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Abstract: The analysis of the extended X-ray absorption fine structure (EXAFS) spectra of dilute aqueous
solutions (0.1 M) of Cr(N@)3 and Rh(NQ)3 was performed using several approaches. Single- and multiple-
scattering (SS and MS) phenomena were taken into account to establish the relative importance of their possible
contributions to the long distance pedk 4 4 A). XANADU, FEFF, and FEFFIT codes were employed to
analyze the data. The first approach considered the single-scattering contribution due to the existence of a
well-defined second hydration shell around both of the trivalent catiods,add RET. The second approach
evaluated the contribution due to the multiple-scattering phenomena inside the first hydration shell. Comparison
of experimental spectra with the calculated ones considering either one or both of the contributions led us to
conclude that both contributions were significant in the higiegion of the spectra. This study supports our
previous hypothesis which states that the second hydration shell structure can be obtained by EXAFS in these
cations, although a quantitative analysis demands the inclusion of multiple-scattering phenomena inside the
first hydration shell.

Introduction information beyond the first hydration shell. Thus, we recently
have shown experimental evidence by EXAFS of the presence

The extended X-ray absorption fine structure (EXAFS) f a second hydration shell for a set of transition metal cations

technique has been used during the last 20 years as a powerfug, aqueous solutions over a wide range of concentrafi@igen

tool for describing the near environment of atoms n conden;edthat an EXAFS signal usually has an amplitude that represents
phases. In contrast to X-ray diffraction methods, this absorption 5-10% of the whole absorption edge jump and that the
technique needs neither long-range order in the system under

. . o | contribution due to the second hydration shell is not expected
study nor high concentrations of the species investigated. Theseto be higher than 515% of the EXAFS amplitude, the

advantages have_led to its wic_jespread use in the Charf’icteriza}tio'%tscription of this second shell contribution is a delicate and
of amorphous solids, highly dispersed catalysts, and bIOChem'calcontroversial subject. In fact, the simultaneous concurrence

?tructures conta|n|r!gtmetal!|c cat|o%:§.fL|ket\/v 'Sf’ |0|n|c SO'.U' i of good quality data and the appropriate data analysis procedure
ions seem appropriate environments for structural examination;s " coqed to determine this second shell. However, this

by EXAFS. However, the literature in this and other fields, capability is of general interest because it opens the door to

such as electrochemistry, is scafceThis is in part because obtaining additional structural information on the near environ-

.Of the generally accep_ted diffic_ulty_ of obtaining S"UCt”Fa' ment of metal ions in solutions or in other electrochemical or
information beyond the first coordination shell of the absorbing 0 1< ical media

atom due to the sensitivity of EXAFS to disorder, which is . . .

usually higher in the liquid state than in the solid satimple, . To deal with thg structure around highly charged metal cations

well-defined aqueous solutions of highly charged metal cations N aqueous s_olutl_ons, some _authors have argued that the small
peak appearing in the Fourier transform (FT) of the EXAFS

such as Gi", R+, Ga*, or Zr*t seem particularly suited for . . : .
: S, , : : spectra at higiR (ca. 4 A) is due to the multiple-scattering (MS)
investigations into whether this technique can supply structural phenomenon taking place within the first hydration shelf
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N

that this peak is mainly due to the second hydration shell single

o Kk L

techniqued:>712 A peculiar characteristic which introduces L\
V \/ \/ v o
the value corresponding to that of the first sHellhus, one or I
and multiple-scattering contributions, such as the FEFF pro-
carefully revise the analysis of EXAFS spectra of thé'Gmd =

tion derived from other independent spectroscopic or diffraction

ambiguity in this problem is the fact that the solvation structure /\ /\ AN,

the oxygen atoms of the second hydration shell is about twice

both of these contributions might be responsible for the long 2 L .
The development of refined algorithms that calculate single- k8/A"

gram® coupled to appropriate fitting programs, such as 2

(DW) factors to the different contributions compelled us to 1 A

Rh3*T aqueous solutions. These ions form two of the most stable > \/ \/\\/\\/\\/

scattering (S$)t agree reasonably well with structural informa- - [Rh(H.O).T"
2 6

around cations is such that the distance between the ion and

distance peak in the FT of the EXAFS spectra. 4 12

FEFFIT!* and reasonable criteria to assign Debydaller i [Cr(Hzo)6]3*

hexahydrates in water and show two of the best defined second x|

hydration shellg:>12 At
The aim of this work was to examine whether one, both, or

neither of the above-mentioned contributions was responsible 2 L :

for the long distance peak of the FT of the EXAFS spectra for 4 8 12
these two ionic aqueous solutions. KA

Figure 1. k®-Weighted EXAFS spectra at the Rhand CkK edges
of 0.1 M M(NGOs); (M = Rh, Cr) aqueous solutions.

Experimental Measurements and Data Analysis

The Rh-K edge (22 228 eV) X-ray absorption spectrum of a 0.1 M
aqueous solution of Rh(N{2 was measured at the 9.2 wiggler beamline  The EXAFS spectrum of the solid crystalline hydrate [Crep
at the SRS (Daresbury, U.K.). The ring energy was 2 GeV, and the 9,0 of known structurt was used to determine the first shell-@

ring current was 250 mA. A double-crystal Si(220), detuned 80% to pond distance and the amplitude reduction fagand to test Debye
reject higher harmonics, was used. The-&redge (5989 eV) XAS Waller (DW) factors.

spectrum of a 0.1 M aqueous solution of Cr(fowas measured at

beamline BL-12C at the Photon Factory of the Institute of Materials Resylts and Discussion

Structure Science (Tsukuba, Japan), with a ring energy of 2.5 GeV

and a ring current of 300 mA. A double-crystal Si(111) monochromator  Unfiltered andk?-weighted EXAFS spectra of the Rhand

was used, followed by a Rh-coated Si focusing mirror. Higher Cr3" aqueous solutions have been plotted in Figure 1. It is worth

harmonic rejection was carried out with a Sitotal reflection mirror. noting that the data quality is excellent in both spectra and

Energies were calibrated using Rh and Cr foils, for-fRhand Cr—K particularly good for the Gf spectrum. The calculated

edges, respec_tively. Energy resolution was esti'mated to be about 3uncertainties for Rh and Cr spectra are ¥.604 and 3.5x

eV at the rhodium edge and 1.5 eV at the chromium edge. Measure- 55 osnectively, whereas spectra with noise levels on the order

ments were carried out in transmission mode using optimized ion £1.0x 10-3 I idered “00od” litv data. Both

chambers filled with the appropriate gas mixtures (He/Ar and He/Kr of 1.Ux are usually considered "good- quaiily data. bot

for I, andl, when measuring the RFK edge: He/N and N for I, and spec_tra show a rqther simple wave, indicating that there is a

I, when measuring the €K edge) as detectors. Each datum point dominant contribution, although the Rispectrum shows lower

was collected for 1s, and several scans were averaged to minimize highdntensity at lowk values.

and low-frequency noise. In both cases, the aqueous solutions, at pH The Fourier transforms, phase-shift-corrected for-®

1 to prevent hydrolysis, were placed in special liquid cells that enable contributions and plotted in Figure 2, show for Cr and Rh spectra

the recording of highly corrosive media with different path lengths. 3 main peak centered at 2.0 A and another smaller contribution
Background subtraction was carried out by a procedure described cantered at approximately 3.8 A, with the latter stronger in the

El)s(i"l‘:’geré? ulsmg thebXAN'g‘%U ana'yﬂs ;S;';‘ge' Superir?posed Cr3* spectrum. The first peak corresponds to the SS contribu-

signals were obtained by using the ogram to perform tion from the first hydration sphere. The coordination distances
background subtraction. The raw EXAFS data were analyzed with the found for this contribution are 2.022 and 1.970 A for the-Rh

FEFFIT software packagé,using functions calculated with the FEFF > ) .
7.02 progrart for the single- and multiple-scattering paths. Some and CrO signals, respectively, whereas the corresponding

FEFF and FEFFIT files used for Rh calculations are included as values for the DW factors are?is; ss = 0.0022 and 0.0029
Supporting Information to allow for the reproduction of the results. A2 Figure 2 also includes the results of the calculations
described below.

(11) (a) Diaz-Moreno, S.; Mloe-Paz, A.; Martinez, J. M.; Pappalardo,

R. R.. Smchez Marcos, EJ. Am. Chem. Socl996 118 12654. (b) To analyze the Io_ng dista_nce peak, three different ap_proach_es
Martinez, J. M.; Pappalardo, R. R.:18&ez Marcos, E.; Refson, K.; &a- were employed. Figure 3 includes all the paths considered in
MO(T;)OMSI; M“'?{Zl'%é bAtJ PT}\’/.SI- Ch‘gﬁ: E99ta 1%2}(3213-86 the three approaches: first and second shell SS paths and first
arcus, y.lon sovation; lney: IcChester, U.K., . - . .

(13) Zabisnky, S. I.; Rehr, J. J.. Ankudinov, A.; Albers, R. C.. Eller, M. shell MS paths. In the fl_rst approach, only the_ SS con;r|_but|on
J. Phys. Re. B 1995 52, 2995. from the second hydration sphere was considered, fixing the

h(14) Stern, E. A.; Newville, M.; Ravel, B.; Yacoby, Y.; Haskel, D.  coordination number to the values previously determined by
Physica B1995 208 & 209 117. : 2 (i :

(15) Schez Marcos, E.: Gil, M.: Maitez, J. M.: Miioz-P@z, A.: other techniqueg? (i.e., 12 for Rh and.14 for Cr) and leaving
Sachez Marcos, ARev. Sci. Instrum1994 65, 2153. as free parameters the coordination distance and the DW factor

(16) Sakane, H.; Miyanaga, T.; Watanabe, |.; Matsubayashi, N.; Ikeda, for this shell. The second hydration shell can be roughly
S.; Yokoyama, Y.Jpn. J. Appl. Phys., Part 1993 32, 4641.

(17) Vaarkamp, M.; Linders, J. C.; Koningsberger, DRBysica B1995 (18) Lazar, D.; Ribar, B.; Divjanokovic, V.; Meszaros, CActa
208 & 209, 159. Crystallogr. 1991, 47, 1060.




M(HO)s>* EXAFS Spectra

3

a

IFT|

0.4

0.3

IFTI

0.2

0.1

0.0

R(A)

Figure 2. Magnitude of the phase-shift-corrected Fourier transform
of the experimental and calculated EXAFS spectra of'Rla) and

Cr3* (b) aqueous solutions: experimental spectrum (solid line); best
fits obtained with the parameters of Table 1 including single scattering
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Figure 3. First and second hydration shell SS and MS paths within
the first hydration shell of the hydrated cations.

In the second approach, only MS contributions from the first
hydration shell were considered to reproduce the second peak.
The results of the FEFF calculations with a plane-wave
amplitude filter of 2.5% yielded the seven (&) MS paths
included in Figure 3. The first three correspond to the three-
and four-legged paths appearing in the linear arrangement
O—M-—0. The other four are the three- and four-legged paths
involving cis oxygen atoms around the metal center.

To reduce the number of free parameters, an independent
vibration approximation mod#&?2was considered. According
to this model, the DW factors for these MS paths were not free
parameters, but rather they were defined as functions of SS
M—0 and G-O DW factors. When this noncorrelated motion
model was taken into account, only A, B, and C paths, including
aligned atoms &M —0, showed a DW factor small enough to
yield a significant EXAFS contribution. In contrast, the
triangular paths (B-G) have a very high DW factor, and their

(SS) contributions from the first and second hydration shells (dashed Contribution to the EXAFS signal is thus negligiBfe?® There

line); single- and multiple-scattering (MS) contributions from the first

hydration shell (dotted line); SS and MS contributions from the first

hydration shell plus SS contributions from the second hydration shell
(dashed-dotted line). In all cases, the long distance peak magnitude
has been multiplied by a factor of 6 (see rightxis).

described as formed by pairs of water molecules hydrogen-

bonded to each water molecule from the first hydration shell.
The HOH angle is ca. 105 and the M-O,—0Oy angle is
expected to be around 13&s shown in Figure 3. Thus even

were no variables in this approach.

According to this model, the DW factor for path C (twice
single scattering) equals 4 times the value of the®SS path,
0%c = 40%st ss There is not a similar simple relationship for
DW factors for paths A and B, but their values are ap-
proximately twice those of the corresponding-® SS paths,
0%ap ~ 20%st ss?t The MS contributions calculated in this
way for the RRT and CE™ EXAFS spectra have been plotted
in Figures 4a and 5a, respectively. As shown there, the most

without taking into account the high values of the DW factors, intense linear paths, A and B, are opposite in phase, so they
MS effects from the second hydration shell are not expected to Partly cancel each other, and the amplitude of the sum of the
be relevant, because oxygen atoms in this shell are not alignedthree contributions (solid lines plotted in Figures 4b and 5b) is

with those of the first shell. Moreover, the tilt an§l@°of the
nearest water molecule would lead to further distortion of the

much smaller than expected. A similar effect has been observed
in the mercury dihalide$ as well as in the platinum hexaha-

structure. A fair reproduction of the second peak was obtained lides”® and should appear in all systems of the typeA¢X

with this approach for the €t spectrum (dashed line in Figure
2b); however, that of R (dashed line in Figure 2a) is worse.

showing a trans arrangement of the backscattering atoms (X)
with the absorbing one (A), regardless of the DW factors used.

The DW factors obtained for the rhodium and chromium spectra As a consequence, the amplitude of the hijpeak obtained

were 0.0125 and 0.0172Arespectively.
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Figure 4. EXAFS contributions to the long distance peak, calculated
with the parameters used in the third approach for the rhodium spectrum
(see Figure 3 for path identification): (a) contributions from MS paths
A (dashed line), B (dashedtotted line), and C (short dashed line);
(b) sum of MS paths A+ B + C (solid line) and SS contribution from
the second shell (dotted line); (c) phase-corrected Fourier transform o
the curves included in part b of this figure.

Figure 5. EXAFS contributions to the long distance peak, calculated

with the parameters used in the third approach for the chromium

spectrum: (a) contributions from MS paths A (dashed line), B (dashed

dotted line), and C (short dashed line); (b) sum of MS paths B +

C (solid line) and SS contribution from the second shell (dotted line);

f(c) phase-corrected Fourier transform of the curves included in part b
of this figure.

. . . Table 1. Fitting Parameters for Rh and C#* EXAFS Spectra
in such a way was smaller than the experimental one in both 2 Fip)

spectra, as plotted in Figure 2 (dotted line).
In the third approach, both types of contributions were :
included in the FEFFIT analysis with the restrictions mentioned second shell first shell second shell SS
' L ss MSP  + first shell MS?
above: fixed coordination numbers for the second shell and DW ITS? She

approach used

factors for MS contributions within the first coordination sphere  RN(H0)e*" © ReecondA) 3.99+0.03 3.98+ 0.05

. - L . : 0%second s4A?) 0.0125+ 0.004 0.028+ 0.011
defined as functions of SS contributions. Two variables per fit Faret s (A2) 0.0045 0.0045
were used in this approach. As expected, the best reproduction R factor 0.015 0.015 0.013
of the EXAFS spectra was achieved with this approximation 02 259 203 174
(see Figure 2), although the improvement was more significant Cr(H20)e** ‘ R§e°°"d(A) A2 g'?)?i Oboégs g.g;i&oboggg
in Rt than in CP* (cf. R factor andy,? values in Table 1 szei"“”ﬂdss(iz)) 017£0. 00057 00057
and CF* and RI* spectra in Figure 2, dashedotted line). R factor 0011 0012 0010
An additional difference between both systems was the increase 102 2988 4154 2692

in the coordination distance of th_e s_econd hydratic_m shell —; Fitted variable= 2. ° Fitted variable= 0. ° Rh(HO)*": Reno =
observed for C¥* when the two contributions were considered, 2022 A: g% ss= 0.0022 & S2 = 1: Ak = 2.7-12.7 A AR =
while no changes were detected for3Rh Parts b and c of 0.8-4.3 A; AE; = —0.2 eV.9 Cr(H,0)s**: Rer—o = 1.970 A; 0%t ss
Figures 4 and 5 include comparative plots of the second shell = 0.0029 &; S = 0.885 (determined from the spectrum of crystalline
SS and the sum of first shell MS contributionsiandR spaces. ~ hydraté?); Ak = 2.8-13.7 A, AR=0.9-4.1 A/ AB = ~2.1 eV.
Since the DW factors for MS contributions were fixed, their hydration shell contribution. On the contrary, the DW factors
amplitudes were not modified by the inclusion of the second for the second shell SS contributions were multiplied by a factor
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of approximately 2 after the inclusion of first shell MS because these contributions are significant in this region of the
contributions (third approach). spectrum. For these aquaions, the octahedral structure leads to
The parameters used in the fitmetat-oxygen bond distance  the appearance of MS paths whose important contributions to
Rsecond(variable), DW factors for MS (fixed) and SS (variable) the EXAFS signal are mutually canceled to a large extent. This
contributions pZrst ms andoZsecond ssand additional information  helps to maintain the importance of the second hydration shell
such as the amplitude reduction fact&?, inner potential single-scattering contribution. Surprisingly, this contribution
correction,AEy, and fitting ranges for the three approaches  was different in the Gt and RR* spectra, although the structure
are shown in Table 1. In addition to the comparative plots, and kinetic stability of both aquaions are very similar. This
estimates of fit quality were given R factors and,? values, difference should be due to an atomic effect related to the change
calculated as defined in ref 14. In both metals, the smallest in the absorber and is probably related to the differences in
value of both parameters was obtained for the third approach, phase-shift functions for Cr and Rh. This study supports our
thus indicating that this is the best fit. The values of Re  previous hypothesisthat the second hydration shell structure
factor are very similar for the first and second approaches, but could be obtained by EXAFS in cations such ad'Gmd RR*

significant differences can be found;it? for both approaches.  which form a kinetically stable hexahydrét& although some
As shown in Table 1, this value is 20% smaller for the second structural information derived from other techniques and the

approach in the case of rhodium and 25% smaller for the first inclusion of multiple-scattering contributions inside the first
approach in the case of chromium. Thus, if a single contribution hydration shell are required for a quantitative analysis.

had to be chosen to fit the long distance peak, it should be the
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second coordination sphere. According to this data analysis
procedure, the second shell coordination number cannot be
obtained due to the small sensitivity of the fitting function to
this parameter and to the appearance at a similar distance o
two independent contributions.

From all these results, we conclude that the Higpeak in
the EXAFS spectra of the Rhand CF™ aqueous solutions is
due both to MS phenomena within the first coordination sphere
and to SS phenomena from the second coordination shell,JA974142D

Supporting Information Available: FEFF input file (Table
S1), FEFF output files PATHS.DAT (Table S2), FILES.DAT
(Table S3), FEFFIT input file (Table S4), and fit parameters
for the three approaches (Table S5) (5 pages, print/PDF). See
any current masthead page for ordering information and Web
access instructions.



