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We have studied the chemical bonding of water in the first hydration sphere to transition-metal ions in aqueous
solutions by using X-ray absorption spectroscopy (XAS) combined with density functional theory calculations
(DFT). The experimental technique is for the first time applied to the study of the oxygen K-edge absorption
of liquid water in the presence of dissolved ions. We successfully resolved the electronic structure of water
in the first hydration sphere. Features in the oxygen 1s XAS pre-edge regiof‘iau@t F&" solutions are
interpreted as mixing between the molecular orbitals of water and the open d shell of the transition-metal ion.
These features are absent fofAsolutions. Effects on the electronic structure from anions in the first hydration
sphere are also described.

1. Introduction solution have proven difficult. In surface science, near-edge
. . . X-ray absorption fine structure spectroscopy (NEXAFS, or more
The essential role of water as a solvent in chemical processessimp|y X-ray absorption spectroscopy, XAS} widely used
IS closely connected to t_he properties of the hydra“of‘ spheres, study the nature of the bonding between adsorbates and the
of aqua ions. The chemical interaction between the ion of an g, tace However, the extension to low-energy measurements
element and water as a ligand gives essential information not ;; o oxygen K edge in aqueous solution has long been a
only on the aqueous chemistry of t_he element but also on the challenge because of the high vapor pressure of the liquid. The
chemical properties of the element in general. For example, the, o, irement of a vacuum environment when the measurements
vast differences in thermodynamics and kinetics of hydrated o herformed using electron detection has led to the construction
lons In agueous soluthn when replacing a coord_mated water 5 g application of differentially pumped systefris.those case,
molecule with another ligand or for the deprotonation of water o measurements have typically been done on a thin film of
Ll)gap]ds :]0 glvedhydroxo Sﬁemes ar? contrtc))lledlto ts)omle eXter,‘tquuid, which is constantly replenished. With the advent of third-

y the charge density on the central atom but also by electronic yo e ration synchrotron light sources, improved detection tech-
_factors, in particular, I|ga_nd f|el_d effects for transmon-me_tal niques, and the possibility to make ultrathin windows to separate
ions: Another fac_tor Of. primary importance for the properties o ultrahigh vacuum of the beamline from a high-pressure cell,
of aqueous solutions is the nature of the hydrogen bonding, neagyrements under ambient conditions have now become
which is strongly |nf|uenc§d by the presence of 1ons. It IS well possible. Recently, we were able to apply high-resolution XAS
known that the conformation of proteins and _nuclelc acids, for {9 ihe oxygen K edge of liquid water using a fluorescent photon
eﬁample, th? ﬁrupture Ofl D.I;IQ and its functions, depends on yeection mode in a helium atmosph@fhe electronic structure
the nature of the onic solution. . . of the liquid was compared to that in the solid state, which, in

Because of the importance of the iesolvent interaction, a8 compination with theoretical calculations of spectra, lead to the
large number of experimental techniques, primarily EXAFS, gpectroscopic identification of specific hydrogen-bonding
X-ray, and neutron diffraction, have been applied to obtain direct gjt,ationss—7 In the present work, we will extend this analysis

structural information on the iorwater interaction. Structural o specific effects on the electronic structure of water as a ligand
and dynamic information is also available from NMR, infrared, o metal cations in aqueous solution.

and Raman spectroscopic methods as well as from theoretical yAg involves the excitation of a core electron into unoc-

calculations and computer simulations, but direct measurgmentscupied orbitals. The experiments show chemical specificity
of the local electronic structure of the water molecules in the because the core-level positions depend strongly on the element
and are furthermore sensitive to the chemical environment.
» Corresponding author. E-mail: Igm@physto.se. Tel46 (8) 5537 Fingally, the extreme spatial localization of the core orbital

8712. Fax: +46 (8) 5537 8442. . . i .
T Fysikum, St(()c?(hom University. involved in the transition makes X-ray absorption an extremely

* Uppsala University. o local probe of the electronic structure at a specific atomic site.
fgga”;ﬁrmdei¥’;‘;hé%témS'frad'gﬁ'iﬁge';gﬁodﬁtisz'sit The excitation process obeys the dipole selection¥ulkich

o Strﬂctureﬂ Chemistry, Styo’ckhmm University. v for an atom strictly limits the change in the_gngular momentum
# Department of Geosciences, Princeton University. guantum numberA]) to +1. For K-shell transitions of molecular

10.1021/jp034296h CCC: $25.00 © 2003 American Chemical Society
Published on Web 07/22/2003



6870 J. Phys. Chem. A, Vol. 107, No. 35, 2003 Naslund et al.

O 1s XAS of water with dissolved trivalent metal ions sphere (e.g., the presence of inner-sphere chloride coordination

AL L 0 A0 A A A L A Al s a| as well as deprotonation of the water ligands give clear
: spectroscopic signals that serve to fingerprint these species).

2. Experimental Section

2.1. Experimental Technique.The oxygen 1s X-ray absorp-
tion spectroscopy (O 1s XAS) spectra were collected on
beamline 8.0 at the Advanced Light Source (ALS) in Berkeley,
CA. Because the method of detection is based on measuring
fluorescence, it requires a high-flux undulator-based soft X-ray
beamline. We have used the Soft X-ray Endstation for Envi-
ronmental Research (SXEER) that makes it possible to separate
the liquid under atmospheric pressure and room temperature in
the sample chamber from the vacuum in the synchrotron beam-
line> The chamber is filled with helium gas that is transparent
to soft X-rays in the energy range of interest for O 1s XAS.
Furthermore, by maintaining a constant flow of helium gas
through the chamber, we continuously removed the water vapor;
this is necessary because water vapor will contribute spectral
features to the spectrum in the same energy range as liquid
water. The XAS spectra are obtained in fluorescence mode, and
the photons are detected with a GaAs photodiode. The spectra
are normalized by the incident photon intensigy,monitored
with a gold mesh in the beamline. Thenormalized spectrum
is also normalized with an XAS spectrum of thelgj window
that separates the helium atmosphere from the vacuum. This is
necessary because of adsorbed water molecules on the window.
The spectra are then calibrated with the peak photon absorption

526 530 534 538 542 546 energy of the water vapor features (O-%s4a at 534.20 eV,
photon energy [eV] O 1s— 2b; at 536.10 eV, and O s 2b, at 537.25 eV), known
Figure 1. Experimental O 1s X-ray absorption spectrum of pure water from earlier experiments,before subtracting the gas-phase
showing a pre-edge peak assigned to asymmetric water moleculescontributions from the spectrum. Figure 2 demonstrates for pure
having one hydrogen bond broken at the donor side (D-ASYM). ater the steps involved to obtain the final XAS spectrum.
Expe_rlmental O 1s X-ray absorption spectra of aqueous sqlutlons The geometry of the sample with respect to incoming and
showing extra pre-edge features (shaded area) but only if the dissolved . g . . . -
trivalent metal ion is a transition element. emitted X-rays is very important in o_rder to avqld saturation
effects, which arise when the detection depth is deeper than
systems, the spatial localization of the 1s orbital involved in the absorption depth (i.e., when all photons are absorbed in the
the excitation results in the spectrum being completely domi- volume from which the fluorescence can escape and reach the
nated by transitions to molecular orbitals with a local p-orbital detector). Saturation effects affect the spectra in the energy range
contribution? although the overall symmetry is not atomic-like. where the intensity is high, and in the case of pure water, where
For an oxygen 1s electronic excitation, the features in the XAS the mean free path of the fluorescence is long, saturation effects
spectrum will thus reflect only the local atomic p contribution may be present above 536 eV. The saturation effect can be
to the excited orbital. Moreover, because of the short time scalereduced by maximizing the penetration depth of the X-ray beam
of the excitation process (less than 1 fs, i.e. much faster thanand by minimizing the detection depth by letting the X-ray
the vibrational and translational motions), the spectrum becomesphotons impinge the sample normal to the surface and then
the sum of snapshot contributions from individual molecules collecting the fluorescence at a grazing angle. To achieve such
in their instantaneous environments. a geometry, the detector is placed perpendicular to the incoming

In our earlier work we could, with the help of density photon beam, and a 0.4-mm slitis placed in front of the detector.
functional theory (DFT) spectrum calculations for specific The slit will screen off most of the fluorescence and give a
hydrogen-bonding situations, assign the XAS spectral featuresdetection angle of only -12°. Whether this arrangement is
of the liquid to two different situations: (1) water molecules sufficient to eliminate the saturation effect completely in pure
having one hydrogen bond broken at the donor side (D-ASYM) water is still under debate. In the present case, however, where
and (2) tetrahedral coordination (SYM) and unsaturation on the metal chloride salts are dissolved in the water, the saturation
acceptor side (A-ASYM), where the latter two gave similar effect is entirely eliminated by the present geometry because
spectrum contributions (Figure 1). In the present paper, we will the chloride ions, with L-edge absorption, reduce the fluores-
follow a similar strategy-combining XAS and DFT to study  cence mean free path in the sample. We will focus further on
the local structure of water in transition-metal solutions. In the origin of the low-intensity features below the pre-edge found
particular, we will show that the molecular orbitals of water for solutions containing transition-metal ions {€Cand Fé"),
ligands in the first hydration sphere mix with the d orbitals of and in that energy region, no saturation effects have been noticed
the metal ion, giving rise to low-intensity pre-edge features in even in the pure liquid water case. Thus, a comparison between
the XAS spectrum. We propose that these features, which wethe different spectra is valid in this energy region, whereas a
have found for solutions of €t and F&" but not for AP (see discussion of the solvation-induced differences at higher ener-
Figure 1), are related to the electronic structure of the solvated gies, although highly interesting, must be investigated further.
trivalent transition-metal ions. Furthermore, we find these 2.2. SamplesThe samples are prepared from commercially
features to be sensitive to the composition of the first hydration available salts from Sigma-Aldrich: chromium(lll) chloride
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Figure 3. Structures of selected cluster models used in the DFT
calculations: (a) [M(HO)¢]®*, (b) [MCI(H20)s]?", (c) [FeCh(H20)4] ",
(d) [Fe(OHY(H20)4]*, and (€) [M(HO)dl* (M = trivalent metal ion).

intensity [arb. units]

ecule®® The replacement of the second chloride ligand is a slow
°) process and takes several days. Also, the hydrolysis is slow,
and the dominant species will then become the violet hexaaquach-
romium(lil) ion, [Cr(H0)s]®".° In our experiments, we used a
solution of CrC4-6H,0(s) that was ca. 24 h old and therefore
had [Cr(HO)s]®" and the monochloropentaaquochromium ion
) [CrCI(H,0)s]?" as the dominant speciés.

b b e ben b b b Iron. There is a slow and complex set of hydrolysis
5% 534 538 542 546 polymerization processes in iron(lll) solutions prior to the

phaton energy [eV] precipitation of iron(Ill) oxyhydroxide$.However, the forma-

Figure 2. Recorded XAS spectra of (a) the sample, (b) thNSi  tjon of the first hydroxo complex [Fe(OH)@d)s]>" and the
window, (c) water vapor, and (d) the result after normalization to the dimer [Fe(OH)x(H.0)*" is rapid. Supersaturated solutions

transmission function and the subtraction of gas-phase contributions. L 10% of the di d b bl
The spectrum from the sample has contributions from the water vapor ONtaiNINg up to 10% of the dimer are reported to be stable

in the He atmosphere. Normally, the peaks are smaller than shown, With respect to the precipitation of goethiteeOOH. Solutions
and it is possible to record spectra without water-vapor peaks. However, of iron(lll) chloride hexahydrate, Feg€BH,O(s), will contain
without the vapor peaks, it is difficult to do a photon energy calibration. chloro complexes as well as particles of solid iron oxyhydrox-
There are also intensity variations due to absorption of the incoming jdes, which makes the spectra more difficult to analyze. By
light by the SiNs window. Furthermore, all spectra are normalized to adding hydrochloric acid, HCI, before dissolving Fe6H,0-
the beamline transmission using a gold mesh prior to tié;S¥indow. S .

(s), hydrolysis is suppressed, and the formation of chloro

TABLE 1: Samples in the O 1s XAS Study of Aqueous complexes is promoted. The dominating species will then be
Solutions of Trivalent Metal lons [M]3*(aq) the dichlorotetraaquairon(lll) ion, [FegH,0)4] ".141>The first
sample color at time coordination sphere in [FegH,0)s]" comprises four FeO
notation [MF)/m of XAS bonds at around 2.0 A and two €l bonds at 2.3 A5 In a
AICI3(aq) 0.89 colorless solqtiqn of iron(lll) perchlo.rate, Fg(CLQg-lO H0, the hexa{aqua-
CrCly(aq) 0.85 pale green ferric ion, [Fe(HO)e]*", will dominate because the ClOion,
é'(%%gsgaqg 8-22 COllorleS"S because of its very low coordinating abil#§will not influence
e s(aq . pale yellow - i -13
FeCh(low pH, ag) 0.88 bale yellow the first hydration spheré:
FeCk(aq) 0.87 yellow-brown ) )
3. Theoretical Calculations
hexahydrate, CrGi6H,O; aluminum chloride hexahydrate,  The interaction between the water molecules and the ion is
AICl3-6H0; iron(lll) chloride hexahydrate, Fe€6H;0, alu- described by means of molecular clusters, modeling the trivalent

minum perchlorate, Al(CI¢)3-9H,0; and iron(lll) perchlorate,  metal jon with its first hydration sphere. The simplest models
Fe(ClQ)s-10H,0. The salts were dissolved in deionized water of the isolated ion in water are [M@®)e]3* (M = trivalent
without any further preparation, except in the case of FdGN metal ion), where the 6 water molecules bind to the cation
pH, aq) where a few droplets of concentrated hydrochloric acid, octahedrally and [M(HO).g3", where the second solvation
HCI, are added before diSSOIVing the salt. The Sample notation,sphere, Composed of 12 water mo|ecu|esl is added (Figure 3)
concentration, and color of the sample at the time of the XAS The use of the cluster approach is justified by the fact that the
measurement are presented in Table 1. interaction of interest, between the water and the metal d orbitals,
2.3. Speciation.Aluminum.The small size of the Af ion is very local in nature. The influence on the computed properties
leads to extensive hydrolysis of its aqueous solutions, but atwith respect to the hydration model was furthermore investigated
the high ¢-1 M) concentration of aluminum chloride hexahy- by comparing results from these two cluster sizes (Figure 4).
drate, AICk-6H,O(s), the dominating species is the hexaa- The two spectra appear to be very similar in the low-energy
quoaluminum ion [Al(HO)g]3+.2:2° region (536-534 eV), where the discussion is focused in this
Chromium.When chromium chloride hexahydrate, C#ClI paper, showing the high locality of the watenetal d interaction
6H,0(s), is dissolved in water, the solution will contain different and justifying the use of the cluster approach in this case. The
species of CrCl inner- and outer-sphere complexes. When excited water molecule in the first solvation sphere has different
fresh, thetransdichlorotetraaquochromium(lll) ion, [Cr&l local hydrogen bond structures in the two cases (the free OH
(H20)4] ™, gives the solution a dark green color, but within 1 h, bonds in the [M(HO)e]3" model are instead coordinated by the
the solution gradually changes to light green because of the second sphere of water molecules in the [IMTHig] 3t cluster),
replacement of one of the chloride ligands by a water mol- which gives rise to the differences between the two spectra at
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Figure 4. Calculated spectra of [Fe(B)e]*>" (—) and [Fe(HO).g)3"

(= —) show that the interaction between the water molecule and the
metal d orbitals is very local in nature and that the spectra of the two
calculated cluster sizes do not differ in the low-energy region {530

530 534 546 550

Naslund et al.

This calculation results in a discrete set of energy levels, each
associated with a specific oscillator strength. The obtained
oscillator strengths are then convoluted with Gaussians of
linearly increasing full width at half-maximum (fwhm) to obtain
the spectra. Effective core potentials (ECPgliminating the

O 1s level on all oxygen atoms but the core-excited one, were
used to simplify the definition of the core hole. The core-excited
oxygen was described using the IGLO-III all-electron basis set
of Kutzelnigg et aPé For the chlorine and metal atoms, TZVP
and DZVP all-electron basis sétsvere used, respectively. The
calculations were performed using a double basis set technique
where in the spectrum calculation the normal molecular basis
is augmented by a large diffuse basis160 functions) to
improve the description of the Rydberg and continuum séétes.

4. Results and Discussion

With the experimental setup described in the Experimental
Section, we were recently able to probe the electronic structure
in liquid water successfully by using XAS at the oxygen K
edge® An experimental O 1s XAS spectrum of pure watisr
presented in Figure 1, and the spectral features (the strong pre-
edge peak at 535 eV, an enhancement at 537 eV, and a less

535 eV). At higher energies, there are some differences because thd?ronounced structure at 542 eV compared to bulk ice) were

excited water molecule in the first solvation sphere has a different local
hydrogen bond structure in these two cases.

shown to be sensitive to the specific bonding of the hydrogens
(donating H-bond) but not of the oxygen lone pair. The reason
for this is that XAS measures the unoccupied 2p character at

higher energies, especially in the pre-edge region, as describedhe oxygen of the probed water molecule, which gives a very

in our previous work on liquid water.”

Chloride ions can substitute water ligands in the first solva-
tion sphere. Two chloro ligands in the octahedral [IMCI
(H20)5— ]@~ M+ (m = 1, 2) clusters can occupy cis or trans
positions, and all combinations were investigated. A more
complex chemistry takes place in Fe(lll) solution because of
the high tendency of the ion to deprotonize the water molecules.
These possibilities are studied by means of the [Fe(OH)-
(H20)s]?" and [Fe(OH)(H20)4*" complexes, where the two
hydroxyl groups that are formed can occupy both equatorial
and axial positions in the distorted octahedtdior all clusters,
the experimental structure, determined in solution by EXAFS
or neutron diffraction, is used if availabté®1”and selected

low intensity for excitations involving the essentially doubly
occupied lone pairs. Three different bonding situations of the
water molecules were considered in ref 5. saturated fully
coordinated (SYM), unsaturated with a missing hydrogen bond
at the acceptor side (A-ASYM), and unsaturated with a missing
hydrogen bond at the donor side (D-ASYM). Because the SYM
and A-ASYM species were found to give similar contributions
to the spectrum, we can distinguish spectroscopically only
whether the H-bonding at the hydrogen side is saturated. The
results in the previous work indicate that the unsaturated
donating H-bonding environment applies to a dominating
fraction of the water molecules.

O 1s XAS spectra of aqueous solutions of metal ions have

cluster structures are presented in Figure 3. For the remainingoverall similar features to those of pure water. There are small
clusters, the geometries were optimized at the DFT/B3LYP changes in the intensities and the peak positions, showing that
level®1° using the Gaussian 98 program pack&y€or the the metal ions affect the H-bonding in water. In the present
geometry optimization, the standard 6-311G basis, with diffuse paper, however, we will focus our interest on the new features
functions, was used for oxygen, hydrogen, chlorine, and that appear in the pre-edge region of the O 1s XAS spectra of
aluminum, and the LANL2DZ pseudopotentials and basis sets aqueous solutions of transition-metal ions. (See the shaded areas
were used to describe the transition metals. in Figure 1.) In FeGJ(aq), there are extra features that are not

The XAS spectra were generated within a DFT framework present in pure water. New features are also present ingFeCl
using the DeMon-StoBe progra@imwith the exchange and  (low pH, aq) and Fe(ClQs(aq), but they not as clear as those
correlation functionals developed by BeckePerdew, and in the FeCj(aq) solution, and in CrG(aq), the pre-edge seems
Wang2® The spectral oscillator strengths (i.e., intensities) in to be slightly shifted to lower energy. The aluminum(lil)
X-ray absorption are obtained by computing the transition solutions, Al(ClQ)s(aq) and AlCk(aq), do not show any major
moment between the initial and final states. differences from pure water. Because these features appear in
aqueous solutions of Feand CE" but not AP, they should
be related to the electronic structure of the transition-metal ions
and the specific bonding in their coordination sphere.

The d orbitals are strongly influenced by the surrounding ion.
The hexaaquochromium ion [CrB)s]3" is the most inert
hydration complex of the first-row trivalent transition-metal ions
mainly because of its large ligand-field activation eneYt3p.

In the current experiment, we can expect that a certain amount
of the monochloro complex, [CrCI@D)s]?", is present in
addition to the hexaaquochromium ion, [Cs(®Js]®". The inner-
sphere chloro ligand in the [CrClg®)s]>" complex can have

L O 1@l 0P @
Within the transition-potential approaéhthe initial and the
final states are obtained from the same wave function, charac-
terized by a half-occupied core hole. The transition-element
calculation for transition between the core level and an unoc-
cupied orbital is thus simplified:

11O |Gy Jule 0P )
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Difference between CrCls(aq) and Calculated O 1s XAS spectra of
AlClz(ag) O 1s XAS spectra [A(H0)6]**, [Cr(H20)el>* and [Fe(HoO)el**
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Figure 5. (Inset) Experimental O 1s XAS spectrum of Cs@h) ) 8
and AICk(aq) (— —). Features in the difference spectrum between £rClI £ e 2 I AR St
(aq) and AICk(aq) ) and in the calculated spectrum of [Ce®e]3"
(— =) and [CrCI(HO)s)?* (— - —) serve as spectroscopic proof of
d-orbital interaction between the €rion and the water molecules in ‘
the first hydration sphere. In the case of the computed [CrOJP", [CrH 0N \
the spectra is the sum of the contributions of core excitations from | \\\
water molecules in equatorial and axial positions in the distorted ~o.
octahedra, with chlorine occupying the remaining axial position.
some effect on the XAS spectra, which will be analyzed on the Fe(H0)% _ I v ‘.\‘_ M
basis of the theoretical calculations below. . . . . .

534 538 542 546 550
photon energy [eV]

The main-group A" metal ion with the closed-shell [Ne] 526 530
electronic configuration binds the first-sphere water molecules

octahedrally with almost the same metakygen distance as ), [CrH0)* (— —). and [Fe(HO)J*" (— - —) clusters. The

(_3r3+: .1'88 and 1.96 A, res_pectwely. (The size _Of the water computed spectra are the sum of the O 1s parallel spin and O 1s
ligand is 1.34 A2%2) For both ions, the mean metal iepxygen antiparallel spin XAS spectra as the example in the inset illustrates.
distance to the second solvation sphere is about-4.2 The inset shows that only electrons with antiparallel spin are allowed
A.89.11293135 The geometrical differences in the hydration to contribute to excitations to the water molecular orbitals that are
spheres of the cations are thus small enough that the Comparisomixing with the open d s_hell of the transiti(_)n-metal ion. The structures
should provide useful information pertaining mainly to the involving the d orbitals in the energy region of 53836 eV change
differences in electronic structure. with the anion, but the structures at higher energies are less sensitive.
Experimental O 1s XAS spectra of water with dissolved is then shifted up into the energy region masked by the
aluminum chloride, AlGJ(aqg), and water with dissolved chro- dominating bulk contributions. Also, in the case of computed
mium chloride, CrCj(aq), are shown in the inset of Figure 5, iron complexes where one or two chlorines replace water
covering the energy range of 53536 eV. (Note the more  molecules in the first solvation sphere, the same upward shift
extended energy range than that shown in Figure 1.) It is clearly together with a reduction in intensity of the firs§ tomponent
seen that AIGJ(aq) has a double pre-edge peak with a shoulder is noticed (see below).
at 534.3 eV and maximum at 535.1 eV that differs from the  Figure 6 compares the calculated O 1s XAS spectrum of the
spectrum of pure water, presented in Figure 1. The presenthexacoordinated A, Cr3*, and F&" ions. We can see that
interpretation is that this difference is due to changes in the the [Al(H;0)s]®" spectrum does not display any features in the
distribution of the D-ASYM water species in the bulk caused energy range of 529536 eV, whereas [Cr(}#D)s]®" and [Fe-
by the ion hydration. CrG(aq) has the same feature but shifted (H,0)s]®*" show three and two peaks, respectively. In aqueous
to lower energy by 0.1 eV. This is actually not a shift in peak solution, the hydrated chromium and iron ions form octahedrally
position but a shift due to extra features in the energy range of coordinated high-spin complexesith singly occupied4, and
532-536 eV. Because the new features in G(&) appear very gy orbitals. This leads, in the case of*Crto an electronic
close to the pre-edge, we have used a subtraction procedure tstructure ([Ar]3d) where the three electrons in the d orbitals
enhance them. A difference spectrum between the {Laq) have parallel spin. The case of aqueoustFgAr]3d®) is
spectrum and the Al@laq) spectrum is presented in Figure 5 characteristic of the small crystal-field splitting of the first-row
showing three peaks at 533.8, 534.5, and 535.8 eV. The transition-metal ions because the five outer electrons can occupy
computed spectrum for the [CrgB)g]®" cluster is compared  all of the d orbitals without pairing. In this way, an O 1s electron,
with the experimental difference spectrum in the Figure. It is with spin antiparallel to that of the five d electrons, can be
clear that the two features at 533.8 and 535.8 eV are well excited into an iron d orbital, but this transition will be “Pauli-
reproduced by the computed spectrum. To assign the feature aforbidden” for an electron with parallel spin (Figure 6 inset).
534.5 eV, we turn to the computed spectra of chloro complex Excitations from both O 1s spin orbitals must thus be considered
[CrCI(H,0)s]%™, also shown in Figure 5, where we consider the to generate the spectra. This fact will furthermore be useful in
inclusion of one chloride in the first solvation sphere (Figure assigning features in the computed XAS spectra to transitions
3). We find that the chloro ligand induces an upward shift of involving excitation into the metal d orbitals, so for each cluster,
the spectrum by about 1 eV as well as a slight compression of two distinct spectrum calculations are performed: with the spin
the features. The comparison with experiment suggests that theof the excited O 1s electron parallel and antiparallel to that of
feature at 534.5 eV should be assigned to theamponent of the d electrons in the ftrivalent ion. An excitation of an
the [CrCI(H:0)s]?" complex. The corresponding eomponent antiparallel-spin core electron into the d orbitals will give rise

Figure 6. Calculated O 1s X-ray absorption spectra of [AI(Js]*"
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Figure 7. Experimental O 1s X-ray absorption spectra of (a) EeCl _ — FeClaaa)
(aq), (b) FeGj(low pH, ag), (c) Fe(ClGs(aqg), and (d) AICi(aq) '§
compared to computed spectral features of hydrated chloro and hydroxo g
iron(ll) clusters (e) [FEOHOHa(H20)4] ™ (—), [FEOH,OHe((H20)4] * &
(= =), () [FeOH(HO)s]*", (g) [FeCk(H0)a] ", (h) [FeCI(HO)s]*", g
(i) [Fe(H20)s]%", and (j) [AI(H0)¢]®". The technique is sensitive enough g
to distinguish changes in the first hydration sphere of the metal ion. £
to two peaks in the XAS spectrum. In the case of a parallel-
spin core-electron excitation, the transition into the 3d orbitals 556500 T Ta0 AT tas b33 ta4 tae 536 a7 t3s
is forbidden in the F& ion, but it is allowed for C¥" because photon energy [eV]
of its & configuration. The two gorbitals in the Ct* ion are Figure 8. Differential O 1s X-ray absorption spectra between (top)
completely empty and free for excitation of both parallel and Fe(ClQ)s(aq) and Al(ClQ)s(aq) ), FeChk(low pH, aq), and AlCG-
antiparallel-spin core electrons. (ag) = —), 1 M HCl(aq) and pure water(+ —), and (bottom) FeGi

. . : (ag) and AICi(aq). The d interaction peak is shifted to higher energy
From a simple consideration of the number of empgiand in FeCk(low pH, aqg) because of the chloro ligands in the hydration

& levels, one would expect corresponding intensity ratios of gopere “The strong features in the O 1s XAS of K@) are due to
3:2 for Feé™ and 3:4 for C¥; these are not obtained from the OH ligands in a colloidal precipitate.

calculations. To understand this, it must be remembered that
the ligand-field splitting of thest and g levels is due to the ligands of the [Fe(OH)(kD)s]2+ and [Fe(OH)(H20)4]" clusters
interaction with the oxygen lone pairs of the coordinated water (Figure 3). The agreement indicates that the first peaks in the
molecules. Thegorbitals are pointing against the oxygen lone FeCl(aq) spectrum, at 530.0 and 531.6 eV, respectively, are
pairs, but theZ; orbitals are not, resulting in different interac-  due to the interaction between the Orholecular orbitals and
tions. If we anticipate that the observed orbitals are antibonding, the d orbitals in the metal. A confirmation of this is the absence
we can expect that the more strongly interactiggvél be at of these two peaks in the experimental spectra of the eCl
higher energy and contain a larger water contribution. This will solution at low pH (Figure 7, left). The broad peak at 532.9 eV
lead to the observed energy splitting and a larger intensity for is then assigned to the d interaction of the water molecules in
the g interacting orbitals in the spectra. Hence, the intensity the Fé* ion solvation sphere. The yellow-brown color of the
ratios of the d-orbital interaction-derived features are different FeCk(aq) solution indicated that a colloidal precipitate had
than expected. The extra, low-energy features, as can be seeformed to some extent. Equilibrium calculations indicate that a
in Figures 5 and 6, can originate only from the d-orbital substantial fraction of the iron would be present in amorphous
interactions between the water molecules and the trivalent jron(lil) hydroxides or crystalline solid compounds such as Fe-
d-metal ion. Finally, the energy shift of about 2 eV between (OH),Clo«s) and that the dominating solution species would
the d-orbital interaction features of the [Cp®)s]®" and the be [FeCh(H20),]* and [FeCI(HO)s)2". Thus, it is likely that
[Fe(H0)e]* clusters is due to the different energy of the d the observed features are due to the hydroxo groups in the solid
levels in Cr and Fe where the higher nuclear charge of the Fe precipitates.
atom leads to a greater stabilization and thus a lower energy By adding HCI to the iron(lll) chloride solution to prevent
for transitions into the 3d levels of Fe the precipitation of iron(lll) (oxy)hydroxides, the speciation will
To show that the mixing between the molecular orbitals of be simplified, and hydrolysis is suppressed. The experimental
water and the Cr d orbitals represents a general case in all O 1s XAS spectrum of water with dissolved ferric chloride at
transition metals, we have also studied aqueous iron(lll) low pH, FeCk(low pH, aq), is shown in Figure 7 (left). The
solutions. Figure 7 (left) includes the experimental O 1s XAS features in the energy range of 53334 eV look similar to
spectra of FeG(aq), Fe(ClQ)s(aq), and FeG(low pH, aq). As those for the aqueous iron(lll) perchlorate solution, Fe(@@O
compared to Fe(Clg)s(aq) or FeGi(low pH, aq), the shapes of  (aq), but are somewhat shifted to higher energy. Calculations
the d-orbital features are more distinct in the F42]) spectrum in Figure 7 (right) showing the theoretical spectrum of the [Fe-
but also more complicated. The difference between theFeCl (H;0)]®", [FeCl(HO)s]2", and [FeCi(H20)s" complexes
(ag) and AICj(aq) spectra (Figer 8 , bottom) displays local indicate that the presence of the chloro ligands in the first
maxima at 530.0, 531.6, and 532.8 eV. Figure 7 (right) shows solvation sphere is responsible for the shift to higher energy of
the computed X-ray absorption spectrum of oxygen in the OH the d-orbital-derived features.
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Figure 9. Difference curve between the Al(Ci3(aq) and AICk(aq)
spectra { - —) shows that the perchlorate oxygen will not contribute
in the energy range of the d-orbital interaction features. DFT calculations
(inset) of QCIO(1s)--H.O K-edge ) and CIQ---H,O(1s) K-edge

(— —) support the experimental results.

To ensure that the addition of hydrochloric acid does not
produce new features in the region of interest, a difference
spectrum betwael M HCl(aq) and pure water is also shown
together with the FeGllow pH, aq) difference spectrum in
Figure 8 (top). The HCI(aq) difference spectrum shows a
structure at 535.1 eV, but the region below 535 eV is not
affected. The difference between the F£GIv pH, aq) and
AlCl3(aq) spectra actually has a peak at 535.3 eV that could
originate from excess hydrochloric acid as in HCl(aq).

The experimental O 1s XAS spectrum of water with dissolved
iron(lll) perchlorate, Fe(Cl@)s(aq), is shown in Figure 7 (left).
There is, as for CrG{aq), an extra feature in the pre-edge region.
The oxygen atoms in the ClO ion will also be excited and
give features in the XAS spectra, but not in the area of interest
for the d-orbital interaction and will not affect our analysis
(Figure 9.) To ascertain that there are no intensity contributions
from the oxygens of the counterion in the lower-energy region
of the spectra, the Fe(Cla(aq) spectrum is compared to an O
1s XAS spectrum of water with dissolved aluminum perchlorate,
Al(ClO4)3(aq). Calculations of XAS spectra for the GiOion
also show that the perchlorate does not give any contribution
in the region below 535 eV (Figure 9 inset). A difference
spectrum of Al(CIQ)s(aq) and AICk(aq) showing the Clgr (aq)
contribution to the spectrum supports the conclusions from the
calculations, as shown in Figure 9. The features at 53833.5
eV must then be due to the interaction between the water
molecule and the d orbitals in the ¥eion.

The difference between the Fe(G)efaq) and Al(ClQ)s(aq)
spectra is shown in Figure 8 (top) together with the correspond-
ing difference between the Febw pH, aq) and AlCi(aq)
spectra. The first difference curve displays d-orbital structure
from 531 to 533.6 eV, and the second shows d-orbital structure
from 531.3 to 533.7 eV. The shape is somewhat different; Fe-
(ClOg)3(aqg) has rather uniformly distributed features of the
d-orbital structure, but Feg{low pH, aq) has more intensity at

higher energy. This experimental evidence further supports our
assertion that the shift to higher energy is due to the presence

of chloro ligands in the inner solvation sphere ofFe

5. Conclusions

In this work, we have demonstrated the utility of X-ray
absorption spectroscopy, in combination with DFT calculations
of the spectral contributions, in studying the electronic structure
of water in the first hydration sphere of metal ions. In our study,
we focused our attention on the interaction betweefi” M
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transition-metal ions and the water molecules in their first
solvation sphere, resulting in characteristic peaks in the O 1s
XAS spectral pre-edge region. In particular, the peaks below
536 eV in the spectra of Cr(lll) and Fe(lll) agueous solutions
but missing in the case of Al(lll) provide evidence for the
existence of orbital mixing between the d orbitals of the metals
and the molecular orbitals of the solvating water. This interaction
between the water and the metal d orbitals is certainly
anticipated in the literatur®,even though direct experimental
electronic structure proof is missing. In fact, no technique other
than XAS, combined with DFT calculations, is sensitive and
selective enough to use as a direct experimental probe of the
local orbital changes resulting from such a weak interaction.

Moreover, XAS shows great sensitivity to the local environ-
ment of the solvated metal ion, and the formation of metal
chlorine inner-sphere complexes is fingerprinted by a chemical
shift in the position of the d-orbital interaction-derived features.

In the case of the complex Feiq) solution, the peaks
located in the 536532 eV region could be assigned to the
excitation of the oxygens in the hydroxyl groups resulting from
the hydrolysis of water molecules and the probable formation
of Fe(OH) 1Clo 5(s) solid precipitates.

In addition to the pre-edge region, aqueous solution XAS
spectra also differ slightly from the pure bulk water spectrum
at higher energies. Although we did not focus on this part of
the spectra in the present work, the information contained there
is indeed interesting and will be the aim of further investigations.

Combined XAS-DFT is a powerful tool for providing insight
into the local electronic structure of a hydrogen-bonded liquid,
and we successfully applied it for the first time on wakér,
showing a great sensitivity to the symmetry and the saturation
of the local hydrogen bond structure. Now this technique is
extended to the case of transition-metal agueous solution, and
for its unique capacity of probing the local electronic structure
around the central ion, it holds the promise of becoming an
important tool, in addition to EXAFS and neutron and X-ray
diffraction, for the study of aqueous solutions in chemistry,
biology, and environmental science.
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