,O was determined as described previously (Figure 4
and Supplementary Information). The rate constants are given
in Table 1.

From Eyring plots fok'o ur (see Supplementary Information)
the following activation parameters were obtainedd* = 37.7
(1.0) kI mot? and ASF = —11.8 (0.6) J maoi® K=t (in H20)
and AH* = 38.7 (1.1) kJ mot! and ASF = 0.0 (0.9) J mot!
K~1 (in 80% D,0).

Using the microscopic reversibility,

k(obs), ,JUO,*"] = k(obs) JUO,F] (26)

we calculated the exchange rate of the reverse process in eq
23. The observed pseudo-first-order rate constant is equal to

k(0bs) o= 2k, JUO,*"] + Ky . [H ] (27)
from which
k(obs) . = k(obs) , — 2k0,1[U022+] = kl,H+[H+] (28)

Using these equations, the calculated rate constgnt from
the experiments (Figure 4) is 143050 M~1 s™1in H,O, while
the corresponding value in 80%,0 is 24004+ 200 M1 s71,
In addition, a direct determination of this rate constant was made
in solutions where the total hydrogen ion concentration varied
between 0.6 and 1 M, while [Ufo. and [F i Were kept
constant at 50 and 15 mM, respectively. In this region, the
effect of UGQF, on the exchange is negligible because of its
very low concentration. Henclk, i+ could be determined from
the dependence ¢fobs) ;++ on the total hydrogen ion concen-
tration (see Supplementary Information). From the linear
relationship we obtainekh 1+ = 1500+ 100 M~ s7%, in good
agreement with the value calculated above.

The ratio betweek o yr andk; i+ is equal to the ratio between
two equilibrium constants:

k'O,HFZﬁ
K Kie

(29)

Literature dat# on the equilibrium constants giyé/Kyr =
38.9, which is an excellent agreement with our experimental
ratio Ko ue'ks 1+ = 37. The ratidk'o peks o+ is equal to 75. Using
the experimental ratio lofr/Kpr) = —0.31, we find that the
equilibrium constant for the formation of WB" has ap-
proximately the same value in both solvents.

Using the solutions studied BYO NMR, it was possible to
determine the exchange rate between,B'Cand HF at higher
hydrogen ion concentration ByF NMR . In these'®F NMR

experiments one also has to consider the exchange process givef‘lIO

by eq 5 ki ne). From the measured line width of UB" the
pseudo-first-order rate constant can be written as

k(0bS) e = AV, UOF") = ky 1. [H'] + 2Ky [ HF]
(30)

Using the value ok; 4+ = 1.5 x 103 M~1 s71 from the previous

line width of the UGQF* signal was practically unchanged
because of the low HF concentration. From eq 30, and with
use ofky ur = 2.7 x 10* M1 s71, we calculatedk; p+ = 1530

4+ 15 M1 s71, in good agreement with the value determined
by thel’0O NMR experiments. The relatively low value lafy+,

at least compared tky 4r, €xplains why this process could be
observed only at higher hydrogen ion concentrations. At lower
concentrations process 5, which is also an exchange path
between HF and UgF", dominates.

If the reverse reaction in eq K(4+) is slow, or at least much
slower than the exchange process in eq i34, it will not
influence the line shape of the second complex. This seems to
be a possible explanation to why this reaction was not observed
at the lower hydrogen ion concentration (see above).

From the published enthalpy d&tat is obvious that the
equilibrium constants in the uranium(VI) fluoride system do
not change much with temperature. This is consistent with the
observation that th€O chemical shift of the observed averaged
signal of the exchanging species moves only slightly toward
higher frequency with increasing temperature (Supplementary
Information). A similar effect was previously observed in a
solution containing only the free urany#2ion.23 On the basis

of these experiments, we have assumed that the chemical shift
difference between the signal of free uranyj2ion and the
exchange broadened signal is approximately constant, indepen-
dent of temperature. The values of the line width of the free
uranyl(2t) signal decrease with increasing temperature (from
3 to 1 Hz between-5 and+70°C). These changes were taken
into account during the calculations of the temperature depen-
dence data, although their effects on the resulting rate constants
were almost negligible.

Discussion

The internal consistency of the experimental rate constants
is satisfactory as judged by the agreement between independent
determinations of the same rate constant(s). The agreement is
also excellent between the rate constant r&tygeks 1+ and
B1/Kur, where the latter quantity is known from independent
determinations of equilibrium constants. For a discussion of
the NMR technical aspects of this study, the reader is referred
to the previous papéf. The following discussion will be
centered on mechanistic aspects of the various exchange
reactions studied, using the following short-hand notation:

A(ag) + *F—X(aq) = A(agy++*F—X(a0) =
A—*F—X(aq)= A—*F + X(aq) (31)

where A denotes U@', or one of the fluoride acceptors
UO,F,—12~(D, and F-X one of the fluoride donors, UE,2 ",

or F/HF. Step 1is a diffusion controlled formation of an outer-
here ion pair, with the equilibrium constafgs this is an
oversimplified description of the process, as will be discussed
later on. Step 2 is the formation of a fluoride bridging
intermediate/transition state (except in the exchange reactions
involving F), and step 3 is the bond breaking between F and

(22) Ahrland, S.; Kullberg, LActa Chem. Scand.971, 25, 3471.
(23) Jung, W.; Tomiyasu, H.; Fukutomi, HBull. Chem. Soc. Jprl987,
60, 489.
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X. We will base the mechanistic discussion on the following < 4.5 the averaged signal of HF/Hs broadened due to
experimental observations: the second-order rate laws for thechemical exchange in solutions of HF/ water, with the line

exchange pathways between two complexgs) @nd between
the various complexes and Bk, =) and HF &qn 1p); the slow

width maximum of about 16 Hz at pH: 3. This proton
exchange reaction is very fast compared to the rates determined

rate of the direct exchange pathways between free fluoride andin our study (see Table 1); hence, the chemical exchange
the various complexes in comparison with the other exchange between HF and Fdoes not present an additional difficulty in
reactions in the systems studied; the large H/D isotope effectthe present study.

for the pathways involving HF/DF (the rates increas&times

The following observations indicate that the exchange reaction

in deuterated solutions) and the absence of a measurable isotoppathways of the typk, 1 (€.9., €q 5) involve exchange between
effect for the direct exchange reactions between the complexesthe uranyl complexes and HF, rather than a proton-catalyzed

and between the various complexes ang the magnitude of

exchange of F. In the solution containing 5 mM total uranyl

the various rate constants differs fairly little from one another and 40 mM total fluoride, we varied the pH in the range<5
for most of the reactions studied; the size of the activation pH < 6 (see Figure 1c). As can be seen in the figure, the
entropy for two of the studied reaction pathways, compared to concentration of HF is small, and the concentrations of the main

the literature values for related reactions.

Before discussing the reaction mechanisms, we will consider constant, independent of the pH.

the structure and coordination geometry of the urany)(@n.
The structure of the complexed uranykpion has been studied
both in solution and in the solid stat&2425 The axial (-yl)

species (that is UgFs~, UOF2-, and F) are practically

If the exchange proceeds
through a proton-catalyzed process between the uranyl com-
plexes and F, we would expect a change of the exchange rate
with pH. This is not the case, as can be seen in Figure 2c,

uranium—-oxygen bonds are usually close to linear and kineti- which indicates that the line widths of the separkfe NMR
cally inert! The exchanging ligands are located in the plane signals (which are directly proportional to the overall exchange
perpendicular to the linear axis, and for the present purpose,rates for these species) are essentially unchanged.

only these ligands will be discussed. The coordination number
in the equatorial plane can vary from four for bulky ligands

with high donor numbers (e.g., HMP), through five for all
known monodentate ligandso six for several bidentate ligands.
(e.g., carbonat& oxalat&”). In the following discussion, it is

assumed that all of the studied uranyl complexes are five- reactants.

coordinated with the composition UB,(OH,)s—n2".

The first step in the mechanistic scheme is the formation of
an outer-sphere ion pair, with an equilibrium const&gt, often
estimated from the Fuoss equation. There is no reason to believe
that this is a precise estimate in systems containing an ionic
medium, with a concentration much higher than that of the
However, theelative values of Kys for ions of
different charge type in the same ionic medium might be more

The large number of possible exchange partners makes itprecise (they areonditionalequilibrium constants, valid only
difficult to determine rate laws, rate constants, and mechanisms.in the given ionic medium). The estimated valueskgf are
Fortunately, some kinetic information on this system is available given in Table 1.

from the literature. Ikeda et &%.have studied water exchange

The second step involves the breaking of a wateanium

kinetics of hydrated uranyl complexes in mixed water/acetone bond and the formation of a new uranittfiuoride bond. For

solvent in the temperature rang®0 to —90 °C and stated that
this reaction is of théq type, with the breaking of the water

uranyl bond in the inner coordination sphere is the rate

uranium(VI) both associative and dissociative activation seems
possible from a coordination chemical point of view.
The next step is the breaking of a uranitftuoride bond,

determining step. We have used the activation parameterseither in the bridge formed by the entering group or in the

determined in this stud{ to extrapolate the water exchange
rate constant to the temperature used in the present stifly (
°C) and obtainedkyq ~ 7 x 1P s7%, recalculated to five

complex when the exchange involves/HF.
There are four types of fluoride exchange reactions, exempli-
fied by egs 5, 8, 15, and 23. Most of the measured second-

coordination. There are two sources of error in this estimate: order rate constants have similar values, which may indicate a
the first is the large difference between the two solvent systemscommon rate determining step, either the rate of water dis-
used by lkeda et al. and by us; the second is the large sociation in an EigenWilkins type of mechanism or the rate

extrapolation from—60 to —5 °C. This value is compatible
with the value estimated previously by Ekstrom and Johi%on,
i.e., kag > 10° s at room temperature.
The rate of exchange between HF andtas been studied
experimentally, and the rate constant
HF=H"+F (32)
kir &~ 6.7 x 10’ s at room temperatur®. Recently, this value
has been confirmed by ¥F NMR study! (kqr = 3.4 x 107
s™1, at +22 °C), which also showed that in the range<2pH

(24) Wells, A. F.Structural Inorganic Chemistrys ed.; Clarendon Press:
Oxford, U.K., 1984.

(25) Aberg, M.; Ferri, D.; Glaser, J.; Grenthe,lhorg. Chem.1983 22,
3981.

(26) Honan, J. G.; Lincoln, S. F.; Williams, E. thorg. Chem1978 17,
1855.

(27) Alcock, N. W.J. Chem. Soc., 0973 1610.

(28) lkeda, Y.; Soya, S.; Fukutomi, H.; Tomiyasu,HInorg. Nucl. Chem.
1979 41, 1333.

(29) Ekstrom, A.; Johnson, D. Al. Inorg. Nucl. Chem1974 69, 2319.

(30) Eigen, M.; Hammes, G. G. Am. Chem. Sod.96Q 82, 5952.

(31) Merbach, A. Private Communication.

(32) Hurwitz, P.; Kustin, KJ. Phys. Cheml967, 71, 324.

of metal-fluoride bond breaking. Both of these possibilities
will be discussed.

Eigen—Wilkins Mechanism. The exchange reactions in-
volve encounters between the two reactants in a solventcage
this is partly driven by electrostatic interactions and partly by
the number of available donor sitess, in UOF2™" and
acceptor sitespyzo, in UOFn—12- M), The Eigen-Wilkins
mechanism has previously been discussed, e.g., by Hurwitz and
Kustin®? and by Ikeda et & for substitution reactions in uranyl-
(2+) complexes. The mechanism involves the following steps:

k KDS
UO,F,_;(aq)+ F—X(ag) — UO,F,_;(H,0)(H,0)F—X ==

UO,F,_,(H,0)F—X i F, UO,s e FeeeX —
F, ,UO,—F + X(aq) (33)

k is determined by the rate of diffusion of the reactants in the
medium,Kqs is the outer-sphere equilibrium constant, dagl

is the rate constant for the interchange between water and
fluoride (largely independent on the entering ligand in a
dissociative mechanism). The diffusion coefficients, and there-
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1y reactions, where the difference in electrostatic effects and the
o o) S\OHZ . —60 number of donor/acceptor sites have been corrected for. The
iy, I Ol >y, I ) values ofki,; are given in Table 1. If the rate determining step
HO/ \ i HO/ \ F— is the dissociation of U@-F, rather than the dissociation of
2 H OH, F\ z “ OH, &+ UO,—OH,, we havek =~ (4 x 10%) ~ 4 x 1® M~1 s for the
0 H 0 bimolecular rate constant for the formation of LFO, which
Figure 5. Mechanism for the exchange reaction betweenj@q) seems too large in comparison with the experimental values
and HF. for other ligands. Hence, this mechanism is less plausible than

the previous one.
fore, ki, are approximately 1.7 times smaller in deuterium oxide  Magnitude of ks 4, K45, ks ir, and ks 4. The rate constants
than in water® while K, calculated from the Fuoss equation kz.4, Ka5, K andks pe are much larger than expected for the
is a few percent higher in D than in BO3* Hence, this  proposed EigenWilkins mechanism. These exchange reactions
mechanism is expected to result in a slower rate of substitution involves at least one reactant, containing no, or only one,
in D20 than in HO, as experimentally observed for Mg(ll) and  coordinated water. The rate constant for the exchange reaction
lanthanides$3-3> In the Eigen-Wilkins mechanismkmy, =
KoKag Where the value oksq may be estimated from the U02F42_ +*FT = UOZ*F42‘ + F (35)
experimental values ofn, and the estimated values &5
These values dtyqare given in Table 1 and are in fair agreement s in good agreement with the value reported by Tomiyasu et
with that estimated by Ikeda et &P except forkss andkas. al.2ky— =6.96x 1 M~1s 1. Tomiyasu et al. also discuss
This deviation might be due to a different mechanism or to the exchange reaction
erroneous estimates 8fs The rate constantg g andks -—
(and kq yr @and ky g— ) show the variation depending on the UOZF53_ 4+ *F = UOz*F53_ +F (36)
charge of the entering ligand, as expected from an Eigen
Wilkins mechanism, c.f. Table 1. It must be pointed out that for which they reporks — = 33.4 M~1sL. This value is about
the numerical coincidence with the results of Ikeda &8 ahay 500 times smaller than expected from our estimaties;@f and
be accidental because of the large differences between thex s~ 4.7 x 10-3 M~1if the reaction follows an EigerWilkins
solvent systems. The valueslaf, deduced from bimolecular  mechanism. We are at the moment exploring how the number
rate constants for the formation of various uranyff2omplexes  of coordinated water molecules are affecting the rate and
studied by Hurwitz and Kustif? are much smaller than those mechanism of fluoride exchange, by studying reactions of the
observed here, except for acetate, where the rate constant fogype
the formation of the first complex is equal to®1RI~1 s71. |t
has been suggesfé@dhat the small rate constants are due to L—UO,(H,0),F,, + H*F/*F~ =
the formation of (UQ)(OH),2". The rate constants for the
formation of ura(niur21((VI%21Iiphosphonate complex¥sare L=UO,(H0),*Fr, + HF/F (37)
approximately 7x 10° M~ s71, i.e., closer to the values
obtained in the fluoride system. Hence, there is some experi-
mental information indicating that the rate of complex formation
is not strongly dependent on the entering ligand, as expecte
from an Eiger-Wilkins mechanism.

The exchange reactions involving DF/HF are faster 0D
than in HO, indicating that they involve bonding of HF/DF,
as indicated in Figure 5. A proton transfer from-F---H*
to U---OH, (or U--- F7) is consistent with a “reverse” isotope
effect, because D is a stronger base than®l (and F binding
Dt stronger than H). At the same time the difference in acid
strength between the coordinated (“stretched*jHrand F--D
is expected to be much smaller than in the ground state. This
type of proton transfer is facilitated by the small size of HF,
which brings the proton close to both the metal ion and the
leaving group.

Mechanism Involving Uranyl—Fluoride Bond Breaking
in the Rate Determining Step. We have estimated the
influence ofne andny0 on the experimental rate constants from
the following expression, assuming five exchangeable equatoria
ligands and uraniumwater bond breaking faster than for
uranium-fluoride:

where L is a bi- or tridentate ligand,varies between 0 and 3,
andm varies between 1 and 3; the charges have been left out
dfor simplicity.

Tomiyasu et af.reportAS = —128 J mot! K1 for reaction
36, postulate an associative mechanism, and cite as their main
arguments the negative activation entropy and that the exchange
rate is not influenced by laser irradiation (488 nm), which might
be expected to labilize the equatorial ligands.

Activation Parameters for the Exchange Reactions.Com-
plex formation reactions between hard donors and acceptors are
in general accompanied by large and positive entropy changes,
indicating substantial changes in the solvation between reactants
and products. The available activation entropies for many
reactions of this type are also large and positive, as exemplified
by data for the beryllium(l1)37 aluminum(lil)- 28 and iron(l11)*
—fluoride systemsASF = 83 J mott K1 for the formation of
Al(H,0)sF2", indicating a transition state close to the product.
The negative entropy of activation for reaction 21 is unexpected
Iand indicates the formation of an intermediate that does not
involve any substantial change of hydration between the
reactants and the transition state. This is reasonable, since a
coordinated fluoride should not interact strongly with the “bulk”

— water. A similar suggestion has previously been made by Pouli

Kint = Kinrf (KoM ) (34) and SmitR® to explain the lower activation entropy for the
reaction F&" + HF = FePP* 4+ H*, as compared to Fe +

kint is the “intrinsic” rate constant for the various exchange g- — Fep+. For reactions involving HF, e.g., eq 23, the
33) Silber. H.- Wehner. 1. | Nucl. Cheml975 37. 1025 activation entropy is less negative than for reaction 21. This is
Egﬂg Sasr D Macr G ¢ Peiruncocrigilﬁgr'g. Nucl, Chimlé?l 2 427, in agreement with the findings for other reactions involving hard
(35) Silber, H. B.; Farina, R. D.; Swinehart, J. Horg. Chem.1969 8,

8109. (37) Baldwin, W. G.; Stranks, D. RAust. J. Chem1968 21, 2161.
(36) Hines, M. A.; Sullivan, J. C.; Nash, K. lnorg. Chem.1993 32, (38) Plankey, B. J.; Patterson, H. khorg. Chem.1989 28, 4331.

1820. (39) Pouli, D.; Smith, MacF. WCan. J. Chem196Q 38, 567.
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acceptors, e.g., reactions between Fe(lll) and HF of°fand mechanism is also more difficult to reconcile with the observed
between Be(ll) and HF? H/D isotope effects.
Conclusions
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