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Abstract: A general procedure to compute X-ray absorption near-edge structure (XANES) spectra within
multiple-scattering theory starting from molecular dynamics (MD) structural data has been developed and
applied to the study of a Ni?" aqueous solution. This method allows one to perform a quantitative analysis
of the XANES spectra of disordered systems using a proper description of the thermal and structural
fluctuations. The XANES spectrum of Ni?* in aqueous solution has been calculated using the structural
information obtained from the MD simulations without carrying out any minimization in the structural
parameter space. A very good reproduction of the experimental data was obtained including the second-
shell water molecules in the calculation, thus showing that the second hydration shell provides a detectable
contribution to the XANES spectra of ionic solutions. The analysis including the first-shell cluster only
permitted us to quantitatively determine the effect of disorder on the amplitude of the XANES spectra for
molecular complexes. These results simultaneously confirm the reliability of the procedure and the structural
results obtained from MD simulations. The combination of MD and XANES is found to be very helpful to
get important new insights into the quantitative estimation of structural properties of disordered systems.

1. Introduction structural details contained in the EXAFS spectra of disordered
X b . YAS) i ol . systems is to include independent information derived from
-ray absorption spectroscopy ( ) is a powerful experi- computer simulations. A theoretical approach, which uses pair

mental technique for Io_cal structural dete_rmination, which has distribution functions obtained from molecular dynamics (MD)
been successfully applied to a large variety of systems. XAS g jjations to model the EXAFS signal, has been recently

spectra have been typically Sfp“t into a low-energy region, developed and successfully applied to the quantitative structural
termed ﬁAmES (X-ray absorption near-edge strut::ture), and a investigation of ionic solution3® These studies, mainly dealing
region which extends from about 50 eV to more than 1000 eV with divalent transition metal ions, have shown that the EXAFS

anve J,[he fgdge, Wh'cg is called EXAFS (extended X-ray spectroscopy is an elective technique for elucidating the structure
absorption fine structure). of the first coordination shell of ionic solutions.

q Dulrlng thelllz?)slt zr? years, lmuEh effort has been mad|e t% Conversely, a combined experimental and theoretical study
evelop a reliable theoretical scheme to extract metrical and ¢ Zn2+, Ni2*, and Cé* aqueous solutions has shown that

angular information from the EXAFS spec&.One of the second-shell contributions are not detectable by EXAFS,

major applications of this spectroscopy is the determination of although some authors have claimed that the second hydration

the structure of disor.dered systems even if, .ir.1 the case ofsheII of some cations such as’€rzr2*, and RR* is observable
condensed matter lacking long-range order, the fitting parametersby this techniqué: 10

are often correlated and the EXAFS data analysis can lead to
ambiguous results.A strategy to help in the extraction of
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The XANES spectra are sensitive both to geometrical and
electronic properties of the photoabsorber atom, and the low-
energy region is dominated by multiple scattering (MS) effects,
owing to the low kinetic energy of the photoelectron. In contrast
with EXAFS, the XANES spectroscopy has been hardly used

disordered systems, thus making possible the acquisition of
structural and geometrical information not accessible by other
experimental techniques.

2. Methods

to investigate ionic solutions, whereas several studies on pure 2.1. Experimental Data. A 0.2 M Ni?" aqueous solution was

water have recently appeared in the literaftire.

Recently, a new method (MXAN) of extracting the metrical
and angular structural information available in XANES spectra
has been develop&din the framework of the MS theory and

successfully applied to the analysis of several systems, both in

the solid and liquid state, allowing a quantitative extraction of
the relevant geometrical information about the absorbing
site>~15 However, in the case of ionic solutions, the XANES

obtained by dissolving the appropriate amount of NigyGn water.
XAS spectra at the Ni K-edge were recorded in transmission mode
using the EMBL spectrometer at DESY¥The spectra were collected

at room temperature with a Si(111) double-crystal monochromator, and
50% harmonic rejection was achieved by slightly detuning the two
crystals from parallel alignment. Three spectra were recorded and
averaged after performing an absolute energy calibratighThe
DORIS Il storage ring was running at an energy of 4.4 GeV with
positron currents between 70 and 40 mA. The solution was kept in a

spectra have been calculated considering only the environmentcell with Kapton film windows and Teflon spacers of 1 mm.

formed by the first coordination shell. This approach is usually

2.2. Molecular Dynamics Details.The XANES spectrum of Ni

adopted because the contribution from molecules and arrange-2queous solution has been analyzed starting from the microscopic
ments instantaneously distorted cannot be calculated using thedescription of the system derived from a MD simulation that was

standard XANES data analysis methods. A possible strategy to

overcome this problem is to analyze the XANES spectra using
a microscopic description of the system derived from MD
simulations. As previously mentioned, this approach has been
extensively used for the analysis of the EXAFS energy region,
although only qualitative applications have been performed, up
to now, for the XANES spectra in the framework of the MS
theory1® Recently, XANES spectra of pure water have been
calculated in the framework of full-potential technigues, using
first-principle MD to account for the effects of dynamis.

The aim of this paper is to perform a quantitative treatment
of disorder effects on XANES and to establish whether the
second hydration shell provides a detectable contribution to the
XANES spectra of ionic solutions. To this end, an iterative
procedure which uses MXAN and MD simulations to generate
a configurational averaged XANES spectrum has been devel-
oped and applied to the investigation of théNibn in aqueous
solution.

already successfully used to interpret the EXAFS region of the
spectrunf:” This MD simulation was carried out using a novel
procedure starting from the generation of an effective two-body potential
from quantum mechanical ab initio calculations in which the many-
body ion—water terms are accounted for by the polarizable continuum
model?! This approach is computationally very efficient and allows
one to carry out long MD simulations, indispensable to reproduce the
dynamic properties of the second hydration shell of th&" \bn. A
thorough description of both the procedure and the MD simulation
results can be found in refs 7 and 22. Our effective two-body potential
provides structural results that are in excellent agreement with the most
recent experimental determinations carried out with neutron diffrac-
tion,2® X-ray diffraction?* and X-ray absorption measuremefft#\
recent combined quantum mechaniealolecular mechanical MD
simulation delivers the same coordination numbers for both first and
second hydration shells, as compared to the experimental studies, but
a slightly longer Ni-O distance®

The simulation has been carried out using a modified version of the
GROMACS package version 1.81The system consists of one Ni
ion and 819 SPC/E water molecules. A cutoff of 12 A was used for

Our methodology demonstrates, on one hand, that the secondhe pair interactions, updating the neighboring pair list every 10 steps.

hydration shell provides a detectable contribution to the XANES
spectra of ionic solution and, on the other hand, that it is possible
to perform a quantitative analysis of the XANES region of
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B 2005 109, 5375; Cappa, C. D.; Smith, J. D.; Wilson, K. R.; Messer, B.
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To simulate a canonical ensemble, the temperature was kept fixed at
300 K by weak coupling to an external temperature bath with a coupling
constant of 0.1 p¥ The system was equilibrated for 50 ps and
simulated for 1 ns with a time step of 2 fs. The trajectory was saved
every 25 time steps for analysis, which was carried out using in-house
written codes.

Figure 1 shows the Ri—water radial distribution functiongy(r))
and the corresponding running integration numbers obtained from MD
calculations.

The ion—0 and ion-H g(r)'s show very sharp and well-separated
first peaks, indicating the presence of a well-organized nearest-neighbor
hydration shell. Note that the iefH g(r) first peak falls in a region
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associated with the corresponding instantaneous geometry, and the
averaged theoretical spectrum has been obtained by summing all the

20
spectra and dividing by the total number of MD snapshots used. At
-~ this stage, only the real part of the HL potential has been used; i.e.,
5 10 theoretical spectra do not account for any intrinsic and extrinsic inelastic

process, whereas the damping associated with the core hole lifetime
of the nickel atom has been accounted for in the calculation by convo-
luting the spectra with a constant Lorentzian functibp€ 1.44 eV).

In the second step of the analysis, the influence of the second
hydration shell on the XANES spectrum of XNihas been assessed.

. . ) _ To this end, a trajectory containing the ion and the first nineteen water
Figure 1. lon—oxygen (full line) and iorhydrogen (dashed line) pair 1 5ecules has been extracted from the total MD trajectory. In the
distribution functions as derived from MD simulations fo r’Niagueous .. MXAN calculation, we included all the water molecules separated from
solutions (left scale) and corresponding running integration numbers (right . _’
scale). the cation by a distance shorter than 4.5 A because water molecules at
larger distances have been found to provide a negligible contribution.
where no ior-O contacts are present. This indicates the existence of AlSO, in this case, several spectra have been calculated and averaged
a preferential orientation of the water molecules in the first solvation Starting from the instantaneous configurations obtained from the MD
shell. The integration over the ietO first peak gives a coordination ~ calculations. _ S )
number of six in agreement with the existence of an octahedral structure AN important question when dealing with the computation of spectra
around the ion. The number of water molecules in the second hydration from MD simulations is to determine the total sampling length that is
shell, which is not easily accessible from experiments, can be estimatednecessary to have a statistically significant average. To this end, we
from the simulation. Integration of the MD Ki—O g(r) second peak performed an over-sampled average of both the first-shell, and first-
indicates that the second hydration shell contains about twice the @nd second-shell spectra using 10 000 configurations, and we calculated
number of molecules of the first shélDuring the 1 ns simulation, no @ residual function defined as the difference between the incremental
water molecules in the first hydration shell exchanged with the second @veraged spectrum and the over-sampled spectrum. A residual value
hydration shell. The residence time of water molecules in the second ©f 10°° was chosen to establish the number of spectra which are
hydration shell is 10.3 ps, calculated following the method of Impey Necessary to have a statistically significant average. As a result, we
and coautho?@ and considering a distance cutoff®A for the ion— found that 130 and 400 configurations are the lower limits when
oxygen distance. considering the first-, and first- and second-shells, respectively.

2.3. XANES Data Analysis.The XANES calculations have been An IBM SP3 (16x PW3@375 MHz) parallel machine has been used,
performed using a new software procedure named MXAN5The a_lnd the execution time for a smgle MXAN calculation was 60 s for a
X-ray photoabsorption cross section is calculated using the full MS flrst-shell-_only cluster and ZQ min for aflrst-plus-sgc_ond-shell cluster.
scheme in the framework of the muffin-tin approximation for the shape Wg exploited the embarrassing parallel char_acterlstlc of the procedure
of the potential. The exchange and correlation part of the potential is {0 independently perform 16 MXAN calculations contemporaneously.

determined on the basis of the local density approximation of the self "€ total calculation time for 10 000 first-shell XANES spectra was
energy. The real part of self energy is calculated by using the Hedin then reduced to about 10 h, whereas the total calculation time for 10 000

Lundgvist (HL) energy-dependent potential, whereas all inelastic first- and second-;hel_l XANES ca{culations was 3SQ h. On the other
processes are accounted for by convolution with a broadening Lorent- Zﬁgﬁ A r:cfraallw:;tlzgcl?g f:r:dli?l Ersrte-zsszilclz 333;%2?&:2::5223&
zian function having an energy-dependent width of the fdi({) = pELHc Was 1S ' -

Tt Tmi(E). The constant parf. accounts for both the core-hole as an indicative time for other transition metal water solutions.
lifetime and the experimental resolution, whereas the energy-dependent3 Results

term represents all the intrinsic and extrinsic inelastic procéédg¥’ '

In the first step of the analysis, the XANES spectrum has been  3.1. First-Shell Contribution. The inner hydration shell of
computed considering only the first hydration shell around th& Ni  Ni2* is well-known to have an octahedral structure with six
ion. In this case, 6 oxygen and 12 hydrogen atoms have been includedtightly bound water molecules. The structural disorder within
in the calculation. Additional analyses have been performed including the first hydration shell is derivable from fluctuations of the
the second hydration shell, and 19 oxygens and 36 hydrogens haveyater molecules around the absorber atom, as determined from
been included as scatterer atoms using the geometry and the_orle_nta_tloqhe MD simulations. This microscopic description of the solution
of each MD snapshot. The importance of the hydrogen contribution in enables an “a priori” estimation of the damping associated with
the calculation of the XANES spectrum of Niin aqueous solution . N .
has been outlined in ref 14. The potential has been calculated usingglsbsyt&%t;gl?elf(';%‘igc\’t\g'C_?hlz g\z?:gig?ﬁ;ﬁ:ﬁéjaﬁhggggt%rne

muffin-tin radii of 0.2, 0.9, and 1.2 A for hydrogen, oxygen, and nickel, . ) : -
respectively. associated with the octahedral hydration complexes obtained

2.4. Computational Procedure XANES spectra of the N aqueous ~ {fom the MD simulation is shown in Figure 2, together with
solution have been calculated starting from the microscopic structure two individual instantaneous structures. The calculated XANES
derived from MD simulations. A direct method to obtain the proper spectra present noticeable differences all along the energy range,
configurational average of the X-ray absorption cross section is to showing the sensitivity of the XANES spectra to geometrical
calculate several theoretical XANES spectra from distinct MD snapshots changes. As expected, the main differences are present for
and to gen'erate an averaged spectrum accounting for thermal a”denergy values higher than 25 eV, where the structural contribu-
structural disorder. _ , N ~ tion dominates, and this shows the importance of making a
_ In the_ﬂrsﬁ step of th_e analysis, a trajectory containing only the nickel proper sampling of the configurational space. A deeper insight
ion and its first hydration shell has been extracted from the total MD into the effect of thermal disorder on the XANES spectra of
trajectory. Each snapshot has been used to generate the XANES,. . . .

first-shell hydration complexes has been obtained by comparing
the averaged total XANES spectrum with the spectrum calcu-
lated using a unique, rigid octahedral model with—0

(29) Impey, R. W.; Madden, P. A.; McDonald, I. B. Phys. Chem1983 87,
5071.
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Figure 2. Comparison of the theoretical XANES spectrum obtained from Figure 4. Comparison of the theoretical XANES spectrum obtained from

76 100 125

the MD average including the first hydration shell (solid line) and two
spectra associated with individual MD configurations (dashed line). Upper
panel: symmetrical first-shell hydration complex of?Ni

the MD average including the first and second hydration shells (solid line)
and three spectra associated with individual MD configurations (dashed
line). Upper panel: typical first and second-shell hydration cluster.

than that of the first shell as the quantitative analysis of radial
distribution curves in the long distance range is difficult and
much less reliable. Until now, X-ray diffraction has been the
principal source of structural information on the second sHell,
although the contradictory results present in the literature
indicate that it is not exempt from arbitrariness. More reliable
information on the structure of the second shell may be obtained
by isomorphous substitution methods in X-ray diffraction and
isotopic substitution methods in neutron diffraction measure-
ment3! Of course, such methods cannot be applied to every
electrolyte solution. In this contest, the possibility of using the
XANES technique to gain structural information on the second
coordination shell of transition metal ions in water solutions is

1.5

1.0

Absorption

0.0 4 | 1 1 I 1
50 75 100 125

Energy (eV)

Figure 3. Comparison of the theoretical XANES spectrum obtained from
the MD average including the first hydration shell (solid line) and a single
theoretical XANES spectrum computed from a symmetrical first-shell cluster

very interesting.
As outlined above, the second hydration shell contribution
to the XANES spectrum can be calculated starting from the

(dashed line). microscopic configurations derived from the MD calculations.

_ _ _ ) ~In particular, our MD simulation suggests the presence of a
distances of 2.03 A (see Figure 3). The interesting fact derived second shell formed by about 13 water molecules at about 4.27
from Figure 3 is that the structural disorder has a small effect A The coordination number and the mean square deviation
on the XANES spectrum, and differences are only evident in agree well with the average values provided by XRD and ND
the energy range above 25 eV, in agreement with the exponentialsy dies?* reinforcing the reliability of the MD structural results.
trend of the thermal damping factor. _ The XANES total theoretical spectrum obtained from 400

This result is not surprising as the Niion forms a quite- MD snapshots including both the first and second shell is shown
stable hydration complex, and fluctuations of the first-shell water in Figure 4, together with three spectra computed from
molecules are due only to the thermal motion. In the case of instantaneous configurations. In this case, the individual spectra
alkali metal ion agueous solutions, where the mean-residenceshow marked differences both in the edge and in the higher-
time of water molecules in the first hydration shell is very short, energy region. Several peculiar features are present in the
the hydration sphere is highly diffuse and poorly defined, and individual spectra, which are due to the second-shell local
the corresponding damping effect is expected to be much geometries. All these structural peaks are smeared out in the
stronger.

3.2. Second-Shell Contribution. Structural and dynamic (39 Sf’ﬁfigging;rgﬁg{?'gggggbgé; Chillemi, G.; Della Longa, S.; Benfato,
information on the second hydration shell of ions is much poorer (31) Enderby, J. EChem. Soc. Re 1995 24, 159.
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Figure 5. Comparison of the theoretical XANES spectrum obtained from
the MD average including the first hydration shell (dashed line) and the
averaged theoretical XANES spectrum including the first and second shells
(solid line).
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averaged spectrum, which shows the characteristic oscillations Energy (eV)
Obsler\_/ed n the_ experimental data. Qon5|der|ng _the large rigure 6. Upper panel: Comparison between the averaged theoretical
deviation among instantaneous spectra, it seems unlikely that axANES spectrum including the first shell (solid line) and the experimental

single representative configuration can be used to model thedata (dotted line) of Ni* in water solution. Lower panel: Comparison
experimental data. between the averaged theoretical XANES spectrum including the first and

. . . second shell (solid line) and the experimental data (dotted line) ©f iNi
A deeper insight into the effect of the second hydration shell \ater solution.

on the XANES spectrum of Ri can be gained by the direct
comparison between the averaged spectrum calculated usingalculated and experimental data is much better; the intensity
first-shell-only and the first- and second-shell clusters (see Figure of the peak after the main edge resonance is almost reproduced,

|
80

0 100

5). Significant differences appear in the low-energy region up
to about 60 eV from the threshold. In particular, the edge
intensity is lowered in the spectrum containing only the first-
shell water molecules, which exhibits a different shape in the

and the hump at about 18 eV is smeared out. Rhgvalue is

2.0, showing the improvement obtained with the inclusion of
the higher distance contribution. It is important to outline that
the XANES spectrum has been calculated using the structural

information obtained from the MD simulations without carrying
out any minimization in the structural parameter space. To the
best of our knowledge, this is the first time that a XANES
spectrum has been quantitatively reproduced in a wide energy
range using the dynamical description of the system obtained
from a simulation. Thus, when second-shell contributions are
The combined MD-XANES analysis performed in the present included in potential and full MS calculations, the shape of the
study clearly shows that the second-shell water molecules averaged theoretical spectrum is much more similar to the
provide a detectable contribution to the XANES spectrum of experimental one.
Ni2* in water. Nevertheless, to assess the reliability of the entire  The final appearance of the shoulder at 18 eV and of the
procedure, it is necessary to compare the total averaged XANESheight and shape of the rising peak is the result of the second-
spectra with the experimental data. To this end, all inelastic shell structural contribution obtained from the statistical average
processes have been accounted for by convoluting the theoreticaintroduced by the set of MD snapshots used to compute the
averaged spectra with a broadening Lorentzian function, andindividual spectra. This finding supports strongly the need to
the corresponding nonstructural parameters have been optimizedinclude statistical structural information on the second coordina-
The agreement between the experimental and theoretical datdion shell to correctly reproduce the experimental data. As
has been assessed by the goodness-of-fit paranfgr &s previously observed, the XANES structures are extremely
described in ref 12. sensitive to the second-shell local geometries, and a thorough
In the upper panel of Figure 6, the experimental XANES data sampling of the configurational space has to be made to perform
are compared with the averaged theoretical spectrum includinga correct analysis. Therefore, although a single representative
the first-shell water molecules only. The overall agreement of configuration can be used to model the first hydration shell,
the two spectra is good even if the first rising peak of the this approach cannot be adopted to include the effect of higher
theoretical spectrum is slightly over damped as compared with shells.
the experimental one. Moreover, the shape of the spectrum at A last remark we would like to make concerns the ap-
about 18 eV is not completely reproduced. In this caseRifje  proximations used to calculate the XANES spectra. As previ-
value obtained from the minimization is 3.5. In the lower panel ously mentioned, all of the calculations have been performed
of Figure 6, the averaged theoretical spectrum including both in the framework of the muffin-tin approximation, and this could
the first and the second hydration shell is compared with the be the origin of the discrepancies between the theoretical and
experimental spectrum. In this case, the agreement betweerexperimental spectra as evident from the lower panel of Figure

region around the first minimum. The two spectra become
identical for energy values higher than 60 eV, and this finding
underlines the insensitivity of the EXAFS technique toward
second-shell contributions.

4, Discussion

J. AM. CHEM. SOC. = VOL. 128, NO. 6, 2006 1857
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6. To investigate the effect of the muffin-tin approximation, contribution, thus confirming the reliability of the MXAN
we performed a preliminary full-potential first-shell calculation procedure.

using a fixed octahedral configuration and optimizing the A very good reproduction of the experimental spectrum has
nonstructural parameters only. As a result, the shape of thepeen obtained including the second-shell water molecules in
spectrum slightly changes, especially in the low-energy region, he calculation. The XANES spectrum ofNiaqueous solution

showing that the muffin-tin approximation has some effect. ig strongly influenced by the second hydration shell, but in this

Nevertheless, up to now, an averaged spectrum including thecase  the importance of fluctuations of the structure around the
second hydra_tlo_n shell cannot be calculated using a full-potential ;psorber atom forces one to take them into account when
proced:thg Wltlhtl.n the MS t?eory QUT to tlheI ti.xtremely long calculating the XANES.
computational time require for a single calculation. .
In conclusion, we have developed a general procedure to In thg case of dlso.rdered systems, whereas the EXAFS data
calculate a configurational averaged XANES spectrum directly can fbe ;Eterdpretedd u3|r_1t?] z?hmog\% ?vetragethstructurlf and acc;)u dnt-
from the geometrical configurations generated from MD simula- Ing for the disorder wi € factor, the resulls presente
tions. Theoretical XANES spectra have been calculated with here indicate th_at this approach is not comple_tely _rehable for
the MXAN code, and the procedure has been applied téa Ni the XANES region of the spectrum, because in this case, the
aqueous solution. A parallel execution of MXAN has been second hydration shell provides a clearly detectable contribution.
performed, allowing a substantial reduction of the calculation 1Nerefore, the combination of MD simulations and XANES may

time. provide new important structural insights into the high distance
This approach, applied to the first-shell cluster, allowed us "@nge of liquid samples and biological media.

to quantitatively determine the effect of disorder on the

amplitude of the XANES spectra for molecular complexes. In

this case, the DW effect has been found to provide a very small JA0562503
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