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Molecular-dynamics-based investigation of scattering path contributions to the EXAFS spectrum:
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Extended x-ray absorption fine structure spectra were computed based on molecular-dynamics~MD! struc-
tural data of a@Cr(H2O)6#31 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 distanceR(Cr-OII) within 0.1 Å.
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Extended x-ray absorption fine structure~EXAFS! spec-
troscopy provides valuable structural information to det
mine interatomic distances and ordering around the abso
atom. The information from this spectroscopy becomes c
cial in systems where only short-range order is present
concentrations of the absorber atom are lower than 1%–
in solids or 0.2 M in solution. Under these conditions, t
alternative diffraction techniques are not sensitive enou
Whereas the technique has been extensively used for p
lems in solid state, its application to aqueous solutions
been infrequent.1 This is partly justified by the fact that it ha
been generally thought that no more than one hydration s
around the absorber atom could be determined in the liqu2

Our group proposed that it is possible to determine
second hydration shell for the case of highly charg
transition-metal cations forming stable solvates such as C31

salts in water.3,4 This makes the attractive determination
cationic environment beyond the first coordination shell p
sible, not only in pure aqueous solutions but also in b
chemical media where metal cations play a significant ro
However, scattering phenomena involving more than o
atom ~see Fig. 1! may interfere with single scattering~SS!
phenomena due to the second shell, sinceR(M-OII)
'2R(M-OI).

6,5 This situation is not new in EXAFS studie
of solutions, but it makes the determination dependent o
large number of fit parameters of a different physical nat
~structural, spectroscopic, and dynamic! which compelled
several authors to include additional and EXAF
independent information by using computer simulations.7–13

In these studies, the Fourier transform~FT! of the EXAFS
spectrum is often compared with radial distribution functio
or, alternatively, direct simulations of EXAFS spectra a
performed on the basis of structural results and compa
with the experimental spectra. Conversely, this type of co
parison has also been suggested as a way of checking
reliability of the intermolecular potentials.9,12 Our group pro-
posed the use of the hydrated ion concept to build non
pirical intermolecular potentials of highly charged metal c
ions of the type@M(H2O)n#m1-H2O. One of the key points
of this study is the use of first-principlesab initio intermo-
lecular potentials to deal with the important many-bo
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terms present in the strong ion-solvent interactions.14 These
potentials are able to describe fairly well structural, dynam
cal, energetic, and spectroscopic properties of io
solutions.15–17 The accuracy in the prediction of structur
parameters involved in the first and second hydration sh
as well as in the vibrational frequencies associated to the
hydration shell is particularly relevant for the prese
paper.16

This paper presents a theoretical modeling of the EXA
spectrum of an aqueous chromium salt solution in orde
get a deeper insight into the determination of the sec
hydration shell in one of the most representative stable
drated cations.1 This is done on the basis of molecula
dynamics~MD! simulations that use the specially design
@Cr(H2O)6#31-H2O potential16 and the current version of th
FEFF program.18 Results are compared with an experimen
EXAFS spectrum of an aqueous Cr(NO3)3 solution recently
published.5

A simplified expression of the EXAFS function is give
by

x~k!5 (
j

pathsNjS0
2

kRj
2

u f ~k!usin@2kRj1w j~k!#3e22Rj /l e22s j
2k2

,

~1!

FIG. 1. Main scattering paths contributing to the EXAFS spe
trum: First and second hydration shell SS and first shell MS at
oxygen sites.
©2001 The American Physical Society01-1
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where the summation goes over all pathsj involving either
single ~SS! or multiple-scattering~MS! phenomena. In this
equation,k is the wave vector,Nj the coordination number
S0

2 the amplitude reduction factor,Rj the path length,f the
curved-wave backscattering amplitude,w j the phase shift,l
the mean-free-path, ands j

2 the Debye-Waller~DW! factor.
The disorder is thus expressed through DW factors, wh
lead to an intensity loss of the EXAFS signal. In an altern
tive equation, the disorder arises from summing over a nu
ber of MD structural arrangements. This procedure ena
the sampling of the configurational space:

x~k!5
1

Ns
(

i

struc.

(
j 8

pathsNj 8S0
2

kRi j 8
2 u f ~k!u

3sin@2kRi j 81w j 8~k!#e22Ri j 8 /l, ~2!

whereNs is the number of structures considered,i goes over
the structures obtained from the statistical sampling, andj 8
over the paths.

Structural parameters were obtained from an experime
spectrum using Eq.~1! and the same procedure was appli
to the theoretical spectrum computed by means of Eq.~2!. A
previous study by Campbellet al. on the same system fo
cuses on the way of obtaining DW factors from MD simu
tions and determines a theoretical EXAFS spectrum by
plying an equation of type 1.10

Cr K-edge EXAFS spectra were calculated from sn
shots of MD simulations of Cr31 in water using a new ver
sion ~2.16! of the MOLDY program.19 A flexible hydrated ion
model was employed such that Cr31-(H2O)I interactions
were described by an effective IW1 potential includi
many-body interactions of the whole first hydration shel16

whereas @Cr(H2O)6#31-(H2O)bulk interactions were de
scribed by the HIW potential.20 Bulk water-water interac-
tions were described by the TIP4P potential. The system
formed by 1 Cr3116 (H2O)I1512 (H2O)bulk . 1 ns of
simulation at 298 K was performed in the microcanoni
ensemble.23 The sampling interval for successive snapsh
was set to 2 ps. For each structure, a cutoff centered aro
the chromium atom was applied such that two hydrat
shells were explicitly considered to calculate the EXA
function from selected snapshots by means of theFEFF pro-
gram ~version 8.10!.18 The subsequent application o
FEFFIT21 ~version 2.54! yielded the spectra ink andr spaces.
The spectra presented in Fig. 2 correspond to the averag
500 individual spectrum computations, according to Eq.~2!.
Whereas hydrogen atoms were taken into account to c
pute the potentials of oxygen atoms, no scattering paths
cluding hydrogen atoms were considered, because of t
low scattering intensities.

The theoretical EXAFS averaged spectrum is compa
with the experimental spectrum recently published for a
M Cr(NO3)3 solution.5 The modulus of both Fourier trans
forms ~uFTu! are plotted in Fig. 2~a!. The only parameter
empirically added to the theoretical spectrum isS0

2, its value
being set to 0.81 in order to reproduce the intensity of
first peak. It is seen that theoretical and experimental spe
show an excellent agreement, not only for the principal pe
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but also for the second peak. To investigate the main con
butions to this second peak, Fig. 2~b! shows theuFTu in the
3–5 Å region. In addition to the global curves as in Fig. 2~a!,
two theoretical curves computed from the inclusion of s
lected paths are shown: the first one~1! is generated when
only second hydration shell SS paths are considered, and
second curve~2! is obtained by the addition of first shell MS
paths. The number of individual paths contributing to t
second shell SS is roughly ten times smaller than the num
of first shell MS contributions. Second hydration shell S
paths represent roughly 35% of this second peak, whe
the addition of the paths defined within the first hydrati
shell makes up roughly 85% of the intensity of this pea
Campbell et al. obtain a similar estimation of the secon
shell contribution from their study.10

The use of Eq.~1! implies the definition of a referenc
~averaged! structure described byNj andRj and a statistical
distribution of geometrical fluctuations accounted for by t
DW factor. Thus, there is a unique structure for which se
eral SS and MS paths can be defined. The use of Eq.~2!
implies the consideration of a high number of different stru
tures and for each one several SS and MS paths are defi
The scope of this study is to discuss the results obtai
using Eq.~2! within the usual EXAFS frame of Eq.~1!. The
large number of slightly different paths involved in the sc
tering phenomenon had to be rationalized. To this aim,
MD structural information was classified in a reduced nu
ber of paths, and the geometrical criteria for pertaining t
given path were~i! angular deviations from the average
geometry smaller than 15° and~ii ! for first shell paths,
R(Cr-O)<3.0 Å. The most significant paths are shown
Fig. 1. With respect to the symmetric distribution around t
Cr31, only a 0.5% of the corresponding structural arrang
ments could not be ascribed to some of the previous pa
Second shell oxygen atoms were defined to lie between
and 4.5 Å. The mean second shell coordination number
tained is 13.9.

Since DW factors are the mean-square displacement
path lengths@s i

25^(Ri2^R&)2&#, they can be obtained di
rectly from the simulation. The results derived from the M
simulations for the most relevant paths are included in Ta
I. The values of DW factors for first~ss1! and second~ss2!
shell SS paths are 10%–20% lower than those obtained
Campbellet al.10 This small difference is probably attribut
able to the use of a different intermolecular potential. Tab

FIG. 2. ~a! Cr-O phase corrected FT of the EXAFS spectru
from experiment~full ! and from MD simulation~dashed!. ~b! The-
oretical contributions to the second peak of the FT; second shel
~1!, second shell SS1 first shell MS~2!, all paths~3!. Experimental
~4! curve shown for comparison.
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shows that four paths, A, B, C, and ss2, have very sim
distances. This is the main reason for the difficulty in obta
ing the structural information from the second coordinat
sphere, as already pointed out in the Introduction. Inter
ingly, the DW factors calculated from the MD simulation
obey quite simple relationships:sA

2'sB
2'sD

2'2sss1
2 . In the

case of the collinear paths A and B, this agrees with
independent vibration model proposed by Yokoyamaet al.22

According to the definition ofs2, sC
254sss1

2 . The triangular
path D shows a DW factor close to that of the colline
paths, which is consistent with an extension of the indep
dent vibration model. Since this path is much shorter th
paths A, B, C, and ss2, the maximum of the second pea
the FT @curves ~2! and ~3! in Fig. 2~b!# is shifted about
20.1 Å with respect to the peak due to the ss2 path@curve
~1!#. The set of DW factors associated to the first shell p
sents small values as a consequence of the fact that the
shell oxygen atoms are confined in a narrow region aro
the cation.

EXAFS data analyses were performed to examine
strategy used to determine the second hydration shell.
this purpose, two analyses were carried out. In the first o
the computed spectrum previously generated through Eq~2!
was employed as input data for a fitting procedure. The
rameters obtained are displayed in columns 4 and 5 of T
I. In the second analysis, the experimental spectrum was
ted, and the results appear in columns 6 and 7. In both an
ses, the spectrum was decomposed in scattering p
contributions5,22 from the assumption of a model geomet
corresponding to a symmetric@Cr(H2O)6#31

•(H2O)12 clus-
ter. The first and second shell SS paths, as well as all the
shell MS paths, were included in the fitting procedure.
reduce the number of parameters to be optimized, DW
tors for the first shell MS paths were correlated with the D
factor of the first shell SS path according to the ratio found
the MD simulation. The consideration of third-order cum
lants did not improve the fit. The S0

2 value was fixed to 0.81
Therefore, the free parameters were theR(Cr-OI) and
R(Cr-OII) distances, their corresponding DW factors, the
ner potential correctionDE0, and the experimental broaden

TABLE I. Distances and Debye-Waller factors obtained fro
MD simulation, and from fitting either to the computed EXAF
spectrum or to the experimental one.

MD EXAFS fitting
Computed Experiment

Path R/Å s2/Å 2 R/Å s2/Å 2 R/Å s2/Å 2

ss1 2.00 0.0024 2.00 0.0024 1.97 0.002
60.003 60.00006 60.001 60.0001 60.001 60.0003

ss2 4.08 0.039 3.96 0.045 3.95 0.027
60.01 60.0006 60.02 60.004 60.03 60.006

A 4.00 0.0043 4.00 0.0048 3.94 0.0050
B 4.00 0.0043 4.00 0.0048 3.94 0.0050
C 4.00 0.0096 4.00 0.0096 3.94 0.0100
D 3.41 0.0045 3.41 0.0048 3.37 0.0050

aEXAFS data from Ref. 5.
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ing Ei .24 The fit yields goodR factors in both cases
(R50.013 for the experimental,R50.001 for the com-
puted!.

A first analysis of Table I concerns the comparison of t
results derived from the computed spectrum and those c
ing from the structural analysis of the MD simulations. A
first sight, they are expected to match. This is the case
R(Cr-OI) and sss1

2 values. However, the fitting procedur
included a certain number of approximations that led to p
dict a R(Cr-OII) value 0.12 Å shorter than the average
value obtained directly from the MD structures. Likewis
the fittedsss2

2 value is slightly larger than the MD one. Thes
discrepancies in the second shell description can be en
aged as a methodological error associated to the shortc
ings of the fitting procedure of a nonprincipal contribution
the EXAFS signal. This causes an uncertainty in the de
mination of the second shell distance of60.1 Å.

A second point consists in the twofold comparison of t
results obtained by fitting the experimental spectrum w
those obtained either by fitting the computed one or
structural MD results. TheR(Cr-OI) value only differs by
0.03 Å from the fitted experimental data to both the co
puted spectrum and the MD simulation. This differen
could be ascribed to the intermolecular potentials employ
The DW factor for the first shell is the same in all cas
within the uncertainty on its determination. TheR(Cr-OII)
value is 0.13 Å shorter than the MD result, but only 0.01
shorter than the value derived from the fitting of the co
puted spectra. Bearing in mind the small differences
served for the first shell, this discrepancy in theR(Cr-OII)
value may be due to the whole fitting procedure. Two m
causes could be invoked to understand it: first, the inabi
of the model geometry used as reference to bend, and
ond, the restriction in the path number taken into accoun
the fitting.

In conclusion, the EXAFS spectra generated from a M
based simulation, that uses first-principles hydrated i
water potentials and theFEFF code, reproduces very well th
experimental spectrum considering the hydration struct
up to the second shell. This confirms simultaneously
good behavior of the Cr31 HIW intermolecular potential and
of the FEFF code. EXAFS-independent analysis of the stru
tural information derived from the MD computations su
ports the application of the independent vibration model
estimate DW factors of MS paths. An intrinsic uncertainty
the methodology to determine the second hydration she
60.1 Å has been detected. The value of S0

2 in aqueous chro-
mium solutions has been determined to be 0.81. It app
that basic and easily applicable rules for the extraction
structural parameters from experimental EXAFS spectra
new systems in solution may be formulated from the o
come of computer simulations.

This work was supported by the Fundacio´n Ramón
Areces ~XI Concurso Nacional!. We thank Professor J. J
Rehr and Dr. K. Refson for supplying us with the latest v
sions of theFEFF andMOLDY programs, respectively.
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