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Theoretical analysis of x-ray absorption near-edge structure of transition-metal aqueous
complexes in solution at the metaK edge
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We present a detailed analysis of x-ray absorption near-edge structure sg@dtiaS) of transition-metal
aqueous complex in solution. The meakdges of Nf* and C&* are analyzed by multiple-scattering theory
using clusters of different size and different final-state potentials. On this basis, the effect of hydrogen atoms
of the water molecules on the theoretical XANES spectra has been investigated. The calculations show that the
intensity ratio and width of the main features of the spectrum are sensitive to the presence and the geometrical
position of hydrogen atoms. A very good agreement between experimental data and theoretical calculations has
been obtained using final-state potentials built on the basis of the self-consistent field procedure and clusters
with a well-defined geometrical position of hydrogen atop®0163-182@07)05329-0

[. INTRODUCTION ecule. On this basis, a rather good agreement between ex-
perimental data and theoretical calculation has been obtained
In the last few years the x-ray absorption near-edge strudor what concerns the shape of the spectra and the relative
ture (XANES) spectra at the met#l edge of transition metal energy separation of the various features. However, the rela-
(TM) aqueous complexes in solution have been the object dive intensities of the peaks of the theoretical spectra disagree
extensive studies. This interest has been motivated by thier the first tenth of eV with the experimental data. In the
possibility to use these materials as both test compounds afase of octahedral complexes, the calculated resonance at the
theoretical calculations of XANES spectra and referenceedge has a higher intensity and a smaller width than the
compounds in the analysis of other materfafsThese com-  experimental counterpart:™'?This is a general behavior of
plexes present a well-known very simple geometry and wellthe MS calculations of XANES spectra of agueous TM com-
defined formal valency of the ionic species. The XANESplexes and different choices of final state potential do not
spectrum has a well-defined shape which depends essentialiyve any substantial improvement.
on the coordination geometry around the metal‘i¢n:spec- The influence of hydrogen in the XANES spectra was to
tra of complexes with tetrahedral coordination show an in-be considered very weak because of the low scattering power
tense pre-edge peak, which corresponds to the dipole trans¥ this specie, so that it is usually neglected in theoretical
tion from the Is to an antibonding state of, symmetry, calculations and data analysis. The effect of hydrogen in the
followed by the absorption jump due to the transition to con-XANES spectra has been considered, in some cases, in an
tinuum state ofp-like symmetry® (i) spectra of octahedral indirect way through the modification of electronic states of
coordinated compounds present a very big resonance at thiee host atoms. As, for example, in cerium compounds after
edge and a very weak pre-edge peak due to a quadrupolydrogen absorptidA’* and in the case of metal
transition. In this case, dipolar transitions are forbidden behydrides:*!> where the presence of hydrogen modifies the
cause the first unoccupied bound states h@yg and Eg4 electronic band structure of the system inducing new states
symmetrie$. above the Fermi level that give rise to extra features in the
In both cases, the succesfully interpretation of the conXANES spectrum compared with that of the pure metal.
tinuum part of these spectra has been provided on the basBnly a few examples are reported in the literature where the
of the multiple-scatteringMS) theory”8indicating the pres- presence of hydrogen atoms must be taken into account in
ence of relevant MS signals of different order up to severathe data analysis procedure. Considering the extended x-ray
hundred of electron voltéeV) above the edge with a differ- absorption fine-structurédEXAFS) part of the absorbing
ent degree of interference depending on the geonidigr.  spectrum, hydrogen was detected in an indirect way in Ni
example, the strong resonance at the edge of octahedral comnd Cr hydrides, since it is located in between the absorber
plexes results to be formed by a coherent sum of all MSand the backscatterer affecting the photoelectron wave in
contributions which, due to the particular geometrical coor-magnitude and phase. It acts as a lens producing either fo-
dination, happen to be all in phase at the resonanceusing effect of the outgoing photoelectron wave function
energy>!® All the calculations about these complexes wereand a change, through multiple-scattering events, in phase
made till now by taking into account only the first oxygen shifts and backscattering amplitud&sThis effect allowed
shell around the transition metal and neglecting any contrithe determination of the hydrogen site in the lattice. Re-
bution coming from the hydrogen atoms of the water mol-cently, EXAFS spectra of bromine in metanol solutiband
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Sr* in aqueous solutiofi have been analyzed including the
hydrogen EXAFS signal.

In this paper, we report a careful theoretical analysis of
the K-edge XANES spectra of Ni' and C&" octahedral
agueous complexes based on MS theory. The aim is to asses
the influence on the theoretical calculation of the different §
procedures to generate the final-state potential and to includes 5
hydrogen atoms of water molecules. We show that the use ofg
the self-consistent field procedure to generate the potential=
instead of the normaZ+1 approximation, the real Hedin- <  '©
Lundgvist potential for the exchange part, and a well-defined |,
geometrical position of hydrogen atoms in the cluster, allows =
us to obtain a very good agreement with the experimental
data. Moreover, the sensitivity of the calculation to the hy-
drogen can be used to give an insight on the water molecule 0.0
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Il. EXPERIMENTAL AND THEORETICAL DETAILS FIG. 1. Normalized -edge XANES spectrum of Ni" complex

. (0) compared with different calculations obtained by using a

X-ray absorption spectra of K and Co** water solu- NiOg clusters, self-consistent potential and different choices for the
tions, 5mM, were recorded in the transmission mode, at théxchange and correlation potentiél) Hedin-Lundgvist real poten-
Ni and CoK edge, at beam station 7.1 of the Daresburytial (solid) and (b) Dirac-Hara potential§dashed
Laboratory. A double-crystal §il11) monochromator was
used and harmonic rejection of about 50% was achieved bytoms, according to some specific geometrical configuration
slightly detuning the second crystal from the parallel align-of the water molecule, to the previous SCF potential. This
ment. The storage ring was operated at 2 GeV with an avefprocedure, whose validity has been demonstrated on ex-
age current of 150 mA. The new spectra coincide in shapgended systen@:?3gives us the possibility to save computer

and intensity with those previously reportet!*> time accounting for hydrogen contribution and performing
In the following we outline some details of the theoretical the SCF procedure.

methods used for the calculations. The computation of the
XANES spectra was carried out using the multiple-scattering
code coNTINUUM (Ref. 19 based on the one-electron full-
multiple-scattering theory! 8 In this scheme the total poten-  As a first step, we have calculated the absorption cross
tial is represented by a cluster of nonoverlapping sphericadection for the octahedral cluster of oxygen atoms surround-
potential centered on the atomic sites and the mole@ale ing the transition-metal atom using t&e+- 1 approximation.

our case the transition-metal complag enveloped by an As well known, the valence state of the TM is not taken into
“outer sphere.” Three regions can be identified in the parti-account in this approximation. Figure 1 shows the compari-
tioning: atomic regiongspheres centered upon nugleéx-  son between experimental data at the KNiedge and two
tranuclear regiortspace beyond the outer sphere rafjiaad  calculations of the spectrum of Nilcluster using different

an interstitial region of complicated geometry in which the exchange potentials. The theoretical spectra are very similar
molecular potential is approximated by a constant “muffin-to each other and qualitatively reproduce the shape of the
tin” potential. The atomic region is defined by the muffin-tin experimental spectrum, nevertheless the relative intensity of
radii that are chosen according to the Norman’s criterionthe main resonance and the big de@pare not reproduced.
with a 10% overlapping factd® The Coulomb and ex- The relative energy position of the features is quite good for
change part of the input potential were calculated on thehe X, potential, and it is even better, coinciding with ex-
basis of the total charge density by superimposing the atomigeriment, when the HL exchange potential is used. The
charge densities. For the exchange potential, several approxXdirac-Hara potential seems instead inadequate to describe
mations were used. The independent Slatgrapproxima-  this system and the energy position of the resonances dis-
tion, the energy-dependent Hedin-LundgwbiL), and the agrees with the experimental data. However, in all the cases
Dirac-Hara potentials. A complete discussion of the abovehe theoretical calculation is unable to reproduce the width of
methods exceeds the nature of this paper and can be foundiifle absorption spectrum at the raising edg®. (The influ-
Refs. 10, 21, 22, and references therein. Regarding the finaénce of SCF potentials and of hydrogen atoms is shown in
state potential two choices have been ugedthe screened  Fig. 2. Three calculations performed for a Nj@luster with
Z+1 approximation andii) the self-consistent fieldSCH  pboth Z+1 and SCF potentials, and for a Ni&l;, cluster
potential. For this last case a N@@F cluster has been stabi- with an SCF potential, according to the procedure previously
lized simulating hydrogen atoms by an outer sphere with alescribed, are reported. The geometrical configurations of
10" charge to neutralize the whole cluster. The relaxed finahydrogen atoms used in this work are depicted in Fig. 3. In
state was calculated by removing an electron from tke 1 the first calculation, hydrogen atoms of the water molecules
state and taking constant the number of electrons of this statgere added maintaining the geometry of the water molecule
during the SCF procedure. The potential of the M), and arranged in such a way that the symmetry plane of the
cluster was built by adding the contribution of the hydrogenwater molecule contains the TM-O bond directipRig.

IIl. RESULTS AND DISCUSSION
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’ clusion of the hydrogen atoms induces minor but significant
A changes in the spectrum. On one hand, it creates new states
fe} at the left-hand side of the main peak, making the width of
' the resonanc® equal to the experimental one. On the other
part, the valleyC is less pronounced than in the previous
calculations giving a better agreement between calculation
and experiment. This result corresponds to a calculation with
a specific geometrical configuration of the water molecules.
In order to check the dependence of the spectrum on the
imposed geometry for the water molecules, we have per-
formed further calculations using different configurations.
The calculation for different symmetries of the water mol-
ecules but always maintaining the orientation of the water
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o.,o";.f molecule related to the TM-O bonjdee Figs. &),(b)] is
0.0 2 oopef | l SRS ISRV IS B Y shown in Fig. 4, left panel. All the theoretical calculations
B 1‘; b ;0) % “0 coincide, indicating that the effect of hydrogen atoms is in-
“E, (e

dependent of the rotation of the water molecule around the
FIG. 2. Comparison between three different calculations re-TM'O axis. This result '”d'C,ateS that th? hydmg?n C,O"'t”.bu'
ferred to N{H,0)>* complex and the experimental spectrum tion comes only from the single scattering contribution, i.e.,
(dots. The dashed line indicates the calculation for a jiguster ~ the H-TM distance remains unaltered after rotation of the
using theZ + 1 approximation for the final-state potential. The sameWater molecule around the octahedral axis. In addition, the
calculation performed using a self-consistent potential for the finacontribution of the multiple-scattering processes including
state is also shown({). The solid line refers to the calculation the hydrogen atoms as scatterers is negligible, as expected
obtained by including the hydrogen atoms of water molecules acdue to its low scattering power. Although it is not previsible
cording to the geometrical configuration shown in Fig. 3. from an experimental point of view, we have also performed
calculations tilting the plane of the water molecule from the

3(a)]. The use of the SCF potential improves the agreementM-O axis. Two different arrangements of the molecule
between theory and experiment but is far from reproducingVere considered, i.e., perpendicular and parallel to the water

the relative intensities of the peaks. On the contrary, the inPlane[see Figs. &),(d)]. The comparison of the original
configuration with two calculations in which we have tilted

by 20° the axis of the molecule is shown in Fig. 4, right
panel. It can be observed that the tilting of the molecule
plane modifies only very slightly the shape of the “dis-
torted” spectra. On the other hand, the motion on the water
plane induces a new shoulder at the rising edge and the in-
tensity of the main resonance decreases dramatically. These
two simulations indicate that the water molecule tends to lie
perpendicular to the nickel oxygen bond and also shows the
sensitivity of the XANES spectra to the hydrogen atoms.
Notwithstanding the improvement in the agreement be-

a C
0
tween theory and experiment is rather satisfactory when in-
b d cluding the water molecules, we want to briefly comment on
the possible limitation to this agreement due to the use of the
> @ ( muffin-tin approximation. The muffin-tin corrections depend
only on a series of integrals whose domains are calculated in
the interstitial ared* Since the use of a closed atomic ar-
rangement implies a strong reduction of the interstitial re-
gion, the non-MT corrections should be expected to be very
weak. Consequently we do not expect any significant change
FIG. 3. Geometrical configuration of the (Mi,O) cluster used  jn the calculation of NiQ or CoOg clusters with and without
in the calculations. The white circle represents the transition-metqllon_MT corrections. Moreover, it should be noted that in a
atom(TM), while the black and dashed circles stand for the hydro-Closed systenlike MnOj}), the calculated energy differ-

?rirr;at?g %(}/?&r_]oat;:;’v\:ﬁir;]eicé'\gfbgnhdeiczf;ﬂgdtﬂ C;:Zfrp'; ::%rﬁces between electronic-bound levels obtained within the

Four O atoms lie together with TM in the figure plane, the sixth OMT_ frame\l/v(g)rké?rehl_ln ahvery good ggreement Wlt)h t_he ex-
atom being hidden at the rear part of the projection. Four differenper'rnenta . ata, Wi e these correctlpns seem to be Impo.r'.
possible positions of the H atoms are depictéal. symmetrical tant to obtain the right eneggy levels in open systems, as it is
position of the HO molecule:(b) rotation of the HO molecule  the case of the Bl systen?® Up to now, only few non-MT

plane around the direction defined by the axis of the octahedgpn; Calculations of the x-ray absorption cross section have been
the H atoms are tilted 20° in the plane containing thgOHmol- ~ made, and all of them deal with open systems. The common

ecule;(d) the H atoms are tilted 20° in the plane perpendicular toresults to these calculations are controversial: it seems that
the H,O molecule. non-MT corrections lead to better energy positions for the
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FIG. 4. Comparison between the experimental
spectrum(doty and different calculations of NiO
sH 12 Cluster obtained using different orientations
of water molecules, as shown in Fig. 3. Curves
(a) and(b) refer to the cases where the symmetry
plane of the water molecule contains the Ni-O
axis. In(c) and(d) the water molecule has been
tilted by 20°.
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spectral features below the raising edge, i.e., transitions tperimentally observed indeed, only in few case¥
bound-state levels; while their effect on the continuum part For sake of consistency we have also performed the same
of the absorption spectrum is very small or evencalculations to reproduce this study for the(BgO)g4 sys-
unfavorable?’ tem. The comparison between the experimental spectra of
In order to clarify what is the origin of the effect induced Ni?* and C&" water complexes and the theoretical simu-
by hydrogen in the spectrum we calculated the singledations including SCF potentials and the hydrogen atoms of
scattering signal of the different contributions. The totalthe water molecules are shown in Fig. 6. In the case of the
EXAFS components and their Fourier transform for theCo?* complex similar effects were obtained, showing the
NiOg, NiOgH 15, and the EXAFS contribution due to hydro- need of including the hydrogen atoms in the calculations to
gen scattering are plotted in Fig. 5. As it is observed, theobtain a quantitative agreement with the experiment. In this
oscillatory contribution coming from the hydrogen scatteringcase, however, we note the appearance of a small prepeak
is mainly relevant in the first 30 eV being very small at which does not exist in the experimental data. This discrep-
higher energies, and it interferes destructively with the oxy-ancy may be due to the non-MT corrections that can be im-
gen contribution causing the decrease in the intensity of theortant in the calculations of clusters with hydrogen atoms.
main resonance. At the same time, it induces new states @lithough we cannot make a quantitative assessment of the
the rising edge. The Fourier transform of the EXAFS signaleffect, it is possible to make some qualitative considerations.
shows a small peak at 2.8 A coming from the scattering ofrom a theoretical point of view, the non-MT absorption
the hydrogen. We can observe that this signal is very smaltross section can be written as a sum of two pieces: the first
and comparable to the multiple-scattering contributions. is the MT part, i.e., it is the cross section calculated on the
This result, added to the effect of the large thermal disordebasis of MT approximation, the second is a correction which
related to the hydrogen motion, makes the detection of thelepends on the volume of the interstial region and the mag-
hydrogen EXAFS contribution very difficult. It has been ex- nitude of the deviation from the constant value of the inter-
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FIG. 6. Comparison between experimental dakats and the- FIG. 7. Comparison between the experimental spectrum of

oretical calculations ofk-edge XANES spectra of Ni and  Ni?" water complex(dots with the theoretical data related to a
Co?* water complex. Theoretical calculations are made by usingNiOgH 1, cluster and using the self-consistent potential and com-
the self-consistent potential and including hydrogen atoms. plex Hedin-Lundqvist exchange and correlation potential.

stitial pote_ntia!z.“'zg In other words, the non-MT absorption e X ANES spectra of the transition-metal complex is con-
cross section is the MT one plus corrections that depend OBhed in the low-energy part of the spectrum, i.e., very close

on-MT calculaton is essentally the one presented n thi e fsing edge. Including the hydrogen contripution i the

paper with small modifications coming from the non-MT%heoretlcal calculations is essential to get a quantitative

part of the cross section. fagreement betvyeen theory and experiment in what concerns
intensity and width of the resonances.

It is also important to note that in all the cases it is im- We h h in thi K the i ts obtained
possible to reproduce the correct intensity of valley In € have shown In this work the improvements obtaine

order to investigate the origin of this discrepancy, whichby using self-consistent-fieltSCH methods to describe the

probably comes from inelastic losses, we have performed thfinal-state potential and the different treatments of the
same calculations using the Hedin-Lundqvist complex potenexchange-correIa’uon part. It has been shown that the use of
tial. In a small molecular cluster the inelastic losses can b&CF potential improves the intensity ratio among the differ-
mainly due only to the excitation of electronic configurationsent structures of the calculated absorption spectrum as com-
other than the relaxed one that subtracts intensity to the maipared to the experimental/C ratio. The introduction in the
elastic channel. This type of inelastic losses can be approxmodel of water molecules changes the theoretical result not
mated by plasmonlike excitations only when the photoeleconly by improving theA/B/C ratio, but also by matching the
tron energy is bigger than the energy difference between theidth of the raising edge regiorR] that cannot be obtained
various electronic configuratior8. without the hydrogen atoms. These theoretical calculations
The results of this calculation for the nickel cluster is also indicate thati) the effect of hydrogen atoms is indepen-
shown in Fig. 7. The quantitative agreement of the relativejent of the rotation of the water molecule around the TM-O
intensity of the various features of the spectrum is quite reaxis, and(ii) the tilting of the water molecule plane from the
markable now, although the shouldBrtends to disappear. TM-O axis far from improves the experiment vs calculation
This beh_avior i_s not surprising because it shOL_lId be ”Oticeﬁgreement, inducing new features at the rising edge, and
that the inelastic losses in a HL-type of potential are due tqg4ding to a worse\/B/C ratio. From these results we can
the plasmonlike excitations. conclude that the water molecule lies, as can be easily ex-
pected from the symmetry of the system, perpendicularly to
the Ni-O bond disregarding other arrangements. Further-
IV. SUMMARY AND CONCLUSIONS more, we have shown how the discrepancy in the intensity of

Hydrogen atoms are, in most cases, not detectable bf)(,eaturec_j is overcome by includipg inela'_st?c losses in Fhe
x-ray absorption spectroscopy. This is generally true for th&@lculation, that are not relevant in the raising edge region.
extended part of the spectrum, where the low scattering In conclusion, in this work we stress two main points in
power of hydrogen, added to the expected h|gh thermal d|§he simulation of the XANES Spectra. On one hand, the use
order, makes the hydrogen contribution very small anddf realistic models using self-consistent potentials and the
sometimes mixes it with other more relevant contributionsinclusion of the details of the real system, as for example, in
In the case of the near-edge structures, the thermal disordeur case the inclusion of hydrogen atoms of the water mol-
has no significance and the intensity of the hydrogen contriecule, clearly improve the theoretical simulation making it
bution is not negligible giving a more relevant contribution near quantitative. On the other hand, taking into account the
which can be detected. The effect of the hydrogen atoms imelastic losses in a general form is still an open problem,
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