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Structure of [UO ,Cl4)>~ in Acetonitrile
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The complex formation of uranyl UO,** with chloride ions in chloride complexation in nonaqueous solution. Therefore,
acetonitrile was studied by UV-vis and U L, EXAFS spectroscopy. in this paper, UV-vis and EXAFS spectroscopy are used to
The investigations unambiguously point to the existence of a determine the CI coordination of uranyl in acetonitrile.
[UO,ClsJ>~ species in solution with Dy, symmetry. The distances Acetonitrile was used as a solvent because solutions in
in the U(VI) coordination sphere are U-0, = 1.77 + 0.01 A and acetonitrile are stable for a longer time compared with those
U-Cl = 2.68 + 0.01 A in acetone. To reduce the water content, acetonitrile was dried

on molecular sieves. ULCIO,),*xH,O (50 mM) was mixed
with tetrabutylammonium chloride (NBGI) in acetonitrile

In the past, optical properties of the uranyl chloride in uranyl-to-chloride ratios of 1:0 to 1%8When a ratio higher
complexes in the solid state have been extensively studied.than 1:4 is reached, no further changes are observed in the
Crystals of the type MJO,Cl, with M = Cs', K*, Rb", spectra. To obtain the spectrum of the free uranyl ion, we
NH,4*, etc. have been investigated thoroughly by the groups used a solution of UGCIO,),-xH,0 (50 mM) in acetonitrilé.

of Denning, Tanner, Flint, and @ter-Walrand** Ther- UV —vis spectra were recorded at room temperature on a
modynamic data of U(VI) aquo chloro complexes have been Varian Cary 5000 spectrophotometer in the wavelength
reported in comprehensive reviews by Grenthe étas.well interval between 600 and 300 nm. For the EXAFS measure-

as their complex structures in aqueous solution by Allen et ments, we used a solution that contains 50 mM(TI0,).*
al® and Hennig et al.In contrast, little is known on U(VI) ~ xH:0 and 0.25 M NBWCl in acetonitrile. EXAFS measure-
ments were performed in transmission mode using a Si(111)

* To whom correspondence should be adressed. E-mail: hennig@esrf.fr double- crystal monochromator on the Rossendorf Beatfline
(C.H.); rik.vandeun@chem.kuleuven.be (R.V.D.).
T Katholieke Universiteit Leuven.
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at the European Synchrotron Radiation Facility (ESRF,
Grenoble, France). Higher harmonics were rejected by two
Pt-coated mirrors. The uraniumktedge spectra were
collected using argon-filled ionization chambers at ambient
temperature and pressure. Data were collected in equidistant
k-steps of 0.05 Al across the EXAFS region. An Y metal
foil (first inflection point at 17038 eV) was used for energy
calibration. The U Iy threshold energyk—o, was defined

as 17185 eV. EXAFS data were extracted from the raw
absorption spectra by standard methods including a spline
approximation for the atomic background using the program
EXAFSPAK!! Theoretical phase and amplitude functions .
were calculated with FEFF 812.Scattering phases and 28000 26000 24000 22000 20000 18000
amplitudes were calculated using a hypothetical cluster based wavenumber (cm'™)

on the structure of GEIO,Cl;.1® The amplitude reduction Figure 1. UV—vis spectrum of free Ug* (dashed line) and [UET1,]2~
factor, S? was defined as 0.9 in the FEFF calculation and Ea‘é')'fz+]"rf)56”mfﬂ°2tr]°é“[tgﬁ 2t room temperature. Concentrations  are
fixed to that value in the data fits.

Gorller-Walrand et al. have investigated the complexation ~ The centrosymmetric coordination symmefy, implies
of the uranyl ion UG with chloride ions in acetone by thatthe spectrum is purely vibronic in nature, which means
UV —vis spectroscop¥ With a metal-to-ligand ratio higher th_at intensity can only be induced by cgupling of vibr_ations
than 1:4, the main features in the spectrum remain constantWith ungerade symmetr.The symmetric stretching vibra-
which indicates that the uranyl complex reached the maximal i0n ¥s (&) of the uranyl ion itself is always superimposed
coordination of Ct ions in the equatorial plane. On the basis N €ach vibronic transition. Besides this gerade vibration,
of the similarity between single crystals of the typelMD,- three ungerade, intensity inducing vibrations are coupled to
Cls, which have been thoroughly studied by Denning etal., the electronic transitions, namely the asymmetric stretching
and solution, we can conclude that a [ED]2~ complex vibration v, (&) and the bending vibratiom, (e,) of the

with D coordination symmetry is present in solution @xial oxygens of the uranyl ion and mainly one vibration of
(acetone}? the equatorial ligandsyip (b1). The U-CI out-of-plane

The UV—vis spectrum in acetonitrile exhibits the same be+nd|ng, by, is coupled to the first electronic tran5|.t|.on
— Iy (A1 — Eg) and one component of the transition

vibrational fine structure as in acetone. Consequently, azg Ao (A By, in Dy 1144
— Ag (A1g = B2g IN Dyp).~

complex with four equatorial chloride ligandB4;,) is also 24 A
formed in acetonitrile. The UVvis spectrum of the tetra- The U Ly-edge k*weighted EXAFS spectra and the

chloro complex [UGCI]2~ in acetonitrile is shown in Figure corresponding Fourier transforms (FT) are shown in Figure
1. For comparison, the spectrum of the free uranyl ion in 2, and structural parameters of the standard EXAFS shell

acetonitrile is also included. fitting including phase correction are summarized in Table

. ! _ 1. Multiple-scattering paths H0,x;—U—0Oa,x2 and U-Oq—
2
F(;r(taﬁe_ntly, thtg derived energy II:eveIs Of%%n [_thozfl“ i Cl were included in the curve fit (MS, Figure 2) by
and their positions are generally accepted. 1he transi Ionsconstraining their DebyeWaller factors and effective path
in the spectrum mainly arise from electronic configurations lengths
of the type 6,7)? — o™y and @y")? — oy"¢u1™3 In an i

intermediate coupling scheme, this corresponds Bith— The Fourier transform shows two significant peaks which
’ arise from two axial oxygen atoms {Qat 1.77+ 0.01 A
M, 55" — Ag 35" — ®g and S+ — A, for (o,7)2 — yg o

. ) . and four equatorial chloride atoms at 2.680.01 A. The
0”+6“.'l.f'3 Table Sl. of the Supportl.ng Informa_tlon lists the determination of the coordination number may have a high
transitions we assign for [UfZ14]%" in acetonitrile, as well

. fh | f theld®.Cl sinal error due to its strong correlation with the Deby@aller
as an gverview ot tne energy vajues ot thes, lf4 single factor and three theoretical amplitude modifying functions,
crystal, studied in great detail by Denning ettain Dy,

. F i th I lculated with but the estimated equatorial coordination number is in good
Symmelry. -or comparison, Ihe energy values calcuated wi agreement with the U¥Mvis results. The determination of
ab initio methods by K. Pierloot are also includédall

calculated values correspond to their experimental value foratomic distance has a comparably low error:0.01 A.
) . : This allows a correlation of weak changes in bond lengths
CsUO,Cl, single crystal¥ and [UQ,CI,]? in solution* g g

with geometrical effects of the ligand arrangement. In
G S — aqueous solution, the CI coordination competes wit®H
eorge, G. N.; Pickering, I. , a suite of computer : ; ;
programs for analysis of X-ray absorption specttanford Syn- There, the_ coordlnat|_on number _of _the equatorial s_heII
chrotron Radiation Laboratory: Stanford, 2000. Noeq + Nci is 5.7 For different species in aqueous solution

(12) Ankudinov, A. L.; Ravel, B.; Rehr, J. J.; Conradson, SPhys. Re. + 0 -\ i
1998 B58, 75657576, (UOZ(H20)4C| s UOz(H20)3C|2 ,and UQ(H20)2C|3 ) it has

e(L mol” cm'1)

(13) Watkin, D. J.; Denning, R. G.; Prout, Kcta Crystallogr.1991, C47, been shown that the &Cl bond length is 2.71 &It seems
2517-2519. _ that the equatorial coordination number is always 5 i,®H

14 g‘gﬁ”&vﬁéﬁnihﬁﬂ%i%ogggg S.; Fluyt, L; Binnemans, Rays. molecule is present, and 4 if the equatorial coordination shell

(15) Pierloot, K.Mol. Phys.2003 101, 2083-2094. consists merely of Cl. A reduction of the coordination
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Figure 2. U Ly -edgek3-weighted EXAFS data and corresponding Fourier
transforms taken ovek = 3.2—16.6 AL, experimental data as line and
theoretical curve fit as dots.

Table 1. EXAFS Structural Parameters of the [W€4]2~ PolyhedroA
U—Oax u-C_l
N N
21 3.7

RIA]
1.77

0’[A?]
0.0015

RIA]
2.68

0’[A?]
0.0044

A [eV]
—-1.8

aErrors in distancesR, are+0.01 A, errors in coordination numbers,
N, are+10%.

number from 5 to 4 is obviously related with a shortening
of the bond length from 2.71 to 2.68 A.

The bond length of [UGCI4)? in nonaqueous solution is
in close agreement with structural parameters obtained
previously for the solid compound @4$0,Cl,.13 The use of

crystalline reference compounds is not always useful because

distances can be influenced by interactions with the next
higher neighbor&® The environment in a crystal is different

COMMUNICATION

from the environment in solution. A comparison with the
U—Cl bond lengths of solid GEIO,Cl, yields the same bond
lengths because the [YOI?~ units are isolated in the
crystal structure.

The FT shows a weak peak between the majnad Cl
peaks and an asymmetry of the CI shell. These features are
described completely by using only a two-shell fit. An
inclusion of an additional oxygen shell leads to a unphysical
long U—Oq distance of around 2.6 A A similar effect was
observed for the U(VI) aquo chloro complexes and ruled
out by factor analysi$.A [UO,Cls)?~ species, obtained by
DOWEX extraction, revealed a similar weak peak between
the main Qyand Cl peaks despite the absence of any oxygen
in the coordination shefl.Therefore, these features can be
indicated as peak overlap effects.

In conclusion, we have shown that both YVis and
EXAFS spectroscopy point unambiguously to the formation
of a [UO,Cl4)?" coordination polyhedron in acetonitrile. The
striking vibrational fine structure in the UWis spectrum
and the short & Cl bond length are characteristic for the
existence of a [UGCl4]?>~ species in nonaqueous solution.
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(16) Furthermore, XRD reflection intensities are mainly determined by the

heavy uranium scatterers, and light scatterers contribute only weak

(the heavy-atom problem). This may lead to inaccuracies in bond

length determinations by XRD. See: Hennig, C.; Reck, G.; Reich,

T.; Rossberg, A.; Kraus, W.; Sieler, 2. Kristallogr. 2003 218 37—

45,

(17) Adiscussion of a hypothetic oxygen shell corresponding to equatorial
H0 is given as Supporting Information.
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