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We have measured 3C NMR spectra of uranyl(V) carbonate
complex in D,O solution containing 1.003 M Na,**CO; at various
temperatures. Two singlet signals corresponding to free and
coordinated COz2~ were observed at 169.13 and 106.70 ppm,
respectively. From the peak area ratio, the structure of the uranyl-
(V) carbonate complex was determined as [UYO,(COs)s° .
Furthermore, kinetic analyses of the exchange reaction of free
and coordinated CO3%~ in [UYO,(CO3)s]°~ were carried out using
13C NMR line-broadening. As a result, the first-order rate constant
at 298 K and the activation parameters for COs?~ exchange
reaction in [UYO,(COs)3]°~ were evaluated as 1.13 x 10° st and
AHF = 620 £ 0.7 ki'mol™t, AS* = 22 + 3 J'mol~1-K™I
respectively. We suggest that the exchange follows a dissociative
mechanism as in the corresponding [UY'0,(CO3)3]*~ complex.

basic carbonate aqueous solution (pH1)> 7 This complex

is stable toward disproportionation to U(IV) and U(VI)
carbonate complexé<Cohen reported that the U(V) species

in this system is colorless. We have confirmed this by
observing the disappearance of the characteristic absorption
band of uranyl(VI) carbonate complex ({D,(COs)3]*") at
approximately 450 nm with the spectroelectrochemical
technique using an optical transparent thin-layer electrode
cell® The composition of [YO,(COs)3]>~ has been deter-
mined from potentiometric dafaAdditionally, the composi-

tion and structure have been confirmed by using Rafan,
EXAFS 9 and quantum chemical methotiddowever, little
information is available concerning kinetics of uranyl(V)
carbonate species, despite many data for uranyl(VIl) com-
plexes with carbonaté'®and other ligand%* Furthermore,
there are no detailed studies on ligand exchange reactions
even in other actinyl(V) with the exception of neptunyl(V)

‘Uranium(V) is unstable in solutions because of the carhonates studied by Clark et'&iThey reported that the
disproportionation to uranium(lV) and uranyl(VI) specles. 13 NMR spectra of sample solutions containing the
Therefore, the properties of U(V) species have not been \pvo,(C0Oy),]@™ D~ (m= 1 or 2) complex and ((Eo)aN),-
clarified sufficiently. Recently, we performed electrochemical

and spectroelectrochemical studies on some uranyl(VI) (5) Cohen, D.J. Inorg. Nucl. Chem197Q 32, 3525-3530.

complexes to examine whether stable uranyl(V) complexes © gfgé D.; Grenthe, 1.; Salvatore, fnorg. Chem 1983 22, 3162~

were formed™* As a result, we found that two uranyl(V)  (7) Grenthe, I; Fuger, J.; Konings, R. J. M.; Lemire, R. J.; Muller, A. B.;
complexes, [MO,(N,N-disalicylidenee-phenylenediaminato)- Hguyen-Trung, C.; Wanner, HChemical Thermodynamics of Ura-
-~ . - niunm; North-Holland: Amsterdam, 1992.
DMSO]" and [WO(dibenzoylmethanatgdpMSO]~ (DMSO (8) Mizuguchi, K.; Park, Y.-Y.: Tomiyasu, H.; Ikeda, 0. Nucl. Sci.
= dimethyl sulfoxide), are stable in DMSO, and we also Technol.1993 30, 542-548.
. (9) Madic, C.; Hobart, D. E.; Begun, G. Nhorg. Chem1983 22, 1494~
observed the electronic and IR spectra of the pure uranyl- 1503.
(V) complexes in nonaqueous solvents. (10) Docrat, T. I.; Mosselmans, J. F. W.; Charnock, J. M.; Whiteley, M.
; ; W.; Collison, D.; Livens, F. R.; Jones, C.; Edmiston, M.ldorg.
On the other hand, in aqueous solution, thg only know.n Chem.1999 38, 18791882,
stable uranyl(V) complex is a carbonate species formed in (11) Gagliardi, L.; Grenthe, I.; Roos, B. @iorg. Chem2001, 40, 2976~
2978.
*To whom correspondence should be addressed. Tel and Fax: (12) Bricher, E.; Glaser, J.; Toth, Inorg. Chem.1991, 30, 2239-2241.
+81-3-5734-3061. E-mail: yikeda@nr.titech.ac.jp. (13) Bayai, I.; Glaser, J.; Micskei, K.; T, I.; Zekany, L. Inorg. Chem.
T Tokyo Institute of Technology. 1995 34, 3785-3796.
*Royal Institute of Technology (KTH). (14) For example, (a) Lincoln, S. Pure Appl. Chem1979 51, 2059-
(1) (a) Heal, H. GTrans. Faraday Socd 949 45, 1-11. (b) Heal, H. G.; 2065. (b) Ikeda, Y.; Tomiyasu, H.; Fukutomi, Hhorg. Chem1984
Thomas, J. G. NTrans. Faraday Socl949 42, 11-20. (c) Newton, 23, 1356-1360. (c) lkeda, Y.; Tomiyasu, H.; Fukutomi, thorg.
T. W.; Baker, F. Blnorg. Chem1974 13, 1166-1170. (d) Ekstrom, Chem.1984 23, 3197-3202. (d) SzabaZ.; Aas, W.; Grenthe, Inorg.
A. Inorg. Chem1974 13, 2237-2241. (e) McDuffie, B.; Reilley, C. Chem 1997 36, 5369-5379. (e) Farkas, |.; Byai, |.; Szabo Z.;
N. Anal. Chem1966 38, 1881-1887. Wahlgren, U.; Grenthe, Inorg. Chem 200Q 39, 799-805.
(2) Mizuoka, K.; Kim, S.-Y.; Hasegawa, M.; Hoshi, T.; Uchiyama, G.; (15) (a) Clark, D. L.; Hobart, D. E.; Neu, M. Zhem. Re. 1995 95,
Ikeda, Y.Inorg. Chem.2003 42, 1031-1038. 25-48. (b) Clark, D. L.; Conradson, S. D.; Ekberg, S. A.; Hess, N.
(3) Mizuoka, K.; Ikeda, Y.Inorg. Chem:2003 42, 3396-3398. J.; Janecky, D. R.; Neu, M. P.; Palmer, P. D.; Tait, C.Ni2w J.
(4) Mizuoka, K.; lIkeda, Y Radiochim. Acte2004 92, 631-635. Chem.1996 20, 211-220.
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Figure 1. UV-visible absorption spectra of ;D solution containing
[UVIO,(COs)3]*~ (broken line) and the solution obtained after the reduction
(solid line).
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Figure 2. 13C NMR spectra of BO solution containing [UO,(COs)3]>~
(4.598 x 10~ M) and NaCOs (1.003 M).

COs show single broad signals due to €Oat 110.6 and
110 ppm, respectively, indicating rapid exchange between
free and coordinated G&, while the'3C NMR spectrum
of [NpYO2(COs)3]> in N&CO; solution shows a sharp signal
for the free CGF~ at 165.'8 ppm, implying slow chemical peak at 169.13 ppm is the result of fast exchange reaction
exchange on the NMR time scale. However, they have not between free C@~ and DCQ-. Another singlet peak at
carried out any kinetic analyses of these data. 106.70 ppm can be assigned to the coordinated?Ci

In the present study, we have measured ‘i@ NMR the uranyl(V) carbonate complex. Such a singlet peak
spectra for the uranyl(V) carbonate complex in basic carbon- jndicates that the coordinated GO exists in the same
ate aqueous solution and performed a kinetic analysis of the.hemical environment. Furthermore, there is no peak at
exchange between free and coordinated;An this 168.22 ppm, which corresponds to the coordinated?CO
complex. in [UVO,(COs)3]4.2° This means that the oxidation of

As a starting material, NEUY'O»(COs)s] was synthesized  yranyl(V) carbonate to [WO,(COs)3]*" is negligible under

by the procedure reported previoudty.The uranyl(V)
carbonate (4.598& 102 mol-dm3 (M)) in DO (99.8 at. %
D, ACROS) solution containing NBCO; (99 at. % °C,

the present experimental condition. From the areas of the
peaks of the free and coordinated £0 the number of
CO4?™ coordinated to the uranyl(V) complex was evaluated

ISOTEC; 1.003 M) was prepared by electrochemical reduc- a5 2.8+ 0.1. This indicates that the uranyl(V) complex in
tion of [UY'O(COs)]*~ on a Pt-plate working electrode at  this system is [MO,(COs)3]5".

—0.950 V vs Ag/AgCI. The resulting solution was colorless  As can be seen from Figure 2, the line-widths of the two
as reported by Cohémnd Wester et df The UV—visible signals corresponding to the free and coordinated2CO
absorption spectra in Figure 1 show the disappearance ofincrease with increasing temperature, indicating an increase

the characteristic absorption band of'[0x(COs)s]*~ with in the rate of the following ligand exchange reaction:
the reduction. This means that the"[0,(COs)3]*4 complex

in the sample solution was completely reduced to the [UYO,(CO,)]> + *CO;> =
corresponding uranyl(V) carbonate complex. We could not v * 5- 1 -
observe any spectral changes for the sample solution in the [U7O,(CO),(CO co,” M

tightly sealed quartz cell even during a period of several 1 analyze the rate of the GO exchange by using the NMR

+ .
months. The pD {log [D]) value of the sample solution  jine_hroadening method, we measured the line-widths at half-
was 11.96. The sample solution was deoxygenated by Passingeight of the free Ce¥~ signal in the presence and absence

Al gas through the _solution for "_ﬂ lea8 h prior to all of [UYO,(COs),]° at different temperatures in the range from
expelnments and making all operations und_erAr atmosphere.,73 15 333 K. Figure 3 shows a semilogarithmic plot of
The 3C NMR spectra were measured with JEOL JNM- (Taonst — T )P/Py against the reciprocal temperature.

LA300WB instrument {°C, 75.45 MHz; reference, external Toopeand T, are the transverse relaxation times of free;20

TMS). in the presence and absence of @J(COs)3]°, respectively,

The *C NMR spectra of BO solutions containing the  and are related with the line-widtiA¢) at half-height by
uranyl(V) carbonate (4.598x 102 M) and NaCO; Toopst = TAVeps and Ton~t = 7Aw,. PL and Py are molar
(1.003 M)® were measured at different temperatures. The fractions of the free and coordinated €Q respectively.
resulting spectra in the range from 273 to 313 K are shown sjnce the uranyl(V) ion has one unpaired electron in the 5f-
in Figure 2. At 273 K, two sharp singlet peaks were observed grpital of uranium (i.e., Bt configuration), [YO,(COs)s]>
at 169.13 and 106.70 ppm. As reported previodisly;'the is paramagnetic. Hence, the temperature dependence of

(16) Brittain, H. G.; Tsao, L.; Perry, D. L1. Lumin 1984 29, 285-294.

(17) Wester, D. W.; Sullivan, J. Gnorg. Chem.198Q 19, 2838.

(18) To keep uranyl(V) carbonate complex stable in aqueous solution a
large excess of carbonate was added.

(19) Strom, E. T.; Woessner, D. E.; Smith, W.BAm. Chem. Sod981,
103 1255-1256.

(20) If the sample solution is a mixture of uranyl(V) and (VI), th€
NMR signals due to the free G& and the coordinated G& in
[UYOL(COs)3]°~ and [WM'O,(COs)3]4~ should be observed at 168.86,
106.52, and 168.22 ppm, respectively. T#& NMR spectrum of BO
solution containing [MO,(CO5)3]°~, [UV'Ox(COs)3]*~ and 1 M Na-
COs at 273 K is shown in Figure S1 in the Supporting Information.
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o T and then constrained to 2.5¢ 10° s™%, 4.80 kdmol™%, and
10 _ 2,51 x 10 racds -K™1, respectively?® Subsequently, the
- s 3 activation parameters in reaction 1 were calculated as
\'; 4 ] AH*=62.04 0.7 kImol~* andAS = 224+ 3 Imol~1-K~?!
& | (SD = 0.03)?” Using these values and eq 3, thgvalue of
& reaction 1 at 298 K was evaluated as 1430° s™%. This is
8 1038:— = the first report of a rate constant for ligand exchange reaction
.o . in uranyl(V) complexes.
Lﬁ i ] It should be noted that the exchange reaction between the
~ y free and coordinated G& in [UVO,(COs)3]° is about
N i 1¢* times faster and POtimes slower than those in
o : E [UVO,(COs)3+ and [PY'O,(COs)]*, in which the ex-
30 35 32 36 change reactions follows a dissociati@) fnechanisniz152
7 107k Their kinetic parametersAH*/kJmol~* and AS /Jrmol~
Figure 3. Plot of (Tzops T — Ton )PL/Pw vs. 1/T for the exchange of C&~ K_l) are 82 and 50 for Y, and 34 and 31 for Py
in [UO2(CQs)3]5~. Experimental results are shown By full-drawn curve respectively. The positivS' value in the present study
shows best fit of eq 2. suggests that reaction 1 also occurs throughDhmecha-
(Tovs? — Tar )PPy for the present system can be nism. Moreover, the equatorial plane of\'[Oz(CO_g)g_]F’* is
described by eq 228 coordinatively sziturated and_has a structure similar to that
of [UV'O,(COs)3]* 1% Hence, it seems reasonable to assume
(T20bs_l _ T2n_l)PL/PM — TM_l[TzM_Z + TzM_lfM_l + that reaction 1 proceeds through theanechanism and that

’ 1 1o ’ the difference in the dissociation rates inV{OL(COs)3]®~
Aoy (T~ + 7y )"+ AoyT (2) and [U'O,(C0s)3]* is related to the strength of bonding of
COs?". This can be supported by the equilibrium constant

whereT,y, 7w, andAwy are the transverse relaxation time (log K) for the following reaction:

of coordinated C&~, the mean lifetime of the coordinated
COs?7, and the difference between chemical shifts of the UOL(CONI™ + CO2Z = [UO(CO.).]"® 6
free and coordinated G&, respectively. The relationship [UO(CO,). 3 [UO,CO5)4 ©)
betweenry and the first-order exchange rate constd@)(  \yheren is equal to 1 and 2 for uranyl(V) and uranyl(V1),
with temperature is respectively. The lo¢k values h 1 M Na,CO; are~2 for n
_ = 1 and 6.4 fom = 2.715 Furthermore, the EXAFS study
1 — — a ES 1
T = ke = (kg T/M)exp[(—AH +TASYRT  (3) reported by Docrat et & shows that the bond distance
between U and O of coordinated €0in [UYO,(COs)3]>~
(2.50+ 0.02 A) is 0.07 A longer than that in {IO,(COx3)3]+~
(2.434 0.02 A). These data suggest that the dissociation of

and the temperature dependencé@gfandAwy is assumed
to be given by eqgs 4 and 5, respectivély®

-1_ CO?~ from [UYO,(COs)3]°> occurs more easily than from
Ty 1=C /R 4
M mexpE/RT) “) [UVIO,(COs)3]4. In fact, theAH* value of reaction 1 is much
Awy, =C,JT (5) smaller than the corresponding reaction irY'[0,(COs)3]*,

indicating a weaker bonding of the leaving €O in
The kinetic parameters were determined by a nonlinear least{UYO>(COs)3]°>~ than in [UW'O,(COs)g]*". Our proposed
squares fit of Toops * — Ton )PL/Pyw data to the equation  mechanism for reaction 1 is also consistent with the result
obtained by substitution of eqs-5 into eq 2. In the fitting ~ of a quantum chemical study on the mechanism of water
process, the values G, Ey, andC,, were roughly estimated ~ exchange reactions in {®>(H-0)s]* and [U'O2(H20)s]?*
by Vallet et al.28 which suggested that tH2 mechanism is

(21) Lincoln, S. F.Prog. React. Kinetl977 9, 1-91. favored in the uranyl(V) aqua ions as a result of the weaker
(22) Swift, T. J.; Connick, R. EJ. Chem. Phys1962 37, 307—320. i d bond h
(23) Stengle, T. R.; Langford, C. HCoord. Chem. Re 1967, 2, 349 metai—ligand bond strength.
370. . ) .
(24) Letter, J. E., Jr.; Jordan, R. B.Am. Chem. S0d971, 93, 864-867. Supporting Information Available: *3C NMR spectrum of RO
(25) Rusnak, L.; Jordan, R. Baorg. Chem.1972 11, 196-199. solution containing uranyl(V) and (VI) carbonate complexes and

(26) From Figure 2, it is reasonable to conclude that the transverse relaxationq pj N 273 K. This material is available fr f charae Vi
time of free CQ?" in the temperature range from 273 to 303 K is %C0sat273 K. s material is available free of charge via

mainly controlled byry~*. Therefore, from the Eyring plot, we could the Internet at http:/pubs.acs.org.
estimate AH* and AS" as 61.8 kdnol! and 20 Jmol~1-K~1,

respectively. These values are consistent with those obtained by fitting. IC050308X

The nonlinear least-squares fit to eq 2 gave a minimum error value,

when the values o€y and Ey were fixed to 2.57x 10°® s™! and (27) Normalized standard deviatien [={ (Yo — Yp)/¥Yo} #(q — 1)]¥2, where
4.80 kdmol=1, respectively. TheAwy value was found to have no Yo andy, are the observed and predicted valuesTofds * — Tan %)-
influence on the fit even ildwy = 0. This means that the line-widths P./Pm, g is the number of observed values, anié the number of
in the range from 273 to 333 K in Figure 2 are independemtof;. variable parameters used in the fit.

Furthermore, the values a&fH* andAS" were calculated by changing (28) (a) Vallet, V.; Wahlgren, U.; Schimmelpfennig, B.; Szaliq Grenthe,
Cw andEy values in the ranges of (2.32.70) x 103s !t and 3.6- I. J. Am. Chem. So2001, 123 11999-12008. (b) Vallet, V.; Privalov,
4.9 k3mol~1, respectively. As a result, the variations/if* andAS* T.; Wahlgren, U.; Grenthe, . Am. Chem. SoQ004 126, 7766~
values were found to b&-0.7 and+3, respectively. 7767.
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