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Molecular-dynamics-based investigation of scattering path contributions to the EXAFS spectrum:
The Cr3* aqueous solution case
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Extended x-ray absorption fine structure spectra were computed based on molecular-dyitbmissuc-
tural data of g Cr(H,0)]®" aqueous solution using nonempirical cation-water potentials. An excellent re-
production of the experimental spectrum was achieved. A simple estimation of Debye-Waller factors of the
multiple-scattering paths is deduced from MD simulations. The influence of the single-scattering path due to
the second hydration shell as compared with the multiple-scattering paths within the first hydration shell allows
a reasonable determination of the second hydration shell disR(@eQ,) within 0.1 A.
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Extended x-ray absorption fine structufEXAFS) spec- terms present in the strong ion-solvent interactihishese
troscopy provides valuable structural information to deter{potentials are able to describe fairly well structural, dynami-
mine interatomic distances and ordering around the absorbegl, energetic, and spectroscopic properties of ionic
atom. The information from this spectroscopy becomes crusolutions:>*" The accuracy in the prediction of structural
cial in systems where only short-range order is present angarameters involved in the first and second hydration shells
concentrations of the absorber atom are lower than 1%—2%s Well as in the vibrational frequencies associated to the first
in solids or 0.2 M in solution. Under these conditions, thehydr""tign shell is particularly relevant for the present
alternative diffraction techniques are not sensitive enougl’p‘."”‘per_:E _ _

Whereas the technique has been extensively used for prob- 1hiS Paper presents a theoretical modeling of the EXAFS
lems in solid state, its application to aqueous solutions hagPectrum of an agueous chromium Se.llt splutlon in order 1o
been infrequent.This is partly justified by the fact that it has get a .deeper ”.‘S'gh‘ into the determination c.)f the second
been generally thought that no more than one hydration SheHydra‘uon shell in one of the most representative stable hy-

: . , >, “drated cations. This is done on the basis of molecular-
around the absorber atom could be determined in the Ifuid. . . ! . )
Our group proposed that it is possible to determine th dynamics(MD) simulations that use the specially designed

_ _ Cr(H,0)6]3"-H,0 potential® and the current version of the
second hydration shell for the case of highly chargeq.c ., ooramt® Results are compared with an experimental

transition-metal cations forming stable solvates such a$ Cr EXAFS spectrum of an aqueous Cr(@ solution recently
salts in watef* This makes the attractive determination of publishec®

cationic environment beyond the first coordination shell pos- simplified expression of the EXAFS function is given
sible, not only in pure aqueous solutions but also in bio-by

chemical media where metal cations play a significant role.

However, scattering phenomena involving more than one paths SS
atom (see Fig. 1 may interfere with single sc_atterlr@s y(k)= E J—2|f(k)|sir[2kRj+goj(k)]xe*ZRJ IN efzgsz,
phenomena due to the second shell, sinRéM-O,) I kR
~2R(M-0,).5° This situation is not new in EXAFS studies (1)

of solutions, but it makes the determination dependent on a
large number of fit parameters of a different physical nature  gcattering paths:
(structural, spectroscopic, and dynamiehich compelled

several authors to include additional and EXAFS- Single Multiple
independent information by using computer simulati6Hs. H""OH
In these studies, the Fourier transfotfl) of the EXAFS — s e
spectrum is often compared with radial distribution functions M =0 Or=M=0r OrZM_ O
or, alternatively, direct simulations of EXAFS spectra are

. ssl A B
performed on the basis of structural results and compared 0 N
with the experimental spectra. Conversely, this type of com- ﬁ I M= 0 M0,
parison has also been suggested as a way of checking the M —O; s 1 /
reliability of the intermolecular potentiafs-> Our group pro- O;
posed the use of the hydrated ion concept to build nonem- 552 C D

pirical intermolecular potentials of highly charged metal cat-

ions of the typg M(H,0),]™"-H,0. One of the key points FIG. 1. Main scattering paths contributing to the EXAFS spec-
of this study is the use of first-principledb initio intermo-  trum: First and second hydration shell SS and first shell MS at the
lecular potentials to deal with the important many-bodyoxygen sites.
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where the summation goes over all pajhiavolving either 3
single (S or multiple-scatteringMS) phenomena. In this
equationk is the wave vectorl\; the coordination number,

Sﬁ the amplitude reduction factoR; the path lengthf the =,
curved-wave backscattering amplituds, the phase shift\ ,
the mean-free-path, am;:lj2 the Debye-Walle{DW) factor. 0 -
The disorder is thus expressed through DW factors, which /A /A

lead to an intensity loss of the EXAFS signal. In an alterna-

tive equation, the disorder arises from summing over a num- FIG. 2. (@ Cr-O phase corrected FT of the EXAFS spectrum
ber of MD structural arrangements. This procedure enablefom experimentfull) and from MD simulationdashed (b) The-

(FTI

the sampling of the configurational space: oretical contributions to the second peak of the FT; second shell SS
(1), second shell SS- first shell MS(2), all paths(3). Experimental
struc. paths | Sg (4) curve shown for comparison.
J!

1
x= 2 2 (K
sty kRiJ" but also for the second peak. To investigate the main contri-
X Si{2kR;  + @; (k) Je~ 2Ri’ (2)  butions to this second peak, Figb? shows thelFT] in the
3-5 A region. In addition to the global curves as in Fia)2
whereNg is the number of structures consideredpes over two theoretical curves computed from the inclusion of se-
the structures obtained from the statistical sampling, jdnd lected paths are shown: the first ofig is generated when
over the paths. only second hydration shell SS paths are considered, and the
Structural parameters were obtained from an experimentalecond curvé?) is obtained by the addition of first shell MS
spectrum using Eq.l) and the same procedure was appliedpaths. The number of individual paths contributing to the
to the theoretical spectrum computed by means of(BgA  second shell SS is roughly ten times smaller than the number
previous study by Campbedit al. on the same system fo- of first shell MS contributions. Second hydration shell SS
cuses on the way of obtaining DW factors from MD simula- paths represent roughly 35% of this second peak, whereas
tions and determines a theoretical EXAFS spectrum by apthe addition of the paths defined within the first hydration
plying an equation of type shell makes up roughly 85% of the intensity of this peak.
Cr K-edge EXAFS spectra were calculated from snap-Campbell et al. obtain a similar estimation of the second
shots of MD simulations of G in water using a new ver- shell contribution from their stud?f’
sion (2.16) of themoLDY programt® A flexible hydrated ion The use of Eq(1) implies the definition of a reference
model was employed such that 3C¢(H,0), interactions (averagedlstructure described by; andR; and a statistical
were described by an effective IW1 potential including distribution of geometrical fluctuations accounted for by the
many-body interactions of the whole first hydration sh&ll, DW factor. Thus, there is a unique structure for which sev-
whereas [Cr(H,0)s]>"-(H,0),u interactions were de- eral SS and MS paths can be defined. The use of(Bq.
scribed by the HIW potentigl Bulk water-water interac- implies the consideration of a high number of different struc-
tions were described by the TIP4P potential. The system watsires and for each one several SS and MS paths are defined.
formed by 1 C¥"+6 (H,0),+512 (H,O)puk- 1 ns of The scope of this study is to discuss the results obtained
simulation at 298 K was performed in the microcanonicalusing Eq.(2) within the usual EXAFS frame of Eql). The
ensemblé® The sampling interval for successive snapshotdarge number of slightly different paths involved in the scat-
was set to 2 ps. For each structure, a cutoff centered arouridring phenomenon had to be rationalized. To this aim, the
the chromium atom was applied such that two hydrationMD structural information was classified in a reduced num-
shells were explicitly considered to calculate the EXAFSber of paths, and the geometrical criteria for pertaining to a
function from selected snapshots by means offer pro-  given path were(i) angular deviations from the averaged
gram (version 8.10.% The subsequent application of geometry smaller than 15° angi) for first shell paths,
FEFFIT? (version 2.54 yielded the spectra ik andr spaces. R(Cr-O)<3.0 A. The most significant paths are shown in
The spectra presented in Fig. 2 correspond to the average Bfg. 1. With respect to the symmetric distribution around the
500 individual spectrum computations, according to @}.  Cr**, only a 0.5% of the corresponding structural arrange-
Whereas hydrogen atoms were taken into account to conments could not be ascribed to some of the previous paths.
pute the potentials of oxygen atoms, no scattering paths inSecond shell oxygen atoms were defined to lie between 3.0
cluding hydrogen atoms were considered, because of theand 4.5 A. The mean second shell coordination number ob-
low scattering intensities. tained is 13.9.
The theoretical EXAFS averaged spectrum is compared Since DW factors are the mean-square displacements of
with the experimental spectrum recently published for a 0.Jpath lengthg o= ((R;—(R))?)], they can be obtained di-
M Cr(NOs); solution® The modulus of both Fourier trans- rectly from the simulation. The results derived from the MD
forms (|FT|) are plotted in Fig. @). The only parameter simulations for the most relevant paths are included in Table
empirically added to the theoretical spectrunsgs its value |. The values of DW factors for firsiss]) and secondss?
being set to 0.81 in order to reproduce the intensity of theshell SS paths are 10%—-20% lower than those obtained by
first peak. It is seen that theoretical and experimental spectr@ampbellet alX° This small difference is probably attribut-
show an excellent agreement, not only for the principal peakable to the use of a different intermolecular potential. Table |
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TABLE |. Distances and Debye-Waller factors obtained froming E; .24 The fit yields goodR factors in both cases

MD simulation, and from fitting either to the computed EXAFS (R=0.013 for the experimentalR=0.001 for the com-
spectrum or to the experimental one. puted ' P .

MD EXAFS fitting A first arlalysis of Table | concerns the comparison of the
results derived from the computed spectrum and those com-
ing from the structural analysis of the MD simulations. At
Path R/A  o%A? RIA  o%A> RIA  o%A*  first sight, they are expected to match. This is the case for

ss1 2.00 0.0024 200 00024 197 00025 R(Cr-O) and o2, values. However, the fitting procedure
+0.003 +0.00006 +0.001 +0.0001 +0.001 +0.0003 Included a certain number of approximations that led to pre-
ss2  4.08 0.039 3.96 0.045 3.95 0.027 dict a R(Cr-Oy) value 0.12 A shorter than the averaged
+0.01 +0.0006 +0.02 +0.004 =003 =+000s Value obtained directly from the MD structures. Likewise,
A 400 00043 400 00048 394 00050 the fittedol,value is slightly larger than the MD one. These
B 4.00 0.0043 400 0.0048 394 0.0050 discrepancies in the second shell description can be envis-
C 4.00 0.0096 400 0.0096 394 0.0100 aged as a methodological error associated to the shortcom-
D 3.41 0.0045 341 0.0048 337 0.0050 Ings of the fitting procedure of a nonprincipal contribution to
the EXAFS signal. This causes an uncertainty in the deter-
*EXAFS data from Ref. 5. mination of the second shell distance 10.1 A.

A second point consists in the twofold comparison of the
shows that four paths, A, B, C, and ss2, have very similagegyits obtained by fitting the experimental spectrum with
_dlstances. This is f[he main reason for the difficulty in tha?'”'those obtained either by fitting the computed one or the
ing the structural information from the second coordinationg;,ctural MD results. Th&(Cr-0,) value only differs by

;phere, as already pointed out in the Introducti(_)n. Int_erest0_03 A from the fitted experimental data to both the com-
ingly, the DW factors calculated from the MD simulations puted spectrum and the MD simulation. This difference

i i i i ~g2~gi~20?2 - - .
obey quite simple relationshipei~ o5~ 0p=~205. INthe 14 10" Cerined to the intermolecular potentials employed.
case of the collinear paths A and B, this agrees with th

independent vibration model proposed by Yokoyashal 22 el'he. DW factor for the first shell is the same in all cases
According to the definition o2 0(2::402 . The triangular within the uncertainty on its determination. TIR{Cr-O,)
! ssl-

path D shows a DW factor close to that of the collinear Yalue is 0.13 A shorter than the MD result, but only 0.01 A

paths, which is consistent with an extension of the indepen§horter than the valge d_erlve_d from the f|tt|ng of the com-
uted spectra. Bearing in mind the small differences ob-

dent vibrati del. Si thi th i h shorter thar®
ent vIDralion mode’. SInce HIs pam IS much shorter tha erved for the first shell, this discrepancy in tReCr-Q;)

paths A, B, C, and ss2, the maximum of the second peak iR >~ )
the FT [curves(2) and (3) in Fig. 2b)] is shifted about  Value may be due to the whole fitting procedure. Two main

—0.1 A with respect to the peak due to the ss2 gatitve ~ causes could be invoked to understand it: first, the inability
(1)]. The set of DW factors associated to the first shell pre.of the model geometry used as reference to bend, and sec-
sents small values as a consequence of the fact that the fi@dd, the restriction in the path number taken into account in
shell oxygen atoms are confined in a narrow region arounéhe fitting.
the cation. In conclusion, the EXAFS spectra generated from a MD-
EXAFS data analyses were performed to examine théased simulation, that uses first-principles hydrated ion-
strategy used to determine the second hydration shell. Fovater potentials and theerrF code, reproduces very well the
this purpose, two analyses were carried out. In the first oneexperimental spectrum considering the hydration structure
the computed spectrum previously generated throughZq. up to the second shell. This confirms simultaneously the
was employed as input data for a fitting procedure. The pagood behavior of the GF HIW intermolecular potential and
rameters obtained are displayed in columns 4 and 5 of Tablef the FErr code. EXAFS-independent analysis of the struc-
. In the second analysis, the experimental spectrum was fityral information derived from the MD computations sup-
ted, and the results appear in columns 6 and 7. In both analysorts the application of the independent vibration model to
ses, the spectrum was decomposed in scattering patigtimate DW factors of MS paths. An intrinsic uncertainty in
contr|but|oq§' from the assumption Ofsf model geometry ihe methodology to determine the second hydration shell of
corresponding to a symmetf€r(H,0)s]"" - (H20)12Clus- ¢ 9 & hag been detected. The value gfisaqueous chro-

?ﬁium solutions has been determined to be 0.81. It appears

shell MS paths, were included in the fitting procedure. Tothat basic and easily applicable rules for the extraction of

reduce the number of parameters to be optimized, DW fac; ;
tors for the first shell MS paths were correlated with the DWSthtur"il parameters from experimental EXAFS spectra of

factor of the first shell SS path according to the ratio found inggvmvesz?tsg];pLntesroéﬁga?at?;ﬁg be formulated from the out
the MD simulation. The consideration of third-order cumu- '

lants did not improve the fit. ThelSalue was fixed to 0.81. This work was supported by the FundatidRamm
Therefore, the free parameters were tR€Cr-O) and  Areces (Xl Concurso Nacional We thank Professor J. J.
R(Cr-Qy)) distances, their corresponding DW factors, the in-Rehr and Dr. K. Refson for supplying us with the latest ver-
ner potential correctiol Ey, and the experimental broaden- sions of therEFFandMOLDY programs, respectively.

Computed Experiment
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