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The stoichiometric mechanism, rate constant, and activation parameters for the exchange of the “yI"-oxygen atoms
in the dioxo uranium(VI) ion with solvent water have been studied using O NMR spectroscopy. The experimental
rate equation, V= kyns[UO**|¥/[H*]?, is consistent with a mechanism where the first step is a rapid equilibrium
2UY0,2* + 2H,0 == (UY0,),(OH),%* + 2H*, followed by the rate-determining step (UY70,),(OH),%* + H,0 == (UO,),-
(OH),>* + H,'70, where the back reaction can be neglected because the O enrichment in the water is much
lower than in the uranyl ion. This mechanism results in the following rate equation Vv = d[(UO,),(OH),**]/dt =
kao[(UO2)o(OH)2Y] = ka2*B22lUOFT[H * 17 with ky, = (1.88 + 0.22) x 10* h™?, corresponding to a half-life of
0.13 s, and the activation parameters AH* = 119 + 13 kJ mol~! and AS* = 81 + 44 J mol~* K™% *B,, is the
equilibrium constant for the reaction 2U0,** + 2H,0 == (UQ,),(OH),** + 2H*. The experimental data show that
there is no measurable exchange of the “yI™-oxygen in UO,%*, UO,(OH)*, and UOy(OH)4?~/ UO,(OH)s~, indicating
that “yI"-exchange only takes place in polynuclear hydroxide complexes. There is no “yI"-exchange in the ternary
complex (UO,)2(u-OH),(F),(oxalate),*~, indicating that it is also necessary to have coordinated water in the first
coordination sphere of the binuclear complex, for exchange to take place. The very large increase in lability of the
“yI-bonds in (UO,),(OH),?* as compared to those of the other species is presumably a result of proton transfer
from coordinated water to the “yI"-oxygen, followed by a rapid exchange of the resulting OH group with the water
solvent. “YI™-exchange through photochemical mediation is well-known for the uranyl(VI) aquo ion. We noted that
there was no photochemical exchange in UO,(CQs);*~, whereas there was a slow exchange or photo reduction in
the UO,(OH)42~ / UO,(OH)s%~ system that eventually led to the appearance of a black precipitate, presumably
U0,.

Introduction and Taubg? investigated the same reaction wittv-enriched
water and determined the rate equation and rate constant for
the exchange using mass spectrometry. They also made the
important observation that the reactivity of the “yI”-bond in
UO,"(aq) was much larger than that in Wdaq), a factor

of at least 10in 0.08 M HCIQ, and 3x 1(° in 1 M HCIO,.

Clark et al* studied the “yI"-exchange betweerd,(OH)2Z~

and water in 3.5 M tetra-methyl ammonium hydroxide and

The first experimental study that shed some light on the
kinetic lability of the uranyl(VI) bond dates back to 1949
when Crandallused the exchange reaction PO+ H,%0
= U80,?" + H,0 to prepare'®O-enriched uranyl ions to
determine its stoichiometry. At the time it was unclear if
the composition was U®" or U(OH)?*; he noted that there
was no significant exchange betweeg3 and the uranyl
oxygen atoms over a period of 48 hiin 0.10 M HCI. Gordon

(2) Gordon, G.; Taube, Hl. Inorg. Nucl. Chem1961, 16, 189.
(3) Gordon, G.; Taube, Hl. Inorg. Nucl. Chem1961, 16, 272.
*To whom correspondence should be addressed. E-mail:ingmarg@ (4) Clark, D. L.; Conradson, S. D.; Donohoe, R. J.; Keogh, D. W.; Morris,

kth.se. D. E.; Palmer, P. D.; Rogers, R. D.; Tait, C. Dorg. Chem.1999
(1) Crandall, H. W.J. Phys. Chem1949 17, 602. 38, 1456.
9372 Inorganic Chemistry, Vol. 46, No. 22, 2007 10.1021/ic700817y CCC: $37.00  © 2007 American Chemical Society

Published on Web 09/22/2007



Reactiity of the “yI"-Bond in Uranyl(VI) Complexes

concluded that there was a fast exchange with a rate constanfOH),?" with some contribution from(Ug,(OH);", whereas

kogs = 18 &+ 6 s This study is commented on in the

there is no measurable contribution from OH,)s>". At

Discussion. They suggested that the high rate was a resulthigher pH, other polynuclear hydroxide complexes, for

of the weakening of the “ylI’-bond, as indicated by the
experimentally observed increase in the QO bond length
between UQOH,)s*" and UQ(OH),? . Clark et al* specu-
lated on the electronic origin of this weakening and suggested
that it might be partially due to the stromgdonating ability

of hydroxide ligands and also as a result of the competing
participation of uranium 6d orbitals in both the-®y, and
U—OH xr bonds. This theme has recently been explored by
Ingram et al.;®> a comparison of the energy-level diagrams
of the uranyl orbitals and a population analysis in complexes
with an increasing number of coordinated hydroxide ions
reveals that, of the two effects invoked by Clark et al., only
the o-donating ability of the hydroxide ligands can explain
the weakening of the “yI” bond. Burns et@have discussed
how the basicity and lability of the uranyl oxo ligands are
affected by the coordination of other strong donors in the
equatorial plane of the uranyl(VIl) complexes.

Additional information on “yI”-exchange was provided by
Moll et al.” by noting that the’O NMR signal in test
solutions containing’O-enriched uranyl(VI) was lost within
10 min in the pH range where uranyl hydroxide complexes
are formed. A significantly slower loss in the signal was
observed in the range where ternary polynuclear (3,2~
complexes were predominant; there was no loss of signal
intensity in test solutions containing only binary sulfate
complexes.

The rate equation for the exchange between “yI’-oxygen
and water deduced in the study of Gordon and T&#{eq
1), indicates that the exchange between “yI’-oxygen and the
water solvent takes place in the complex 4JQH)" and that
there is no significant contribution to the exchange involving
UO,(OH,)s?t, as shown by the rate equation:

Koo U0, Tix
[H']

3:

@)

In a more recent study, Mashirov et®aieport a different
rate equation (eq 2) for the exchange betw&&renriched
uranyl and water:

I(n,obi u 022+] tot2

[H]"

kZObJU022+] tot2
7= + )
[H'T?

They suggest that the predominant exchange pathway in
the pH range 13 involves the binuclear complex (Ui

(5) Ingram, K. I. M.; Hdler, J. L. and Kaltsoyannis, NDalton Trans.
2006 2403.

(6) (a) Burns, C. J.; Sattelberger, A.IRorg. Chem1988 27, 3692. (b)
Arney, D. S. J.; Burns C. J. Am. Chem. So0d.993 115 9840. (c)
Wilkerson, M. P.; Burns, C. J.; Dewey, H. J.; Martin, J. M.; Morris,
D. E.; Paine, R. T.; Scott, B. Lnorg. Chem.200Q 39, 5277. (d)
Duval, P. B.; Burns, C. J.; Buschmann, W. E.; Clark, D. L.; Morris,
D. E.; Scott, B. L.Inorg. Chem.2001 40, 5491.

(7) Moll, H.; Reich, T.; Rossberg, A.; Szaba.; Grenthe, |Radiochim.
Acta 200Q 88, 559.

(8) Mashirov, L. G.; Mikhalev, V. A.; Suglobov, D. NC. R. Chimie2004
7, 1179.

example, (UQ)3(OH)st = (UO,)2(0O)(OH)?" are formed

that might give a contribution to the rate of exchafge.
Neither the study by Gordon and Taube nor the one by
Mashirov et al. has discussed the mechanism of the exchange
reaction.

We have previously used’O-enriched uranyl(VI) in
combination with NMR spectroscopy to study equatorial
ligand substitution reactions in uranyl(VI) systems with the
ligands fluoridel® picolinate!* a-hydroxy-carboxylate$?
amino-carboxylatéd and glyphosaté? In these studies, we
found no evidence for “yI’-exchange with the solvent within
a time scale of 48 h. The test solutions used in these studies
did not contain hydroxide complexes, suggesting that “yI"-
exchange requires the presence of terminal and/or bridging
hydroxide groups in the equatorial plane of the uranyl(VI)
ion.

“YI"-exchange can also be achieved photochemicélly
using UV irradiation of an acid aqueous solution df@,>*/

H>0 or UG,2"/H,’0. Photochemical excitation may involve
protonation of the “yI"-oxygen, forming HOOH?* through
hydrogen abstraction from the water solVérthat could
result in weakening of the “yl”-bond, facilitating the ex-
change with water. We have investigated if this is also the
case in test solutions containing the complex&wCO,)s*

and U70,(OH)4? /UYOy(OH)s®.

In the present study, we have measured rate constants and
activation parameters for the “yI"-exchange in thieg[H*]
range 2 and on the basis of these data suggested a rate
equation and a stoichiometric mechanism for the exchange.
The exchange reaction can formally be described using eq

®)

“Ut0,(aq)” + H,0="UO0,(aq)"+ H,"0  (3)
“Ul’0,(aq)” denotes the sum of the various uranyl(VI)
species present in the test solutions studied; the dominant
species in the-log[H"] range 1-2 is the aquo ion Ug.

In our experiments, the back reaction in eq (3) can be
neglected as th€0O enrichment in the uranyl ion is much
larger than that in the water solvent.

(9) (a) Grenthe, I.; Fuger, J.; Konings, R. J. M.; Lemire, R. J.; Muller, A.
B., Nguyen-Trung, C., Wanner, HChemical Thermodynamics of
Uranium Elsevier/North Holland: New York, 1992. (b) Guillaumont,
R., Fangfhael, T., Fuger, J., Grenthe, ., Neck, V., Palmer, D. A,
Rand, M. H.Update on the Chemical Thermodynamics of Uranium,
Neptunium, Plutonium, Americium and Technetidtsevier/North
Holland: New York, 2003.

(10) SzaboZ.; Glaser, J. and Grenthe,lhorg. Chem.1996 35, 2036.

(11) SzaboZ.; Aas, W. and Grenthe, Inorg. Chem.1997, 36, 5369.

(12) SzaboZ. and Grenthe, Ilnorg. Chem.200Q 39, 5036.

(13) SzabpZz. J. Chem. Soc., Dalton Tran200Q 4242.

(14) Jung, W., Ikeda, Y., Tomiyasu, H., Fukutomi, Bull. Chem. Soc.
Jpn. 57 1984 2317.

(15) (a) Baird, C. P.; Kemp, T. Prog. Reac. Kinet1997, 22, 87. (b)
Fazekas, Z., Tomiyasu, H., Park, Y.-Y., Yamamura, T., Harada, M.,
ACH Models Cheml998 135 783. (c) Yusov, A. B., Shilow. P.,
Russ. Chem. Bull., InEd. 2000 49, 1925. (d) Formosinho, S. J.,
Burrows, H. D., da GregMiguel, M., Azenha, M. E. D. G., Saraiva,
I. M., Ribeiro, C. D. N., Khudyakov, I. V., Gasanov, R. G., Bolte,
M., Sarakha, MPhotochem. Photobiol. S&2003 2, 569.
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Table 1. Experimental Data for the Exchange Reactiort’@y" + perchlorate stock solution to 8 mL of a 3.5 M TMA-OH solution
H20 ="UO;" + H,'70; Where “U0Oy’ Is the Total Concentration of and then removing the precipitate of TMA-perchlorate by filtration.
Uranyl(V1) Species, [U@"]w* To investigate if there is a photochemical exchange pathway,
[UO22 01 (M) -log[H*] Kobs (h™1) Temp (K) another test solution was irradiated by UV light, and the result is
1.48 (5.83+ 0.25) x 10°3 shown in Supporting Information part b of Figure S1.
1.56 (1.99+ 0.16) x 1072 “YI"-Exchange in (UO 2),(u-OH).F,(Oxalate),* . A test solu-
0.0297 1.90 (1.78+0.04)x 10~ 298 tion containing about 4% of the total amount of uranium as the
g:gi gé& gggx 100 complex (UQ)y(u-OH),F,(oxalate}*~ was prepared in order to
1.67 (9.65+ 0.18) x 1072 study if “yl™-exchange can take place in a complex with two
0.0424 1.82 (1.82+0.07)x 10t 208 bridging hydroxides but no coordinated water in the first coordina-
1.95 (2.73£0.02)x 1071 tion sphere. The composition was: 20.0 mM U(VI), 120.0 mM
i:gg g:gﬁ 8:82X 102 NaF, and 40.0 mM N#Dxalate, prepared by using reagents of
0.0636 236 (6.44+ 0.07) x 1071 208 analytical grade; the pH of the solution was 7.76. The test solution
2.55 (9.14+ 0.07) x 1072 of (UOy),(u-OH),Fy(oxalate)*~ was kept for a period of 1 week
(4.86+0.07)x 10! 298 in darkness before measuring tH® and°F NMR spectra.
0.0434 2.06 Eg:igi gzggi igz ggg Photochemical “yl™-Exchange in UOx(COz3)3*~. To test if the
“yI"-oxygen can be photochemically exchanged with the water
2 The constant&qps have been calculated from eq (4). solvent in UQ(CQO;)3* that does not contain water in the first

coordination sphere, we prepared a test solution in which more than

A possible reaction mechanism may involve protonation 99.9% of the U(VI) was present as WU@Os)s*~. The composition
of the “yI"-oxygen and a major electron rearrangement in of the solution was: [U(VI)}= 20.0 mM, NaCO; = 109 mM, pH
the “yI” bonds as indicated by Schreckenbach €fah a = 10.15, prepared from the stock solution’d-enriched UG?*
following communication, we will discuss the intimate and solid water free sodium carbonate. Carbonate was used as a
mechanism of the exchange reaction and the relationshipi9and because it cannot be photochemically oxidized. The test
between the lability of the trans-oxygen atoms in uranyl- solytlon waf;lllumlnated with UV light for a period of 20 h, after
(V1) complexes and the chemical bonding in the coordination W1eh the O NMR spectrum was recorded; there was no

sphere of uranium using quantum chemical ab initio calcula- measurable exchange of the “yI™oxygen with the solvent.
tigns 94 NMR Measurements and Sample PreparationThe’O NMR

spectra (67.8 MHz) were recorded on a Bruker DMX500 spec-
trometer (11.7 T) in KO using a NaClQ@ionic medium at a constant
sodium concentration, [N& = 1.00 M. The test solutions were
Chemicals and Test SolutionsA 1.998 M stock solution of measured at 28C, usirg a 5 or 10 mmormal broadband NMR
170-enriched uranyl(VI) perchlorate was prepared by the dilution probe head without lock and tap water as the reference. The probe
of 2.724 g of a 2.997 M stock solution of uranyl(VI) perchlorate temperature was measured by a calibrated Pt-100 resistance
with 0.657 g oft’O-enriched water (29 atom % enrichment from thermometer and adjusted using a Bruker Eurotherm variable-
ISOTEC), followed by UV irradiation over night. The isotope temperature control unit. The kinetic experiments were made using
enrichment of U@*" was approximately 10%, and that of the water a home-written pulse program in 2D fashion. A series of spectra at
was 0.2% in the test solutions used. The 2.997 M stock solution different total concentrations of uranium(VIl) were recorded at
had an excess of Hequal to 0.197 M, as determined by cation different pH in the range 1.48.75 by collecting 128 FIDs for
exchange analysis. All of the test solutions were prepared from each spectrum. Within one series, the number of collected spectra
the 1.998 M stock solution using double-distilled water, analytical- and the delay between them were selected in accordance with the
grade perchloric acid, sodium perchlorate, and tetra-methyl am- rate of reaction at the given pH. Usually, 16, 32, or 64 spectra
monium hydroxide (TMA-OH) from Aldrich. The composition of  were measured with a variable time interval of 3@D0 s between
the various test solutions used to investigate the “yl"-exchange in them, resulting in a total experimental time of 26 h. All of the
the binary U(VIy-water system at 1.48 —log[H"] < 2.75 is given test solutions were kept in darkness to avoid the possible influence
in Table 1. The proton concentration of the samples was adjustedof photochemically mediated “yl™-exchange. We tried to study the
by the addition of perchloric acid or sodium hydroxide solutions. rate of exchange under the conditions used by Gordon and Taube
The actual value was calculated from the measurdog[H*] ([U(VD] 1ot = 0.40 and 0.95 M and [H = 0.0939 and 0.939 M,

Experimental Methods

corrected for the “Irving factor” in the working mediaThe —log- respectively), but it was not possible to obtain reliable rate constants

[H'] values of the test solutions measured before and after eachusing the NMR method at these slow exchange rates. This was

NMR experiment agreed withig=0.02 logarithmic units. also the case in the experiments at high pH, as will be described
“YI"-Exchange in 3.5 M TMA-OH. In a previous experimeng, later. The error in the NMR peak integrals are typicatt% in

we noted that there was no measurable exchange 4C25he our experiments. The change in the peak integrals in the long-time

experiment was therefore repeated and followed at three differentexperiments at high pH was within this range, and these data can

temperatures,—5, 25, and 50°C. The peaks for the 23C therefore not be used to determine rate constants, cf. part a of Figure

measurements over a period of 2600 h are shown in SupportingS1 in the Supporting Information.

Information part a of Figure S1. The test solution of 50.0 mM U(VI) As the rate of mixing is slower than the half-life for the “yI"-

in 3.5 M TMA-OH was prepared by adding 0.20 mL of th&’0,2+ exchange in (UQ,(OH),2", 0.13 s, the method of mixing of the
test solutions at different pH may affect the isotope enrichment at

(16) fﬁzreckenbach, G.; Hay, P. J.; Martin, Rirorg. Chem.1998 37, the starting point of the experiments (but not the rate of exchange).
a7 Irvingi, H. M.: Miles, M. G. And Pettit, L. DAnal. Chim. Actal968 The effect is small but no.tlceable in the a(?ld region, but probably

38, 475. much larger when preparing the test solutions in 3.5 M TMA-OH
(18) Moll, H.; Reich, T.; SzabozZ. Radiochim. Act&200Q 88, 411. using solid TMA-OH, cf. Discussion.
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Results 25
. ) -log[H"]=2.64
The rate of reaction for the “ylI"-exchange does not involve In(k/)

any chemical changes in the system, and the rate of isotope > |
exchange was obtained by plotting Ifl() versus time for
test solutions with different total concentrations of [U(VI)]
and different hydrogen ion concentrationst]HI, andl are 151 Jog[H']=2.04 -log[H']=1.90
the peak integrals of thEO signal at time zero antd The qprh

rate constant for each test solutidp,s was calculated from
the variation of the peak integral as a function of time, and
a typical example is shown in Figure 1.

Experimental Data in the —log[H*] Range 1.48-2.64. 0.5
The speciation diagram calculated from the known equilib-
rium constantsin 1 M perchlorate, cf. Fige S 2 of the =L AP X ool “SREP I TN S N
Supporting Information, shows that less than 3% of the D S
uranium is present as (W(OH),*" and even less as (U3
(OH)s*, in the —log[H'] range studied. The experimental o ) i

Figure 1. Determination of the rate constanigys in series 1 from

241, 2 i 2 i
dfita ofkond[UO2**of” @s a function of 1/[H]? are shown in experimental’O peak integrals; the various rate constants are given in
Figure 2. Table 1. The total concentration of uranium is 0.0297 M.

kobs — k
[ U O22+ tot2 [ H +] 2

0 2 4 6 8 10 12 14 16 18 20
time (hour)

(4) 300

250
The linear plot shows that the predominant exchange pathway
takes place via (U@Q.(OH),?*, with the rate constark = 200 |
(2.114 0.08) x 1072 h™L. This rate equation is consistent

2

with the following two-step mechanism: N§ 150 o e
2UM0,%" + 2H,0 = (UM0,),(OH),*" + 2H" (5) 2 o .
(U0,),(0H),”" + H,0 = (UO,),(OH),”" + H," 0 (6)
50 e

The first reaction is a rapid equilibriuttr?! that is followed

by the rate-determining step (6), where the back-reaction can 0
be neglected in our experiments. The rate equation deduced
from this mechanism is:

o

0 2000 4000 6000 8000 10000 12000 14000
H'P

Figure 2. Plot of kohd[UO22H]1o Versus 1/[H]2, demonstrating that the

main pathway for the exchange ¥10," + H,O ="“UQO;" + H,'70 involves

2
. d[(UO,),(OH), M _ 241 the complex (UQ)(OH).2*, in the concentration range investigated. The
v= dt - 2,2[(U02)2(O H)2 ] - intercept is zero within the experimental error, and from the slope we obtain
. oo k = (2.11+ 0.08) x 102 h™. Empty circles, [U@*]it = 0.0297 M;
k, 5 55 JUO, filled circles, [UQ2 )it = 0.0424 M.

[H7?
good, whereas the activation entropy is very uncertain

en _ . .
fz,z s the equmbfrlum constarg for r(ra]actmn (5) ahgiz IS because of the small temperature range used. The activation
the rate constant for reaction (6). In the concentration rangeenthalpy is in excellent agreement with the one obtained by

ft‘tjdl'ed’ thetcotl_wcen:cratlon IO{/IM?\} 'Sh V\zi ﬁlose lo the  Mashirov et al® AH* = 119.5+ 5 kd/mol, calculated from
otal concentration of uranyl(Vl). We have= k., x *f22 their experimental Arrhenius activation energyg* = 122

Whle(rreeli/?ﬁz'zh: ~5.95+ 8.‘ 08 and fzz — (|1..12 + 0521) + 5 kJ/mol. The measured activation enthalpy is a composite
x in the ionic medium used, resulting in the rate o - it AHF = AH, , + AH® 5, WhereAHs , — 38.8- 6.1

— -1
constantk, = (1.88+ 0.22) x 10° % __kJd/mol is the enthalpy of reactidrior reaction (4), hence
In a separate experiment, we determined the achannAHi22 = 80 + 14 kJ/mol

parameters for the exchange reaction by measuring the rate
constants at three different temperatures 282, 288, and 2980
K. The resulting Eyring plot is shown in Figure 3, from

The rate of exchange increases rapidly at higher pH, where
ne also has the additional complication of precipitation of
. . A . UO,(OH),(s). We have therefore no quantitative data here,
which the following activation parameters were obtained: only the qualitative observation that the rate of exchange

¥ 1 — 1
Aﬁ = 119.3+ 12.7 kJ mol gndAS* =81+44] mof between the next complex, presumably QDH)s*, is
K~1. The accuracy of the activation enthalpy is reasonably even faster than for (Uy(OH),2*

(19) Cole, D. L.; Eyring, E. M.; Rampton, D. T.; Silzars, A. and Jensen, The Rate of Exchange for the ReaCtion_ L1J7OZ(OH)42_
R. P.J. Phys. Cheml1967, 71, 2771. -+ H,O = UO,(OH) 4~ + H,70. This experiment was done
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-14 Table 2. Experimental Half-Lives in Hours from the Experimental
Data Presented in Figures 1 and 2 in Mashirov étaal.

Utor = 30 mM Ut = 10 mM Ut = 3.0 mM
415 pH  logtip () k(hY)  logtyz (h):k(h™Y)  logty (h); Kk (hY)

150 2.05;0.62 102  2.55:1.86x 1072  3.00; 7.4x 1072
155 4 2.0 1.05;0.68< 102  1.60;1.73x 102  2.10; 6.1x 1072
2.50 0.55;1.86< 1072 1.10; 5.8x 1072

aThe Rate Constark in h~1, Has Been Calculated by Us.

In(k/T)

pH, the reaction order with respect to uranium increases and
is larger than 2, but the experimental uncertainty is large.
75 This was interpreted by Mashirov et %ahs a result of a
parallel exchange pathway involving (JgOH)s*, (UO,)-
(OH)4(aq), and a cyclic trimer (Ugs(OH):3t; however, the
very large amount of accurate data for the hydrolysis of

mKYH uranyl(V1) gives no indication of the formation of species
Figure 3. Eyring plot for the yl-exchange, measured at j3Q: = 0.0434 with these compositiorsand, accordingly, we do not accept
M and —log[H] = 2.06. The activation parameters avei* = 119+ 13 the interpretation given. A more likely exchange pathway
kJ mol?, AS" = 814 44 J moft K1, . . .

might involve the well-established complex (L)g§OH)s*

in a test solution with a uranyl(VI) concentration of 50.0 = (UO2)s(O)(OH)s". Mashirov et af. have not reported any

mM in 3.5 M TMA-OH, and the exchange was followed at 'até constant, only plots of the half-lives for the exchange
different temperatures without a noticeable change in the reactions as a function of pH and the total concentration of

-18 T T T T T
0.0033 0.00335 0.0034 0.00345 0.0035 0.00355 0.0(

peak integrals (within the experimental uncertaittys %) uranium. These graphs allow only a crude estimate of the
demonstrating no, or very slow exchange, cf. part a of Figure rate constants 'Fhat are given in Table 2; their scatter |nd|cat_es
S1 in the Supporting Information. that_ Fhe experimental data are not very accurate, and, in

The Rate of Exchange for the Reaction (JO,)- addition, there seems to be a systematic error between the
(u-OH)(F)o(Oxalatel*™ + H;0 = (UOy)a(u-OH)(F)z- different experiments. However, the calculated rate constants,

(Oxalate)*~ + H,70. The 70 andF NMR spectra of k ~ (0.6 — 6) x 102 h™%, are not too different from the
(UO,)x(u-OH)(F)(0xalate}*~ are shown in Supporting ©Ones _We_have found. One po_ssible reason for the large
Information, Figure S3, and demonstrate that no significant Variation in the rate constants is th{:lt Masher_V e‘t_elld .
“yI"-exchange has taken place during a period of 1 week. NOt Use a constant ionic strength/ionic medium in their
The concentration of this complex in the test solution used &XPeriment; the ionic strength varied between approximately
is about 0.8 mM at the used pH (7.76); a concentration of 1 @nd 300 mM. In addition, they have used the measured
(UO,)(u-OH)?* of this magnitude would result in a pH rather than the hydrogen ion concentration in the

complete “yI-exchange within minutes. interpretation of the rate data, and this error is substantially
Photochemical “yI-Exchange in UO,(COs)s*~. There larger than the claimed 0.02 pH units. - o
was no measurable exchange betweéfOu(COs)s*~ and Gordon and Taubs€ report a rate equation that is different
the solvent after a 20 h illumination of the test solution with from the one reported by us and Mashirov et Assuming
a UV lamp. that there is an exchange path involving 40H)* with the
rate constant determined by Gordon and Taube, this should
Discussion give a contribution that is less than 0.03% to the exchange

A combination of the available experimental data for the _under the conditions used in our experiments. As indicated

“yI"-exchange from the previods*€ and the present study in the experimental section, it is not possible to determine
results in the following rate equation that describes a € Very low exchange rates reported by Gordon and Taube
stoichiometric mechanism involving a set of parallel ex- UYSing the NMR method appl|edz+|n the present study. The
change reactions, each involving a separate hydroxide @te constant for the (UgXOH).*" determined by us and

complex and water, under the conditions used fJDis Mashirov et al. applied under the conditions used by Gordon

[UO2 or and Taube would result in more than 99.9% of the exchange
through the binuclear pathway. This is not concordant with
kl[U022+] kZ[U022+]2 kn[U022+]” their observations. W_e have no explanation fpr this di_screp-
7= + + 8) ancy but note that their experimental method is complicated,
[H'] [H']? T [HT™ involving the precipitation of solid uranyl ferrocyanide that
is then heated with Hg@glto release the uranyl oxygen as
The experimental data from Mashirov et®a(cf. their CO;, that is subsequently analyzed using mass spectrometry
Tables 1 and 2) indicate that the main pathway for “yI’- to give the rate of exchange; the NMR method is certainly
exchange involves the complex (WeOH)*" in the pH much more direct. The concentrations of OH)" and

range 1-2.5 for total concentrations of U(VI) between 0.003 (UO,),(OH),>" used in our experiments have comparable
and 0.03 M. At higher uranium concentrations and at higher magnitude, cf. Figure S2 in the Supporting Information,
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demonstrating that the exchange involving 400QH)" is
significantly slower than that of (U§(OH),2". All of the

4, p 1464). If the isotope exchange is fast, the area under
the negative and positive peaks in the inset in Figure 3 of

studies made so far indicate that there is no, or a very slow, ref 4 should scale as the corresponding uranyl concentrations;

“yI"-exchange between UgQOH,)s>"and water solvent.
The Rate-Determining Step in the Proposed Stoichio-
metric Mechanism. The experimental rate equation is

a visual estimate indicates that the negative peak correspond-
ing to the®0-enriched test solution is significantly smaller
than the one for th&0 test solution; hence, one cannot have

consistent with a mechanism where reaction (6) is rate isotope equilibrium in the test solution prepared by mixing
determining. The dynamics in the uranyl hydroxide system solid UO,Cl,-H,0O with 98% H!#0 and solid TMA-OH. We
has been studied experimentally using temperature relax-suggest that the inconsistency between #® NMR

ation}!® stopped-flow techniqu#, and 'O NMR spectros-
copy?! the latter study is directly relevant for the experi-

observations of Clark et al. and in the present study might
be due to the way the test solutions were prepared. We

mental conditions used in the present study. It demonstratesprepared our test solutions by rapid mixing of two solutions

that the rate equation for the formation/dissociation of 2O
(OH)?* is different from the one observed in the present

study and also that the rate is faster than the rate of “ylI"-

(1.998 M UG?" in 0.14, M HCIO,4) and then rapidly filtering
the precipitate of TMA-CIQ while Clark et al. mixed a 1.22
M stock solution of U@*(aq) in 1.0 M HCIQ with solid

exchange, confirming that reaction (5) is not rate determining TMA-OH. Both procedures will result in the precipitation

in the “yl"-exchange. Reaction (6) is not an elementary

of TMA-CIO,, but in the latter case, a larger amount is

reaction; it is shorthand for several consecutive elementaryformed and primarily on the surface of the solid TMA-OH.
reactions. We have no information on the molecular details We suggest that this results in a slower pH equilibration and
of these, only indications from mechanistic discussions baseda more extensive “ylI’-exchange during the equilibration
on quantum chemical modeling that will be presented in part phase; the half-life of the “ylI"-exchange in (Y(OH),*>*

two of this study??
“YI"-Exchange in UO »(OH)4>/UO,(OH)s3". Our ob-
servations in the present and a previous sttidizow that

is only 0.13 s. As indicated in the Experimental Section, we
have noticed that even the mixing of an acid stock solution
of ¥’O-enriched U@ *(aq) with a solution of higher pH will

there is no measurable “yl"-exchange at high pH, where the result in partial “yI"-exchange before equilibrium is attained

mononuclear complexes Y@H),~ and UQ(OH)s>~ are
predominant. Clark et &lhave measured what they claim

is the rate of exchange between the “ylI”-oxygen and water

in 3.5 M TMA-OH, using the line-broadening of the average
170 NMR signal from these complexes at different temper-
atures. The rate constant and activation parametefs(263
K) (18 & 6) st and AH* = 41.0 + 1.3 kJ/mol. A rate
constant of this magnitude will result in a rapid loss of the
170, signal, as also noted by Clark et“alhey therefore

(this is of no consequence for the determination of the rate
of exchange).

To test if the “yI"-exchange is influenced by light (the
experiments by Clark et al. have been made in daylight),
we have repeated our experiments under UV irradiation and
note that, also in this case, the “yl"-exchange is very slow
(part b of Figure S1 in the Supporting Information). To
conclude, we suggest that the NMR experiments of Clark et
al. do not refer to “ylI"-exchange, but to two-site exchange

made the exchange experiments in a test solution thatbetween U@OH),?>~ and UQ(OH)s®~ that are present in

contained a high concentration oD, assuming the two-
site (UG?" and HO) exchange

U1702(l7o H)4/527/37 + H217O -
2—-/3—

UY0,('OH),5" "*" + H,0 (9)

They also confirmed the rapid loss of the spin label by

Raman spectra, using test solutions obtained by mixing a

UO.?" stock solution prepared from solid uranyl nitrate or
chloride, with a 3.5 M TMA-OH and a 98% 44O

enrichment. If the “yl"-exchange is rapid, as proposed by
Clark et al., they should observe complete isotope mixing

in this test solution, resulting in an approximately 97%

enrichment in the uranyl(VI) group. Clark et al. report a
Raman difference spectrum of two test solutions in 3.5 M
TMA-OH, one 0.14 M solution prepared from nonenriched

uranyl ions and the other a 0.18 M solution prepared from

a uranyl solution enriched to approximately 979390 (ref

(20) Frei, W. and Wendt, HBunsen Ges. Phys. Chem., B&87Q 74,
593.

(21) Jung, W.; Harada, M.; Tomiyasu, H.; Fukutomi, Bull. Chem. Soc.
Jpn.1988 61, 3895.

(22) Vallet, V., Grenthe, |I. Manuscript in preparation.

their (and our) test solutions, as previously discussed by Moll
etal. 18

“YI"-Exchange Involving (UO ,),(u-OH)(F)(Oxalate)*".

The observation that there was no noticeable exchange
between (U0,) (u-OH),(F)(oxalate)* and the water
solvent indicates that coordinated water must be present in
the binuclear complex in order for exchange to take place.
This seems to be the case also in complexes of higher
nuclearity, as observed by Moll et al. in the ternary uranyl-
(V1) —hydroxide-sulfate system?

Comment on the Photochemical “yl”-Oxygen—-Water
Exchange.The quenching of luminescence from the first
photoexcited state of the uranyl(VI) aquo ion, *Qaq),
has been extensively discussédnd one of the mechanisms
proposed involves hydrogen transfer from the solvent water,
forming *U(O)(OHY"; this might explain the rapid exchange
between “yl”-oxygen and water. However, the experiment
with the photoexcited UGQCQOs);* ion shows that no
significant exchange takes place, indicating that hydrogen
abstraction is only important if it originates from coordinated
water, rather than the solvent; we will discuss proton
abstraction in the photoexcited states of the uranyl aquo ion
in a following communication. The photochemical exchange
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between UQ(OH),?>~ and UQ(OH)s*~ and water is slow, Supporting Information Available: Part a of Figure S1 shows
cf. part b of Figure S1 in the Supporting Information, and *’O NMR spectra of test solutions of Y@H),* /UO,(OH)s*" at

might also be due to photo reduction and precipitation of different times; part b of Figure S1 shows the NMR spectra of a
UO.,. test solution after UV irradiation over different times. Figure S2

shows the species distribution between the different uranyl(VI)
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