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An extensive X-ray absorption spectroscopy study has been carried out on 0.005 to 2.0 mel@HY®r
aqueous solutions in liquid and glassy states to determine the solvation structure of the yttrium(lll) cations
in aqueous dilute and concentrate solutions. The existence of a symmetric polyhedron of water molecules
around yttrium(lll) cations at 2.35 A, as well as the absence of conta@rYon pairs, in all of the investigated
solutions was deduced from the EXAFS analysis. The existence of a multiple electron transition of nonnegligible
intensity within the EXAFS region of the spectra has been proven. This transition induces an overestimation
in the coordination numbers derived from the EXAFS analysis so that we have extended our study to the
XANES part of the spectra. We have performed detailed computations of the XANES spectra by using a
one-electron full-multiple-scattering code. This analysis shows unambiguously that the eight water molecules
surround yttrium(lll) cations at 2.35 A forming a symmetric square antiprism.

Introduction through a comparison of these structures that the coordination

Several studies have been carried out in the last two decade§1umber and the polyhedron aQOp_ted by this cation depend
trying to determine the hydration structure of different cations stron_gly not only on the coordinating atom but also on the
in solution, making use of techniques such as neutron diffraction, P2cking forces in the crystal and on the hydrogen bond network
X-ray diffraction, and extended X-ray absorption fine structure that can be formed.

(EXAFS) spectroscopy.? The structures of some of them are Though the coordination of yttrium(lll) in the solid state has
still unresolved, such as that of yttrium(lll) cation, which is been extensively studied, the in-solution coordination structure
relatively small and highly charged. Traditionally, the structural is not well established. Thus, a study using X-ray diffraction
chemistry of this cation has been compared with that of the found that the yttrium(lll) cations were surrounded by &0
heavy lanthanides, essentially due to the fact that its ionic radius 0.3 water molecules at 2.33 and 2.36 A in concentrated aqueous
(1.02 A) is very close to the values found for third-valent cations solutions of yttrium selenate and perchlorate, respectitely.

at the end of the rare earth series (e.g.3T®99 A, EF* 1.00 another study, by using anomalous X-ray scattering (AXS) to
A, Tb3* 1.04 A) when observed in systems with 8-fold study 1.0 M and 0.5 M YGlaqueous solutions, 822 0.5 water
coordinatior> To place the liquid-state complexation of molecules were localized at approximately 2.46 A from the
yttrium(lll) in context, it is advantageous to consider its central yttrium(lll) cation showing also evidence for the
coordination in a range of solid-state compounds. Most of the formation of some contact ion pairs relating*Yand CI ions22
yttrium solid Compounds are isomorphous with those of the An additional study of yttr|um(|||) hydration by means of
Ianthanid_e serie; and display a large nl_meer of different ExAFS of concentrated aqueous solutions of YBnd YCh
coordination environments. For example, in [¥(®g][CFs- obtained Y-Oyaerdistances equal to 2.33 A in eight coordinated
SQjs, the yttrium(lll) cations are surrounded by nine water pyqgrates, but no evidence of coordinating halide ions was
molecules forming a tricapped trigonal prismwhile in found2 The aforementioned studies only provide information

[Y(HZO)S][TCZCE’]HZO. tkr:ehyt(;nur_n(lll) cation lhasla I;Jcal regarding concentrated solutions. However, to determine the role
environment where eight hydration water molecules form a of solute-solute interactions, if any, in the formation of

[sg(u:rg?glgfng ﬂoﬁn?htgigﬁgﬁﬁltge;?]Sg_glzhi(fgrrgiﬁ?:gg hydration complexes, it is important to investigate the hydration
ZVRI3 S007T8 T2 9 ' structure in dilute and highly dilute solutions. In addition, no

but in contrast with the previous case, the water molecules arespecific hydration polyhedron has yet been proposed and there

located so as to form a distorted dodecahedrémother . . A
possible coordination geometry adopted by this cation is a is no comp!ete agreement about _the interatomic distance for
distorted octahedrohas in the case of YGJ or a symmetric Y —~Ouates With quoted values varying from 2.33 and 2.46 A.

one, as in the case of [BIN][Y(NCS)g.1° It can be deduced In the present work, taking advantage of the capability of
the techniques to be used in a wide range of concentrations,

* Corresponding author: e-mail, adela@cica.es; fax number, 34-95- we use EXAFS and X-ray absorption near edge structure

44?%%?3 ean Svnchrotron Radiation Facilt (XANES) spectroscopies to determine the solvation structure
xCS|Cp_Uni\,eyrsidad de Sevilla. Y of the yttrium(lll) cation in aqueous dilute and concentrate
8 CSIC-Universidad de Zaragoza. solutions. Both techniques are complementary since the first
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Figure 1. k>weighted Y K-edge raw EXAFS spectra of YHiquid aqueous solutions of the indicated concentrations.

provides accurate information about next neighbors coordination containing the same anion. Additionally, to decrease the thermal
distances and coordination numbers, while the second isfluctuation and to examine the possible distortion in the
especially sensitive to the coordination polyhedra. The main hydration polyhedra, a thermally quenched liquid system was
aims are to investigate both the polyhedra formed by water measured. For comparative purposes, a solid compound of
molecules around this cation, and the possible formation of ion known structure, [Y(HO)q][CF3SGs]3, was investigated as well.
pair structures. To this end, XAS measurements have beenThe experimental spectra have been compared with ab initio
performed at the Y K-edge varying the cation concentration EXAFS and XANES spectra computed for the different
and the cation:anion ratio, this last obtained by adding a salt proposed arrangemerits.
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Figure 2. (a) Comparative plots of the EXAFS spectrum of ¥Brm aqueous solution in liquid state (solid line), with the corresponding spectrum
of the glassy sample recorded at liquid nitrogen temperature (dashed line) and with the spectrum of yttrium(lll) triflate (dashed line). (lWeMagnitu
and imaginary part of the Fourier transfori#,(Ak = 3.2—12 A1) Y—0 phase shift corrected of the spectra included in Figure 2a.

Experimental Section [Y(H20)q][CF3S0s]3, was also prepared following the method

(a) Sample Preparation.Yttrium(lll) bromide hexahydrate, proposed by H"?‘”OW“"?'d et élTh's. solid was used as a m_odel .
YBr3-6H,0, in the solid state was prepared from commercial compo_und against Wh'Ch comparisons could be made since its
Y203 (99.99% Aldrich Chemical Co., Inc.) through dissolution hydration structure is well known. )
in a minimum volume of 48% HBr. The solution was then () Measurements of X-ray Absorption Spectra and Data
evaporated in a sand bath until crystallization occurred. The soAnalysis. X-ray absorption spectra at the yttrium K-edge (17038
produced white crystals were then separated using a sinterect V) Were measured at the EXAFS station BL10B of the Photon
glass filter and were kept in a desiccator oves@y.15 Factory (National Laboratory for High Energy PhyS|c_s (KEK),

From this compound, aqueous solutions of concentrations 2.0,7aPan). The storage ring was operated at 2.5 GeV, with a current
1.0, 0.5, 0.1, 0.05, 0.01, and 0.005 m were prepared. To avoid®f 300 MA. The calibration of the spectrometer was carried out
hydrolysis of the samples, which could lead to the appearancetSing @ 25um thick niobium foil. All measurements, except
of other species in solution such as [Y(OH)®)-]2", the pH that of the glassy sample measured at 77 K in a vacuum cryostat,
of all the solutions was kept constant at pH1.0 by adding were performed at room temperature in transmission mode,
the required amount of HCIDTo study the formation of ion ~ USing ion chambers as detectors and a Si(311) channel-cut
pair structures, aqueous solutions with a ratio Y:Br equal to Monochromator. The ion chambers were filled with a He/Ar

1:6 and 1:9 were prepared by adding NaBr salt to the 0.1 M 988 mixture an_d optimized to ab;orb 20% of the beam intensity
YBrs aqueous solution. in Ig and 80% inl;. Each data pom_t was coIIect_ec!rfib S anql
A glassy sample of a YBr2.0 m solution was prepared by several scans were averaged, to improve statistical quality.
quick immersion of the corresponding aqueous solution into ~ The liquid samples were measured in a specially designed
liquid nitrogen and it was kept at this temperature in a vacuum cell, allowing for variable path lengti#8.This is necessary for
cryostat. The vitrification was visually confirmed by checking optimization of the absorption edge jump. The solid compound
the optical transparency. Solutions of lower concentration did Yttrium(lll) triflate was measured in a sample holder covered
not yield vitrified samples, probably due to separate crystal- by Kapton, and placed in a hermetically sealed plastic bag, as
lization of the solute and/or the solvent. To keep unaltered the this sample is very hygroscopic.
hydration structure around yttrium(lll) cations no additive, such ~ (c) EXAFS Data Analysis and XANES Computations.
as glycerol’® was used to prevent crystallization. The cooling Standard procedures were used to perform background removal
rate in the present study was estimated to be approximately 400prior to analysis of the EXAFS regions of the speéftdhe
K/min.1” onset energy of the absorption process was chosen to be the
The solid compound enneahydratedyttrium(lll) trifluoro- maximum of the first derivative in the edge region of the
metanesulfonate, hereafter abbreviated as yttrium(lll) triflate, absorption spectrum.
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TABLE 1: EXAFS First Hydration Shell Parameters (Y —Oyater) Found for YBr 3:6H,O Aqueous Solution of the Indicated
Concentrations (?)2

sample N Ao? RIA AEgeV
2.0m 8.6+ 0.1 0.0075+ 0.0003 2.353k 0.001 3.0£0.1
1.0m 8.5+ 0.1 0.0075+ 0.0003 2.353t 0.001 2.8+ 0.1
0.5m 8.6+ 0.1 0.0077+ 0.0003 2.353k 0.001 2.8+0.1
0.1m 8.6+ 0.1 0.0076+ 0.0003 2.353t 0.001 2.6+ 0.1
0.05m 8.6t 0.1 0.0074+ 0.0003 2.352+ 0.001 2.7+ 0.1
0.01m 8.7+ 0.14 0.0075+ 0.0003 2.352+ 0.002 2.9+0.1
0.005m 8.8+ 0.2 0.0076+ 0.0003 2.352+ 0.003 2.8+ 0.2
0.1m;Y:Br=1.6 8.6+ 0.14 0.0076+ 0.0004 2.35H-0.002 2.6+ 0.2
0.1 m; Y:Br=1:9 8.5+ 0.23 0.007G+ 0.0007 2.349% 0.003 2.9+ 0.2
2.0 m; glassy 8.75%0.04 0.0052+ 0.0001 2.35H-0.001 2.8+0.1
triflate(s) 5.80 0.0059 2.342 1.6
2.90 0.0069 2.461 3.3

aN, coordination numberAo?, Debye-Waller factor;R, coordination distance}Ey, inner potential correction. Standard deviations were calculated
from the covariance matrix and estimates of the noise level in the scans.

The EXAFS spectra were analyzed with the program XDAP 1ABLE 2: Data Analysis Parameters:
(University of Utrecht2% which uses a nonlinear least-squares
fitting algorithm. Errors in the structural parameters were
calculated from the covariance matrix taking into account the 2.0m 3.2-12.0 0.002 545 193
statistical noise in the experimental EXAFS spectra as well as 1.0m 3.2-12.0 0.002 6.25 19.3

sample AKA noise amplitude  ¢,? v

the correlations between the refined parameters. Fit quality was 8'51’ m 222:138 8'882 ggé 132
determined using the goodness of fit valeg’\ outlined in the 0.05m 32.12.0 0.002 843 193
workshop for “Standards and criteria for EXAFS data analy- 0.01m 3.295 0.003 474 13.7
sis”?! Phase shifts and backscattering amplitude functions for 0.005m 3.29.5 0.004 253 132
Y —O pairs were determined from the algorithm of Rehr égal. ~ 0-1m;Y:Br=16  3.2-12.0 0.003 3.68 19.3
(FEFF 7.02 code). The amplitude reduction fac%f, and the g'é m Tégg_ 19 35;?'270 8‘88? 421%2 %g
Debye-Waller factor,02, governing the thermal and structural tri.ﬂatel(g) y 3.214.0 0.001 360 241

disorder, were taken as 1.0 and 0.0, respectively.

The computation of the XANES spectra was carried out using f
the multiple-scattering CONTINUUM codg&based on a one-
electron full-multiple-scattering theo&J A detailed description
of the method used can be found elsewt&rEhe calculation

aNoise amplitude fory(K); €, 2, goodness of fit;y, degrees of
eedom.

Figure 2 shows comparative plots in k- (Figure 2a) and
. ; . X r-space (Figure 2b), of the 2.0 m aqueous solutions recorded at
of the Y K-edge absorption cross-section requires an inner core o temperature in liquid state, with the spectra of the same
orbital calculgted in a groqnd state potential and the solution ¢ \tion recorded at liquid nitroéen temperature in the glassy
of the scattering problem in the excited state (1 s core hole) gtate (upper part) and with the spectra of the yttrium(lll) triflate
potential. The cluster potential was approximated by a set of recorded in solid state at room temperature (lower part). As
spher[cally averaged muffin-ti.n potentiglg, which were bui.lt by expected, the amplitude of the EXAFS spectrum of the sample
following the standard Mattheis' prescripti6hThe Coulombic  o6rded at liquid nitrogen temperature is higher than that of
part of each atomic potential was generated using densities fory, o sample recorded at room temperature. Although no signifi-
neutral atoms obtained from the tabulated atomic wave_functionscam differences appear between the EXAFS signals of the
by C!emerm and Roett! For the ground-st@te potennal, the triflate and the liquid solution, the amplitude of the Fourier
atomic orbitals were chosen to be neutral while different choices (o nsform of the triflate is smaller. In all cases a single peak
were used to build the final state potential. Self-consistent field appears in the FT at around 2.3 A, thus indicating that there is
potential, in which the final state potential is calculated by )y 5 significant contribution. No additional contribution
promoting a 1s electron of the photoabsorber to its outer shell appears in the glassy sample indicating that the quenching of
and fixing the 1s occupancy during the self-consistent field o sample does not induce medium range order.
procedure, yielded the best results. The construction of the  Aq seen in Table 1, the values obtained for the coordination
scattering potential needs the addition of an exchange andnumbersN, Debye-Waller factorsp?(A2), interatomic distance
correlation potential. In this work, we have used the classical Y —Owates R(A), and inner potential correctiomEo(eV), for
Slater X, approact?® the energy dependent potentials of Heelin ¢ gifferent solutions of YBr6H,0 are the same within error
Lundgqvist?® and the Dirae-Hara exchangéo, this last showing 8.6,0.0075 & 2.35 A and 2.7 eV, respectively, for all the quuia
the best agreement with the experimental data. samples. For the glassy solution, the value of the Debyaller
factor is notably smaller40%) than in the previous cases.
This decrease is due to the lower temperature, since the motions

EXAFS Analysis. The raw EXAFS data of the YB16H,0 of ions and water molecules are drastically decreased in the
aqueous solutions of concentrations 0.005 M up to 2.0 m are quenched solutions, the main contribution to the Debyéller
shown in Figure 1. It can be seen that all of the spectra are factor being that corresponding to the static disorder of the
very similar, both in amplitude and phase. This figure also hydration shell. Other authors have already observed a similar
includes the raw EXAFS function corresponding to the 0.1 M decrease in the Deby&Valler factors of quenched solutions
aqueous solution of YBr6H,O with a ratio Y:Br= 1:6. The of similar systems’ The values of the rest of parameten,
features observed in this spectrum are quite similar to those of R, and AE,, are very similar to those found for the liquid
the spectra corresponding to the solutions of the same concensolutions, thus indicating that the polyhedron formed by the
tration with different Y:Br ratios. water molecules around yttrium(lll) cations in this quenched

Results and Discussion
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Figure 3. (a) k’>-weighted raw EXAFS data (solid line) and best fit with parameters of Table 1 (dashed line) of the liquid solutions 2 rg;in YBr
0.1 minY Br, and 0.1 m in Na By, of the solutim 2 m in YBr; in the glassy state, recorded at liquid nitrogen temperature, of the solid compound

yttrium(lll) triflate. (b) Magnitude and imaginary part of the-YO phase shift correctec™¥#ourier transform of the spectra included in Figure 3a
(see Table 2 for Fourier transform ranges).

solution is the same to that found in the liquid state. Additional =~ The spectrum of the triflate deserves further comment.
information about the analysis is included in Table 2. Although it is rather similar to that of the glassy sample and to
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2T IS AL BN B A, where there seems to be a contribution not accounted for by
i calculations, which adds to the EXAFS oscillation.

The contribution appears in all of the investigated systems
and its intensity does not seem to be affected by the chemical
environment or by the aggregation state, since it appears even
in the glassy sample and in the solid triflate. This is a first
indication of the atomic-like character of this feature. Moreover,
since it cannot be accounted for within a single electron
framework, it seems natural to attribute this structure to a
multielectron process. In such a class of processes a second
electron is ejected from the core together with the 1s electron,
giving rise to unphysical structures on the EXAFS spectra. We
have performed explicit calculations of the allowed transitions
and found that it is due to double 1s38p4d transitior$8-37
L The calculated energy for the transition is 185.12 eV above the
| ’ | | majn 1.s—>5p transitio_n and itls. intgnsity.relative to that of the
A — white line of the main transition is estimated to be 2%, both

4 6 1 8 10 12 values in excellent agreement with experimental data. For the
k (A7) sake of completeness we report in Figure 4 the calculated
Figure 4. k*weighted raw EXAFS data of YB2.0 M liquid aqueous  multielectron process contribution showing as an example how

solution prior (solid line) and after subtracting the multielectron jts gyptraction modifies the EXAFS signal in the case of the
contribution (dots) which is shown at the bottom. 2.0 m aqueous solution,

that of the liquid aqueous solution (see Figure 2), the small From the best fits resu!ts of the EXAFS spectra it can be
differences existing between these spectra require dh‘ferentcor?cIUOIeOI that the hydratlpn structure around the yttrlum(l.ll)
approaches during the analysis. Indeed, a fit similar to that cation does not change with the concentration of the solution

carried out in these samples, using a unique oxygen atom shell” th_e range betwe.en 2.0.and 0.005 m, or with the Y:Br ratio
(results not included in the table) yielded a coordination number within the range 1:3 to 1.9, Moreoyer, t_he agreement of the
smaller than 947), while the Debye Waller factor found was EXA_FS parameters for all the solutions is excellent.

larger than those of the aqueous solutions. In contrast, a good Since the structural parameters are the same for all of the
reproduction of the spectrum was obtained using the structural SClUtions, even when the Y:Br ratio is 1.9, we can discard the
parameters of the crystalline hydrate forming a tricapped trigonal €XiSténce of inner-sphere complexes, where the &mions
prism$ with six prismatic water molecules and three capping would come into the first coordination sphere of the cation. We

molecules at a longer distances (see parameters in Table 1)_note that the fit obtained when considering one coordination
With this arrangement the elongation in the distances of the SPhere of oxygen atoms is rather good and the differences in

capping water molecules generates destructive interference, and"® Phase shifts and the backscattering amplitude functions of

the amplitude of the resulting EXAFS function is smaller than d'_Q an_thgBrhare 'afge _enougrhhl_‘orhthe EXAFdS technique (tjo_
the sum of the contributions of the two shells. Since a similar @'Stinguish both contributions. This has been demonstrated in

phenomenon of destructive interference does not appear in thethe case of the chloroaguocomplexes of chromium, where the

glassy or liquid sample, it might be concluded that the hydration capabilities of the EXAFS technique to distinguish-@ and

polyhedra in these systems are symmetric, and we postulate tha r—Cl contributions in the f_irst and sepond coordination sphere
they should the same, the only difference being the smaller . ave peen s_howff_?. The existence of inner-sphere complexes
thermal motion in the glassy sample involving Br~ anion was first postulated for concentrated

o , i , solutions of ErBg using X-ray diffraction®® Recently, direct
Lacking direct structural information about solvation structure ayidence of this sort of complex was obtained by EXAFS in
in solution, the structure of the crystalline hydrates, as deter- ¢ tions of thulium(l11¥° and yttrium(I11$2 bromide in dim-

mined by XRD, has been taken as the best model for solvation ethylformamide (DMF}-dimethylacetamide (DMA) mixtures,
structures’-*2 This assumption seems to work well in cations and by using NMR in YBs solutions in the same type of

showing well-defined octahedral or tetrahedral solvatest solvents®2 Moreover we have not found evidence of the
has been questioned for the case of the heavy elements of thgyresence of solvent-separate@¥:Br- ion pairs in either in
lanthanide serie¥;* to which yttrium(lll) has compared.  the liquid state or in the glassy system. This might be due either
Similarly, scandium(lll) cations are nine-coordinated in solid to the fact that they do not exist, or to the fact that the technique
triflate, while recently it has been shown by EXAFS and XRD s not sensitive enough to detect this type of weakly bonded
that they are surrounded by about seven water molecules inspecies.
liquid aqueous solution®. The previous EXAFS results point Concerning the main aim of this work, the determination of
to a similar situation for yttrium(lll) hydrates, showing different  q hydration polyhedra around yttrium(lll) cations, the EXAFS
polyhedra in solution and in the solid-state crystalline hydrate. 5naiysis here presented yields accurate information regarding
Figure 3 shows the raw EXAFS data and the Fourier coordination distances, 2.3320.001 A. In contrast, the results
transforms for the 2.0 m aqueous solution of ¥-BH,O, the are not conclusive regarding the coordination number, as an
0.1 m aqueous solution with Y:Br ratio 1:6, the model average value of 8.6 has been obtained. These results agree quite
compound yttrium(ll) triflate, and the glassy solution together reasonably with previous studies of yttrium(lll) hydration
with their best fits obtained using the parameters included in structure!’=13 and with the results obtained for the heavier
Table 1. Note the good agreement between experimental andanthanides” Nevertheless, they do not confirm the result of
calculated spectra, both in k- and r-space in all cases, with theanother study according to which all of the lanthanide cations
only exception being the disagreement appearing at around 7.5are surrounded by twelve water molecules in aqueous solu-
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Figure 5. Y K-edge normalized XANES spectrd @ m YBr; aqueous solution in liquid state (solid line), of the same solution in the glassy state
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(dashed line), and of the solid compound yttrium(lll) triflate (dashed line).

tions:* Except this last work, from literature results discussed %
above and from the data presented here, both the nine- and eight-
coordinated environments are suitable to describe the hydration Experimental
structure of yttrium(lll) cations. The most stable 9-fold coor-
dinated polyhedron is the tricapped trigonal prism, whichneeds 1 i AN\ /" N\, .veeevennn,
a larger splitting between capping and prismatic water molecules > 10 M NAl e T
when the radius of the central cation is smatfamhile the most = SCF Complex Dirac-Hara
stable polyhedron for the 8-fold coordination is the symmetric g
square antiprism. N SCF Real Dirac-Hara
It should be noted, however, that the indetermination in the g Real Dirac-Hara
coordination numbers is partially due to the presence of a 5
multielectron process superimposed to the EXAFS oscillations. Z Complex Hedin-Lundquist
Previous works have shown that the error introduced into the
coordination numbers by neglecting the presence of double-
electron transitions might be as high as 18%% . The presence
of such double-electron excitations have been shown in numer- 5A (31 atoms) Real X,
ous rare earth |_L-t_edgé6v37vf“_‘spec_:tra. Systems containing other 17000 ' 171'00 17200
cations show similar transitions in K-edges as well. For instance,
such a double transition appears in the Y K-edge, although it is E(eV)
partially buried in the rather complex spectrum of [Y(Ng]5);2° Figure 6. Experimental XANES spectra of yttrium(lll) triflate (dotted

in contrast it is clearly visible in the EXAFS raw data of 6Cl line) versus the spectra computed (solid line) for a 31-atom cluster
and YBr aqueous solutidd and in Rb-K edge spectra of bile  using the indicated potentials (for computation details see text).
acid Rubidium salté® In our case, the double electron transitions
appear in such a position as to increase the total intensity of the liquid and glassy solution superimpose, thus confirming that
the signal, so that the coordination numbers derived from the the coordination polyhedra are the same and indicating that the
standard EXAFS analysis above are overestimated. This factXANES region is less sensitive to the disorder than the EXAFS
together with the requirement of a symmetric environment, as one (look at the higher amplitude of the EXAFS oscillations in
deduced from the comparison of the solution and triflate spectra, the glassy sample in Figure 2a). In contrast, some differences
suggests that the most probably hydration structure of yttrium- appear between the spectra of the triflate and that of the liquid
(1) cations is formed by eight water molecules localized in a solution, i.e., higher intensity of the white line and the
square antiprism. However, to get a deeper insight on this appearance of a small shoulder in the high energy side of the
subject, we have carried out the ab initio simulation of the White line. This points to the existence of a different coordination
XANES part of the XAS spectra. polyhedra in this solid system, as already deduced from the
XANES Analysis. Since the XANES region is very sensitive ~ analysis of the EXAFS data. To obtain precise information,
to the coordination polyhedra, its analysis might confirm the several computations were carried out to reproduce this region
proposed eight coordination for the hydration polyhedra around of the spectrum.
yttrium(lll) cations in aqueous solution. Figure 5a shows  The performance of the calculations has been tested on the
comparative plots of the XANES spectrum o&tB m solution solid yttrium(lll) triflate. Figure 6 shows the comparison of the
in liquid and glassy state, while Figure 5b shows comparative experimental spectrum of this compound and the result of the
plots of the liquid solution and the solid triflate. The spectra of calculations carried out considering a cluster of 31 atoms around
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Figure 7. Experimental XANES spectraf @ m YBr; aqueous solution in liquid state (dashed line) and computed spectra (solid line) using the
self-consistent field approach and Dirddara exchange and correlation potential with the imaginary part of Hddindqvist one, for the nine-
coordinated and eight-coordinated aquacomplexes.

the photoabsorbing yttrium (radius5 A) and using several  photoelectron. As shown in Figure 6, the experimental spectrum
final-state potentials. In the first approach the potential was built is well modeled by this last computation.
on the basis of Z1 and X, approximations; the theoretical The findings of these calculations can be summarized as
spectrum thus obtained reproduces all of the features presenfollows: (i) the use of the self-consistent field potential in the
in the experimental spectrum, in particular, the shoulder on the ab initio calculations is crucial to account for the shape and
high-energy side of the absorption white line. However, despite intensity of the white line exhibited by the Y K-edge experi-
of the good agreement obtained in reproducing all of the featuresmental spectrum of solid yttrium triflate; (ii) the Diraddara
present in the experimental spectra, this calculation fails to exchange and correlation potential leads to an accurate repro-
reproduce the energy separation between the various resonanceduction of the experimental energy scale; and (iii) incorporating
Indeed, it seems that the energy scale of the theoretical spectrunthe imaginary part of the HedirLundqvist exchange and
is “contracted” with respect to that of the experimental spectrum. correlation potential to the previous one leads to a satisfactory
This result, showing the calculated absorption maxima falling simulation of the photoelectron damping, providing a good
short of the observed maxima, has been already pointed out inagreement between the computational and experimental data
previous investigations and is associated with the energy for solid yttrium(lll) triflate. Following these findings we now
independence of the Xexchange potential. Therefore, one of address the determination of the local structure of yttrium(lll)
the possibilities to improve the theoretical simulation may be cations in agueous solution.
the use of different exchange-correlation contributions to the  The same procedure described for the solid compound was
final-state potential. Subsequently, the same calculation wasfollowed to carry out the computations of two clusters corre-
performed by using the HedirLundgvist complex potential,  sponding to the different arrangements proposed for the solu-
which led to a better reproduction of the intensity of the tion: a regular tricapped trigonal prism, corresponding to the
absorption features beyond the white line, as the use of a9-fold structure, and a square antiprism as model for the 8-fold
complex potential introduces the damping of the multiple- coordination. In both cases, the distanceQ’has been set equal
scattering contributions to the spectrum. However, the relative to 2.35 A, the value obtained by EXAFS.
intensity of the two contributions to the absorption main peak  The final results of the computation process are shown in
is not satisfactory and the contraction of the energy scale still Figure 7a for the case of nine-coordinated cluster and in Figure
persists. 7b for the eight-coordinated yttrium complex. This figure clearly
Trying to solve these problems, the performance of the shows that the experimental spectrum for the solution is better
Dirac—Hara potential was tested, leading to the correct repro- reproduced by the XANES spectrum computed for the eight-
duction of both the experimental resonances and their energycoordinated model. Indeed, in the case of the nine-coordinated
separation. However, the white line intensity is not satisfactory cluster the computation reveals a strong peak on the high-energy
at all. To overcome this discrepancy new calculations using a side of the main absorption peak, similar to that observed in
self-consistent field final-state potential incorporating the Dirac  the triflate. Also, for the nine-coordinated cluster the energy
Hara exchange and correlation potential were performed. Theseparation between the white line and the first resonance is too
computed XANES profile is essentially the same, as regards short as compared with the experimental data.
the number and energy position of the features, but now there The results of the computations are then consistent with the
is a strong improvement on the width and height of the white hypothesis of yttrium(lll) being eight-coordinated in aqueous
line, in fact, it gives rise to a narrower and higher white line solution. Additionally, we might conclude that while EXAFS
resembling the experimental data. Finally, the imaginary part cannot yield conclusive information regarding the coordination
of the Hedin-Lunqvist potential was added to the Diraldara number of yttrium hydrates, XANES is capble of solving this
potential, to take into account the inelastic losses of the problem due to its sensitivity to the site-symmetry of the



1286 J. Phys. Chem. A, Vol. 104, No. 6, 2000

absorbing atom. Thus, while a variation between 8 and 9 for
f oJ.Jd Phys.: Condens. Matte992 4, 7679.

coordination number in EXAFS affects only the amplitude o

the signal, when calculating the XANES region the different

Diaz-Moreno et al.

(13) De Barros Marques, M. |.; Alves Marques, M.; Resina Rodrigues,

(14) (a) Daz-Moreno, SEstudio de la estructura de complejos fiietas
en disolucim mediante Espectorsc@s de Absorcin de Rayos XPh.D.

atomic arrangements modify the shape of the whole absorptionThesis University of Sevilla (Spain), 1998; Chapter IV.5. (b)s2+Moreno,

spectrum.

Concluding Remarks

From the foregoing results, the hydration structure of yttrium-
(1 in solution can be extracted. Eight water molecules are
located around the central cation at 2.35 A, forming a symmetric

S.; Mufpz-Pa&z, A.; Chaboy Nalda, Proc. 4th Liquid Matter Conference

Europhysics Conference Abstract, Volume 23C, Granada (Spain), 1999,

pp 6-26.

(15) Mayer, I.; Zolotov, SJ. Inorg. Nucl. Chem1965 27, 1905.

(16) Nomura, M.; Yamaguchi, T. Phys. Chem1988 92, 6157.

(17) Yamaguchi, T.; Nomura, M.; Wakita, H.; Ohtaki, 8.Chem. Phys.
1988 89, 5153.

(18) Sachez Marcos, E.; Gil, M.; Sehez Marcos, A.; Mamez, J.

square antiprism. This structure is the same in a wide range ofM.; Mufioz-Paz, A. Rev. Sci. Ins.1994 65, 2153.

concentrations, from highly dilute, 0.005 m, up to concentrated,

(19) Cook, J. W.; Sayers, D. B. Appl. Phys198152, 5024.
(20) Vaarkamp, M.; Linders, J. C.; Koningsberger, DRBys. B1995

2.0 m, aqueous solutions. The polyhedron structure is found to 55 209 159,

be constant in a 2.0 m solution measured at liquid nitrogen
temperature. We have found no evidence for ion-pair formation,

(21) Lyttle, F. W.; Sayers, D. EPhysica B1988 158 701.
(22) zabinsky, S. I.; Rehr, J. J.; Ankudinov, A.; Albers, R. C.; Eller,

even in the case that there is just enough water in the solutionM- J- Phys. Re. B 1993 52, 2995.

to hydrate each ion.

This study has shown the capabilities and limitations of the 11
EXAFS technique and in which manner these limitations can

(23) Natoli, C. R.; Benfatto, M., unpublished.
(24) Natoli, C. R.; Benfatto, MJ. Phys. (Paris) Colloq1986 47, C8—

(25) Tyson, T. A.; Hodgson, K. O.; Natoli, C. R.; Benfatto, Mhys.

be overcome using the information contained in the XANES Rev. B 1994 46, 5997.

region and appropriate quantum mechanical models.
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