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X-ray absorption fine structure (XAFS) spectroscopy was used to probe the effects of concentration on the
first-shell structure of CH in agueous solution. Measurements were carried out under ambient conditions
using a bending magnet beamline (sector 20) at the Advanced Photon Source, Argonne. The Ca K-edge
EXAFS spectrum for 6n CaCl yielded no evidence for the formation of significant numbers of'€l~

contact ion pairs even at such high concentration, a result confirmed by comparison with the data for a dilute
(0.2m) reference solution of the perchlorate. A mean coordination number af 7.2 water molecules and

an average CaO distance of 2.437% 0.010 A were determined fori® CaCh, and these parameters are also
consistent with earlier EXAFS measurements on dilut& Galutions. Comparison of the pre-edge and near-
edge (XANES) spectrum against those for various references, including the crystalline hydrates, provided
further confirmation of the lack of change in the?Cdirst-shell structure and symmetry. Our measurements
help clarify the earlier results of modeling thermodynamic data that imply that some significant structural
change occurs at high salt concentration. Taken together, our results suggest the formatibnr-aitGa

CI~ solvent-sharedon pairs, rather than €&—ClI~ contact ion pairs, is most likely responsible for the unusual
thermodynamic behavior of this system. The EXAFS spectrum for an even more concentratadCgCh)
hexahydrate melt, however, did indicate the presence of some contact ion pairs. The new results agree closely
with those of an earlier X-ray diffraction study, and serve to further aid interpretation of the aqueous solutions
data. On a technical note, a previously unreported multielectron excitation eklge .2 A1 was detected

in the EXAFS spectra and assigned to Klg,  transition. Inclusion of this new transition, along with the

other known KM, andKM)) transitions, in the background correction procedure significantly improved

the quality of EXAFS fits. Further improvements resulted from the inclusion efl€aingle scattering paths

to treat the protons on the tightly bound water molecules. A Balistance of 2.97 A was obtained, which

is in excellent agreement with the results of neutron scattering measurements (reported in part I1). This appears
to be the most convincing evidence to date for the detection of proton backscattering in EXAFS measurements
of the local structure around ions in aqueous solution.

Introduction strong concentration dependence of the hydration structure
reported in an early NDIS study of 1.0, 2.8, and 4.5 matal (
mol/kg water) calcium(ll) chloride aqueous solutions by Hewish
et al? although this claim has yet to be verified. The most recent

The C&" ion is ubiquitous in nature, for example, as an
important component of natural groundwaters. The calcium ion
is also the most abundant cation in the human body, where it . .
plays a vital role in many biochemical processes including study, by Jalilehvand et al.employed a combined EXAFS,

muscle and nerve action. It comes as no surprise then that severag AXS.' and molecular dynamlqs (MD) simulation appr_oach t0
structural studies have been made of the hydrated ion using anvestigate CaGlagueous solutions up to a concentration of 2

variety of techniques including X-ray absorption fine structure mol/dn™?. The fmdmgs_ from the simulation part of this study
(EXAFS)12wide-angle X-ray scattering (WAXS) and neu- support a mean CeO distance of 2.46 A and an average water
tron diffraction isotope substitution (NDIS).Despite this coordination number of 8 at.these r.elat|vely low concentraﬂgns.
attention, there is wide disagreement regarding such basic Although the focus of earlier studies has largely been on dilute
parameters of the hydration structure as the meanGCaearest-  Solutions, given the weakly hydrating nature of the Can it
neighbor distance and average water coordination number. TheS€€ms reasonable to expect additional, interesting behaviors at
problem of the C& hydration structure is made difficult by ~ high concentrations up to the saturation solubility of mat

the weak and asymmetric nature of the-@interactiorf This room temperature (25C)." Using ion interaction (Pitzer)
difficulty appears to be compounded by differences in experi- €quations, Phutela and Pitzer have demonstrated an anomalous
mental technique and interpretation, leading to the wide variation Pehavior in the osmotic coefficient of aqueous Gasallutions,

in reported results. A further source of confusion may be the P€ginning at around 4.5n concentration, particularly as
compared to solutions of another simple salt, MgfCThe ion
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nonideal solutions to imperfect gases, an analogy first pointed In a companion papé& (henceforth referred to as Il), we
out by McMillan and Mayef, and involves a virial type of describe the results of a complementary study using neutron
expansion in powers of concentration. Unlike the virial expan- diffraction and calcium isotope substitution. The results of that
sion for nonideal gases, however, the terms in the ion interactionstudy, when taken together with the information on local order
model cannot be simply related to intermolecular forces or from the present EXAFS work, provide a more complete and
derived directly from statistical mechanics. Even with these longer-range picture of G& hydration in concentrated solution.
limitations, this empirical approach has proved successful in The common purpose of our investigations was to gain new
modeling the properties of many electrolyte solutions up to high insights into the underlying microscopic basis of the apparent
concentration. Phutela and Pit¢eascribe the anomalous anomaly in thermodynamic behavior at high salt concentration.
behavior of concentrated CaChqueous solutions to some
distinct change in hydration structure, perhaps arising from the Experimental Methods and Theory
formation of significant numbers of catieranion contact ion
pairs as Ct ions move into the inner shell around €aThe
formation of such contact ion pairs has of course been observe
in high-temperature aqueous solutions where the reduced
dielectric constant of water inevitably leads to increased ion
associatiod?1*Although it would seem reasonable to expect a
similar effect with increased concentration in room-temperature
CaCl solutions (because of the dwindling number of water
molecules available for completing the hydration shells around
each ion), there is currently no supporting evidence. Yamaguchi
et al® have conducted WAXS measurements on concentrated
CaCl solutions and their model fit to room-temperature data
for a 6.45m concentration sample suggests théCaydration
structure is little different from that in dilute solution, with no
significant level of contact ion-pairing. In light of the ambiguities
involved in modeling total scattering data, there is a clear need
for further investigation of this problem using methods that
provide !nformation specific to the Igcal environment around ,4.ced melting. The &n CaCb aqueous solution was made
the C&" ion. One such element-specific, but short-range, probe \,, p gilytion from a concentrated stock solution initially
is EXAFS, and our investigation of concentrated GHOueoUS  yrenared from the dihydrate (EM Science) using distilled,
solutions using this technique forms the subject of the present yeionized water. The concentration of this stock solution was
paper. checked both by comparison of the measured density 4€25
EXAFS provides detailed information on local structure such and 1 bar to previous measurements in the literature, and by
as the mean nearest-neighbor distance, symmetry, and coordinadesiccation. The Ca(Cl solution was prepared by weighing
tion number of the first shell around an absorbing atom. In this using the tetrahydrate (Sigma-Aldrich, 99% purity) and Nano-
paper, we report the results of Ca K-edge EXAFS measurementspure water. To make up the Ca€MgCl, solution, a concen-
on a concentrated 1 CaCb aqueous solution. All measure- trated solution of MgGl was prepared from the hexahydrate,
ments were carried out at, or near, ambient conditions on a MgCl,-6H,0O (Mallinckrodt, ACS grade). The concentration of
bending magnet beamline (sector 20) at the Advanced Photonthis solution was checked by atomic absorption spectroscopy
Source (APS), Argonne. The primary goal was to search for before it was combined with the CaGltock solution. Through-
evidence of contact ion pair formation in concentrated solutions. out this paper, concentrations are expressed in molatiynol/
The opportunity was also taken to explore the effects of kg water).
including scattering contributions from nearby hydrogen atoms,  XAFS Methods. For concentrated samples containing |Bw-
a comparatively recent development in EXAFS anal¥tto atoms such as Ca, the fluorescence XAFS spectra are prone to
see if this resulted in an improved model fit and whether a mean self-absorption effects that causelependent reductions in the
Ca—H distance consistent with NDIS studies could be obtained. XAFS amplitudes. Corrections can be applied to account for
To facilitate the primary goal, ancillary measurements were this effect!>16Both fluorescence and transmission spectra were
made using crystalline reference compounds including the acquired for all samples. In general, the transmission measure-
dihydrate and hexahydrate of CaClo establish a reference  ments required no corrections to the XANES or XAFS spectra
for which there could be no possibility of Chppearing in the since the absorption edge heighyx, was below 1.5 in all
inner shell around G4, a dilute (0.2m) aqueous solution of  cases as required to eliminate leakage eff&cts.
the perchlorate, Ca(Cl, was also measured. In addition, the  For the transmission measurements, a special cell was
fused hexahydrate salt, Cat(H0), was measured at a constructed for the liquid samples. A “U”-shaped Kapton spacer
temperature just slightly above its melting point (Z8 to serve having a thickness of 50 or 27&m was used to define the
as a higher-concentration (9.29 reference. Finally, a mixed  transmission path lengths. This spacer was about 6 mm long
solution of 0.7m CaCh and 5.0m MgCl, was studied in order by 4 mm high with a small slot cut in from one end to allow
to examine the effects on the €ahydration structure of introduction of the sample. The liquid sample was contained
competition for waters of hydration from large numbers of more within this spacer by two, 1&m thick Kapton transmission
strongly hydrated magnesium ions. The X-ray absorption pre- windows. After the liquid sample was injected into the cell with
edge and near-edge structure (XANES) also provides in- a micro-liter syringe, the thin transmission windows were
formation on the first coordination shell, and our findings are tensioned using a small mechanism similar in design to a drum-
discussed below in conjunction with the interpretation of the head tensioner. This arrangement satisfied the twin goals of (a)
EXAFS data. providing highly parallel transmission windows and (b) squeez-

Sample Preparation. Part of the analysis involved studies
dof well-characterized reference compounds including gacCl
CaCb-2(H.0), and CaCGF6(H,0). The calcium chloride salt was
obtained in the ultra-dry form from Alfa Aesar (99.9% purity),
and the dihydrate (99.5% purity) from EM Science. The
hexahydrate was grown at room temperature by slow crystal-
lization from a concentrated (6r8) CaC} solution kept under
partial vacuum in a desiccator. Because both the pure salt and
the dihydrate are deliquescent, handling of these compounds
took place in a dry glovebox. To limit changes in water content
during measurement, the solids were ground up and mixed with
a high-purity, hydrocarbon grease (Apiezon Type H). This
powder/grease matrix provides an effective diffusional barrier
against water, at least for the short time required to obtain several
XAFS spectra. The melting point for the hexahydrate iS@8
and grinding of this material to produce a powder required a
cooled mortar and pestle to eliminate pressure- or friction-
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TABLE 1: Results of Ca XAFS Analysis of the C&* First Shell Structure Under Ambient Conditions. The concentrations are
expressed in molality

system structure

ID [Ca*] [CI7] |[ClOs] [Mg?] scatterer N R A 02 x 103, A2 C3x 10 A3 @ 7?2 k-weight

A 0.2 - 0.4 -- oxygen 6.8(0.5) 2.436(009) 9.9(1.8) 3.7(3.9) 0.04 2

B 0.2 -- 0.4 - oxygen 8.2(0.6) 2.429(008) 11.4(1.2) 1.0(2.4) °(@L 0.03 3
hydrogen 16.4 2.937(040)  11.9(6.4) -

C 6.0 12.0 - -- oxygen 7.2(0.6) 2.440(009) 10.5(1.8) 3.8(4.0) 0.04 2

Db 6.0 12.0 -- - oxygen 8.4(0.4) 2.437(005) 11.9(0.8) 3.0(1.6) °(37 0.01 3
hydrogen 16.8 2.965(020) 9.6(2.9) --

Ed 0.7 11.4 - 5.0 oxygen 6.6(0.4) 2.441(010) 8.1(1.9) e3.0 0.05 2
chlorine 0.4(0.6) 2.727(046) 4.4(12.0) -

Fd molten CaCJ-6(H.0) oxygen 5.5(0.6) 2.440(010) 10.2(2.1) 3.0 0.05 2

T=32°C chlorine 1.2(0.5) 2.746(016) 7.0(4.5) --

2 Goodness of fit defined by a scaled sum of squares as described in FEFFRe-analysis of CaGlsolution data including single scattering
paths for Ca-H and with the spectrum corrected for three multi-excitation etige®d in the fitting at twice the oxygen coordination number.
dThis measurement was acquired in fluorescence mode where appropriate corrections to the amplitude and the Debye-Waller factor have been
applied. Other measurements were acquired in transmission meoked in fitting.

ing the solution so that the path length was defined by the spacerWaller factor which represents the mean-square variatid® in
thickness. For the fluorescence measurements of the liquiddue to both static and thermal disorder, and finally;, the
samples, a window film of @m thick polypropylene was used  anharmonicity of the pair-distribution. The fitting of the FEFF8
to cover the opening in the nylon cell. This fluorescence cell theoretical standards to the experimental data was accomplished
was then used in a standard detector arrangetient. using an analysis program (FEFFT$3 that employs a
Calcium K-edge (4038.5 eV) XAFS spectra were collected nonlinear, least squares technique. In addition to the structural
on a bending magnet beamline (Sector 20) run by the Pacific parameters, a single nonstructural parame\&, is varied to
Northwest ConsortiumCollaborative Access Team (PNC-  correct for the simple estimate & made by FEFF8. For all
CAT) at the APS, Argonne. A single 20-minute scan was systemsAEg was fixed at a best-fit value of 3.8 eV above the
sufficient to obtain high-quality transmission spectra at this 4042.5 eV inflection point described earlier. To estimate the
facility, whereas about 10 scans were averaged for the fluores-core-hole factor, we used the coordination numbers and distances
cence spectra. Harmonic rejection is especially important at low from crystallographic daf4-2¢ for the three solid reference
energies so a 40 cm long, Rh-coated X-ray mirror was inserted compounds as input to the FEFFIT program. Tﬁevalues
just in front of thelp detector and set to 0.5 AWhen combined were then found to be 0.75, 0.65, and 0.68 for GaChC}-
with crystal detuning, such a mirror provides harmonic rejection 2(H,0) and CaGl-6(H:0), respectively. According to eq 1, we
of better than 18 Energy calibration was accomplished using  see that this much variation i results in an approximate
the first inflection point 6a V foil spectrum (5463.76 eV). An - 2094 uncertainty in the reported coordination number. For the
absolute encoder ensured the linearity of the monochromator ¢ tion samples, we used a core-hole facto‘&‘zpf: 0.69, i.e.,

calibration from this energy down to that of the Ca K-edge. he ayerage from the three different solid standards. Note that

With this _method, the firstinflecti(_)n in the spectra (transmission) for the solid standardss? was determined without correcting
];O\; the dilute aqueous €a solutions was located at 4042.52 the multielectron edges. Therefore, to provide the most accurate
: . estimate of first-shell coordination numbers, the same analysis
da\t/;?ﬂlgsﬁginsgagg?tirgn;nitfh?gg E)\;V;(TF gng%sg'rsag T?éAFS procedure for this parameter was adopteq for the liquid sgmples.
EXAFS relationship is given by ) Finally, the solid spectra were not fit with €&l scattering
paths, as was done for some of the solution spectra because the
_ solid spectra in the loweregion have many interfering contribu-
2K = tions from single scattering of the second and higher atomic
Fi(k)sgNi oo DRI 4 shells and from multiple scattering.
e Hig sm(ZKR +6,(K) — ékscs,i @) The values calculated by FEFF8 for the muffin-tin radii of
: kRZ 1.7, 1.0, and 0.8 A for Ca, O, and H, respectively, were used
o ~ without modification. An improvement in this latest version of
The EXAFS oscillationsy(k), were extracted from the experi-  the FEFF code has resulted in more realistic estimates of the
mentally measured apsorption coefficient using an automated yyffin-tin radii for the hydrogen and oxygen of the water
background subtraction method (AUTOBK) developed by molecule. The refinement of the water model for the Fermi
Newville et al? The wavenumber of the ejected photoelectron energy and partial wave phase shifts described by Wilson et
is given byk = 1/2m(E — E,)/h” with E; being the absorption  al.}227 provides a significant improvement in the derived
edge energy. In eq Ei(K), di(k), andi(k) are the amplitude, = parameters. The contributions from second-shell waters have
phase, and mean-free-path factors, respectively, that are derivedeen ignored because many studies have confirmed that there
from theoretical standards calculated by FEIZ?—'!Bheﬁ term are no significant effects on the EXAFS spectra due to the longer
in the above equation is the core-hole or amplitude-reduction distances (see terms in eq 1) and much greater disorder
factor and is usually treated empirically. The sum in eq 1 is associated with this sheif8.29
over all possible single scattering paths and for all the significant ~ The Cay(k) data were weighted ki¥?, and windowed between
multiple scattering paths that are calculated to describe the2.0 < k < 13.0 A1 using a Hanning window witlilk = 1.0
effective scattering amplitudes and phases. The fitted parameterd 1. The fits were to both the real and imaginary partg(@®)
includeN;, the coordination number of the shell for each type in the region of 1.5< R < 5.0 A. The uncertainties reported in
of neighboring atomR,, the shell distanceoiz, the Debye- Table 1 correspond to an increase in the misfit (defined by a
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scaled sum of squaregerri?) between the data and the best- 3T
fit model by an amount of 2/ wherev is the degrees of freedom 2.5F
in the fit.20 2.0
For an aqueous system in which there is a high degree of s
disorder, the XAFS oscillations are relatively weak and the
multielectron excitatiort$-3-33 thus represent a larger proportion
of the total variation in absorption intensity. For Ca, there are |,
several multielectron excitations and these features must be=t 00
efficiently removed from the experimental spectra in order to -0.5¢
obtain accurate measures of the Deb¥aller factor and -1.0
anharmonicity of the real-space distribution. One approach is -15
to fit representative functions (e.g., arctan) with 2 or 3 adjustable 2.0
parameters at each edge to approximate the shape of the .
multielectron edges. There can be difficulties with this approach 30 \ /N bt
since it introduces additional, adjustable parameters into the '

CaCl, (solid)

CaCly2(H,0) (solid)

~_
=
-’
= ]
= ‘ CaCl,*6(H,0) (solid)

overall least-squares fit; a problem made worse by the fact that 33 ’
multiple, lowk edges may be convoluted with EXAFS informa- A 2 3 4 5 5 7 & 9 1011 12 13
tion. Here we apply a variation of this procedure that signifi- k, A

cantly reduces the number of fit parameters. First, we note thatFigure 1. Ca EXAFS k-weighted y(K) for three solid reference

there are strong similarities in the multielectron background ¢ompounds and an aqueous WZa(CIQy, solution. The solid lines
functions of nearby atoms (consider, for example, the series are the experimental data and the dotted lines represent the fits to the
Br, Kr, Rb, and S and we employ this observation in using known crystallographic structures. All spectra were acquired in
Ar spectra to approximate the €amultielectron features. To  transmission mode and are uncorrected for multielectron edges.
achieve this, the multielectron background features &% were

fit with an arctan+ Gaussian KM, ;) and a slope changk 2.0 . , . T . ———
function KM)). The multielectron edge energies from this fit
were then rescaled to Ca energies usingZhe 1 model for

the onset of the multielectron edges. Thet 1 rule, which
states that the energy required to eject the second electron after
creation of a core-hole vacancy is equal to the binding energy 1.0
of that electron for the next higher eleméhgccurately predicts
such shifts in edge position. A new edge arising fromKhe
transition, which has not been previously reported for Ca and —=
is not included in the more recent Ar spectra, was clearly l‘; _
identified in the two solid compounds, Ca@hd CaCl-2(H,0). = 0.0
Using the known crystallographic information, the EXAFS
contributions in this spectral region were removed yielding the 05 F e [
KLy i function for each solid. The averagéd, ;; edge from
these standards was then fit using arctaslope functions in Lo
addition to a “white line” feature at th&M, edge that was fit A Ve

with a Gaussian function. Finally, these three multielectron
features were combined into a new background function that
was scaled to the Ca edge height and then removed from the_ . ) )
respective Ca spectra (See Supporting Information, Figure 1S).Figure 2. The | 7(R)| plots corresponding to the spectra shown in

. . ) : L . Figure 1. The solid lines show the experimental data, and the dashed
This method avoids the introduction afiy additional adjustable lines show the fits using FEFF calculations and the crystallographic

parameters and greatly improves the quality of the fits to the information. The distances have not been corrected for phase shifts.
EXAFS theoretical standards. The unphysical peaks at 0.8 A are artifacts of the multielectron
excitations.

1.5

CaCl, (solid)

l’l) -
< 0.5
£ CaCly*2(H,0) (solid)

CaCly*6(H,0) (solid)

0.2 m Ca(ClO,), (aqueous)

Results and Discussion . N .
atoms surrounding Ca, four of them lying in an equatorial plane

EXAFS Evaluation of the Reference CompoundsThe at 2.76 A, and the remaining two in axial sites at 2.76*An
EXAFS spectra of the solid reference compounds were usedthe case of CaGi2(H;0), there are still four Cl atoms in the
primarily to generate an accurate estimat%ﬂhat could then equatorial plane, at 2.74 A, but now the two axial sites are
be used to determine the water coordination numbers for the occupied by the oxygen atoms of water molecules at a distance
aqueous C& systems. Note that all of the other structural of 2.32 A25 The crystal structure of Cag&b(H.0) has Ca
parameters, including, 0,2 and Csj, were derived from the  surrounded only by water molecules, with no Cl present in the
theoretical standard, FEFF8, and not from the solid standards.first coordination she#® The 9-fold coordination structure is
Figure 1 shows th&?-weightedy(k) data for the three reference  best described in terms of a right triangular prism with Ca at
compounds, Ca@l CaCh-2(H,0), and CaCr6(H,O). For the center, 6 oxygen atoms residing at the vertices at a distance
comparison, the spectrum of a 0rPCa(CIlQy), solution is also of 2.59 A, and a further three oxygen atoms projecting out from
shown. The dotted lines for the solids in Figure 1 are the fit the vertical faces at the shorter distance of 2.45 A. For these
results for the 6 primary single-scattering paths of the atoms compounds, the contributions from Cl and O nearest-neighbor
that lie within 5 A of the Ca, thecoordination numbers and  atoms around Ca are qualitatively resolved in #i8) results
distances having been derived from crystallographic information. presented in Figure 2. Thg(R) functions are generated by
The crystal structure of Cagis orthorhombic and has six CI  Fourier transformation gf(k) data and represent the partial pair
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6
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Figure 3. Ca EXAFSk®weightedy(k) plots for 0.2m Ca(ClQ); and Figure 4. The| %(R)| plots derived from the spectra shown in Figure
6.0 m CaCh aqueous solutions acquired in transmission mode at 25 3 for 0.2m Ca(CIQy), and 6.0m CaCb solutions, and for the molten
°C. The plot also included the fluorescence spectrum of molten£aCl CaCb-6(Hz0). The| 7(R)| plot is uncorrected for phase shifts, whereas
6(H,0) (9.25m) at 32°C. All spectra are uncorrected for multielectron ~ the corrected distances are reported in Table 1.
edges. The EXAFS region (but not the XANES region) of the
fluorescence spectrum for the molten Ca6(H,O) has been corrected  pairing. As explained in the Introduction, modeling of thermo-
for self-absorption effects. dynamic data by Phutela and Pitzéndicates some type of
structural transition in concentrated Ca@lgueous solutions
distribution functions convoluted with the photoelectron scat- beginning around 4.5. Given the empirical nature of the ion-
tering functions shown in eq 1. interaction approach used by these workers, low levels of contact
The 0.2m Ca(ClQy), solution is now worth discussing in  ion-pairing—below the detection limits of either EXAFS or
some detail as it will serve as an important reference system WAXS measurementsmay still explain the thermodynamic
for the concentrated Cag¥olution. The perchlorate ion, CiQ anomaly. However, even from this preliminary comparison of
has a negligible tendency to coordinate witltGaparticularly the EXAFS spectra, it is already possible to discount the original
at low concentration and under ambient conditions, hence it is suggestion by Phutela and Pitzef an abrupt structural change
reasonable to assume the calcium ion is fully hydrated in this in these solutions involving the formation sifibstantial numbers
solution. Even if there were to be some degree of ion association,of contact ion pairs. We now proceed to a more formal and
the nature of the perchlorate anion means that Cl cannotdetailed analysis of the data, beginning with a discussion of
approach close enough to appear as a first neighbor of Ca.the multielectron excitations.
Comparing theg(R) result for this solution and for the other Multielectron ExcitationsFigure 5 shows?-weightedy (k)
standard materials (see Figure 2), the following qualitative spectra for the &n CaCL aqueous solution obtained using two
observations can be made. The Cl peak, clearly discernible atdifferent background and fitting methods. The solid lines in
2.3 A for the CaCJ and CaGJ-(H,0) compounds, is absent in  Figure 5 are the experimental data and the dashed lines are the
the aqueous 0.&h Ca(ClQy), data (note, the distances here are EXAFS fits with parameters as reported in Table 1. This
uncorrected for phase shifts). In the case of the perchlorate comparison illustrates the importance of properly correcting for
solution, the water oxygen peak at 1.85 A is also narrower and multielectron excitations. For the lower spectrum in Figure 5,
at a shorter distance than for the Ca6{H,O) salt where only the cubic-spline background function has been removed.
the first-shell water resides at two different distances, thus In this spectrum, there are three clearly-defined features that
giving rise to a longer average distance than for the aqueousare assigned to thi€M,, j;, KM,, andKL, ; transitions at 2.7,

system. 3.7, and 10.3 A, respectively As already noted, th&L,,
EXAFS Analysis of Aqueous C&" Solutions.A Preliminary feature, which is also evident in the spectra of the solid gacCl
Comparison of the EXAFS Spectrdhe uncorrectedk? and CaCJ.(H,O) standards, has not previously been reported

weighted (k) data (without multielectron edge background for Ca XAFS. For the upper spectrum in Figure 5, the
corrections) for the concentratedh8CaCl solution is compared ~ multielectron edges have been removed using the procedure
to that of the dilute 0.2n Ca(ClQy), reference in Figure 3. It  described earlier in the Experimental Section (also see Sup-
can be clearly seen that these two spectra, which vary by a factorporting Information, Figure 1S). Of the resulting improvements,
of 30 in concentration, are virtually identical in the EXAFS the most notable is in the region from<k < 12.5 A~ where
region abovek = 2 A~L There is an excellent match in the the oscillations due to the first-shell water are now clearly visible
amplitudes and phases of the oscillations ugkts 12 A1, out to highk. Because of these improvements, the most accurate
This direct comparison provides strong evidence that the first- values ofo? andC; are obtained from this spectrum (item D in
shell water structure around &ain the concentrated solution  Table 1)

is little different from that in the dilute reference solution. A Figure 6 shows the real-spagR) data corresponding to the
similar agreement is demonstrated in &) plot for these x(K) spectra in Figure 5. After removal of the multielectron
two solutions as shown in Figure 4. These preliminary findings excitations, there are significant improvementsy{ir). The

are consistent with those of Yamaguchi ef d&br a slightly unphysical peaks at distances below about 1.2 A are mostly
more concentrated 6.4 CaCh aqueous solution where a  eliminated and the broad featuriedad due to the lowk, KMy
model fit to WAXS data also suggests minimal, contact ion- and KM, edges is significantly reduced. There are also small
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SsE T T ;0 C Cl' ] corresponding values of 2.46 A and 0.012 Feported by
o mEath Jalilehvand et at.Our value forCs of 0.0003 & is about 3

times smaller than that reported in ref 1. The primary manifesta-
tion of Cz in x(k) are small phase shifts in the oscillations above
k = 9 A136 Consequently the best estimate @f would be

- ected'ﬁ; ] obtained by utilizing highek data where the region of the
multicelectron excitations interferingKLy ;i edge ak = 10 A~ has been removed in the
background function. Howevegs is coupled withEg so there
are significant uncertainties in this value that are dependent upon
the choice ofEy. (See Supporting Information, Table 1S.)
Consistent with the preliminary comparison of th{&) spectra
in Figure 3, the full EXAFS analysis indicates no appreciable
cation—anion pairing. However, in the case oh6CaCb, the
EXAFS detection limit is about 0.15 Cl atoms around Ca (as
evaluated from FEFF analysis of various model systems), thus

0 KMo KM a limited amount of ion association remains possible in such a
001 2 3 4 5 6 7 8 9 10 11 12 13 14 concentrated solution.
k, At The best estimate of coordination number comes from
Figure 5. Ca EXAFS k>weighted (k) plots for the 6.0m CaCh analyses “A” and “C” where only the CeD scattering paths

solution. The solid lines represent the experimental data, and the dottedfor the nearest-neighbor water molecules were used to fit the
lines are the theoretical fits using the parameters reported in Table 1data. In both cases, the treatments of the background function

(“C” and “D"). The lower spectrum contains the multielectron edges gnd the fitting methods were identical to those used on the solid
as indicated. In the upper spectrum these features have been remove

using the procedure described in the text. The fit to the lower spectrum referen(_:e compounds to estlm&é‘; The resultlr_lg best estimate
uses a single CaO scattering path and leweighting of 2. For the of the first-shell water coordination number is about 7.0. The
upper spectrum, both G& and Ca-H paths are included and the  uncertainty in this estimate is about 20%, which simply reflects
k-weighting is increased to 3 to better capture the Higtetails that the variation in the values of? derived from the solid
contain the significant information os” and Cs. standards. The estimate of approximately 7 nearest-neighbor
et l , : : : : waters is in broad agreement with other studies of this sy3tem.
6.0 m CaCl, In accord with previous findings, linear multiple scattering
paths for first-shell O neighbors of Ca are not significant. There
is also no evidence of contributions from triangular Ca—0O

Ho paths, although the double-return, multiple scattering path for

. Ca—0 does appear to make a slight contribution. This is in

marked contrast to the findings for some other metal ions in

e aqueous solution, particularly the transition elements, where

= 051 i rigid, octahedral symmetries lead to strong multiple scattering
|5>< contributions®”39 Such differences suggest the’Caydration

structure is rather disordered, lacking any imposed symmetry
either from bonding or packing constraints. Our findings are
perhaps not completely surprising given the simple, noble-gas
electronic configuration of the Gaion.

Ca—H ScatteringRecent EXAFS studies have indicated there
is a small, but measurable, scattering contribution from nearby
hydrogen atom&13The Ca-H contribution to the overajt(k)

R, A of aqueous CH occurs at lowk in the region from 1< k < 5

Figure 6. The| ¥(R)| plots derived from the spectra shown in Figure A an_d the amplitude of the oscnlatlo_ns, resultlng from the
3 for the 6.0m CaCb solution. The experimental data are shown as 2@PProximately 14 protons of the hydrating waters, is less than
solid lines and the dashed lines are the fits using the FEFF calculations.5% Of that from the oxygens (from an evaluation of f¢k)
The | %(R)| plot is uncorrected for phase shifts whereas the corrected values in eq 1 using FEFF8). Although the amplitude is low,
distances are reported in Table 1. we detect a significant signal from the €H scattering paths
that is only weakly coupled to the oscillations from the-@a
changes in the shape of the higlshoulder of the main peak  paths. We have thus applied this additional analysis to inter-
between 2.2 and 2.6 A. pretation of the Ca EXAFS spectra in evaluations “B” and “D”
EXAFS Structural ParameterStructural parameters derived  in Table 1. The resulting CeH distance of 2.97 A is close to
from fits of the theoretical standards to the experimental data the distance of 3.02 A reported in an earlier neutron scattering
are presented in Table 1. The best estimateR-gfo, oca 0,2 study and is in even better agreement with the more recent
and C; come from the analyses in “B” and “D” where the results described in paper (Il). Our estimate for the-8a
multielectron excitations have been removed prior to the EXAFS distance is substantially shorter than the maximum value of
analysis and th&-weighting employed in the fit was increased approximately 3.12 A expected from assuming a rigid water
to 3 to capture the information in the weak oscillations at high molecule in a symmetric, dipole orientation around thé*Ca
k. The data reduction methods used in “B” and “D” are also ion (See Figure 7). Such a reduction in theanion—hydrogen
improved by the inclusion of CaH scattering paths. The best distance has been observed in a number of neutron scattering
values forRca 0 and oca_o? are then 2.44 A and 0.0122A studies and is most likely due to the thermally induced
respectively. These are not significantly different from the “wagging” motions of the hydrogen “legs” of water molecules

Corrected for
multi-electron excitations

0.0
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Figure 7. Schematic of the water hydration structure about*Ca
showing those motions of water that lead to dynamic disorder of the
Ca—H and Ca-O distances. The interconnecting rods between the water
molecules and the Gaare included to improve the three-dimensional
representation. The quantityR represents the vibrational motion in a
radial direction that affects both the €® and Ca-H distances. The
angle represents the wagging motion of the water protons moving
back and forth through a G&O—H; plane. This mode affects both the
mean CaH distance and the variance of this distance. The afigle
represents the rocking motion of the water protons in aGaH;
plane. This mode primarily affects the variance of the-Gadistance.
Udipole IS the water dipole moment.

surrounding the solute idl:*! Alternatively, there may be a
specific ion—water interaction that tends to tilt the water on
the ion surface. In a recent ab initio molecular dynamics study
of the hydration structure about ¥ig Lightstone et at? showed
that a tilted orientation could be favored by a direct interaction
of the oxygen lone-pair electron orbitals with the cation.

The EXAFS measurement of the €H distance in the
present study of the Gasystem provides the first independent
verification of the reduced ionH distance in aqueous solution
typically found using the neutron diffraction isotope substitution
method. As a further test, the €8l structure was also evaluated
from the 6 m CaCL EXAFS spectrum without corrections
applied for multielectron excitations in the background function.
This analysis yielded a somewhat shorter—€Eadistance of
2.91 A, thus illustrating that the low-energy multielectron edges
are slightly coupled with this parameter and must be properly
removed to recover accurate €id distances.

In their EXAFS study on St in aqueous solution, D’Angelo
et al'® also include scattering contributions from hydrogen and
report first-shell distances of 2.64 A for-S© and 3.40 A for
Sr—H. This value of the SrH distance corresponds to water
in the dipole orientation, although this seems unlikely given
what is known about the hydration structure arounti” SiFor
aqueous S, the hydration structure is expected to be somewhat

Fulton et al.

Although the uncertainties on the coordination numbers are quite
large, the EXAFS analysis does indeed indicate a small amount
of C&"—CI~ contact ion pair formation. The G&) coordina-

tion number is also slightly reduced compared to the corre-
sponding result (“C”) for @n CaCh, which is consistent with

the penetration of some Cinto the first shell. The fit returns
realistic estimates of the C&Cl distance and DebyeWaller
factor, thus helping to confirm the existence of a small
proportion of contact ion pairs.

The EXAFS data collected for the fusefi€ 32 °C) CaC}-
6(H.0) standard provides the clearest evidence for the formation
of substantial numbers of €a-CI~ contact ion pairs. The melt
serves as a higher-concentration (9n25eference for the én
CacCb solution; therefore, the uncorrectéd&weightedy (k) data
have been compared directly in Figure 3. There is a distinct
phase shift arounk= 7 A~ that can be ascribed to the presence
of CI~ in the inner shell around G& The absence of a similar
change in the comparison already made with a low-concentration
reference (again, Figure 3) provides additional confirmation of
the lack of significant contact ion-pairing in the concentrated 6
m CaCl solution. The EXAFS fit to the melt data (item “F” in
Table 1) indicates an average of 1.2-dbns in the first
coordination shell around &g resulting in the displacement
of about 1.5 waters. The €& distance is the same as for
completely hydrated Ca in the aqueous phase and, as expected,
the CI resides at a slightly longer distance of 2.75 A due to
the larger hard-sphere radius. The same system has been studied
using WAXS by Yamaguchi et at who reported first-shell
parameters oca-o0 = 5.6 andRca-o0 = 2.44 A for the waters
andNca-ci = 1.0 andRca-c) = 2.74 for CI*. As can be seen
from Table 1, the findings from the present EXAFS investigation
are in excellent agreement with the results of this earlier study.

XANES and Pre-edge SpectraFigure 8a shows the XANES
transmission spectra for the two aqueousCsolutions and
the three solid reference compounds. The features at 4039 and
4043.5 eV are assigned te > 3d and ks — 4p transitions,
respectively. For the systems that contain only water in the first
coordination shell, namely, the 08 Ca(CIQ,), solution and
CaClh-6(H.0) solid, a large XANES peak is evident near 4049
eV. This feature is primarily a result of €& single scattering
in the first shell, although there are weak secondary contributions
from the second hydration shell and from first-shell multiple
scattering. In the case of the other two reference systems, solid
CaCb and CaCJ-(H20), for which the crystal structures show
mainly CI~ in the first coordination shell, the coupling to the
1s— 4p transition is much more intense. In addition, the large

more disordered because of the substantially larger ionic radiusCa—O XANES peak at 4049 eV, observed for fully hydrated

of ST compared to its alkaline-earth neighbor?Carhus the
thermal “wagging” motions should significantly shorten the
mean St-H distance. In a more recent study ofNhydration

by the same grouf?’ the Ni—H distance from EXAFS is again
close to the maximum expected in the dipole orientation and
about 0.1 A longer than that derived from neutron scatteftng.
The source of this discrepancy is not known.

Ca?" in Mixed Solution with MgGland in the Hexahydrate
Melt. The results of EXAFS analysis for a mixed solution
containing 0.7m CaCk and 5m MgCl, are reported as item
“E” in Table 1. Because of its much smaller ionic radius, the
waters of hydration around Mg are more tightly bound than
those around G4 and there is negligible interaction with CI
ions even at high concentration. Thus in the mixed solution,
where there is competition for water molecules from large
numbers of Mg" ions, the relatively weakly hydrated €aion
is likely to exhibit increased dehydration and ion-pairing.

C&™, is now replaced by weaker €& scattering peaks. The
XANES spectrum for the 6n CaC}h solution appears to be
intermediate between those of the mZa(ClQy), solution and

the CaCj}-6(H.O) solid, while lacking any of the distinct
characteristics of the systems containing inner-sheil Glot
only is this consistent with fully hydrated €aions but also it
suggests the presence of appreciable numbers ofdbk in

the secondcoordination sphere as this is also a feature of the
crystal structure of Ca@l6(H20). Changes in the pre-edge peak
at 4043.5 eV may then be ascribed to the formation of solvent-
shared C& —OH,—CI~ ion pairs, which would slightly change
the 1s — 4p coupling. We can estimate that there are ap-
proximately 5 Ct in the second shell by comparing the height
of this feature to that for the Ca£26(H.O) solid where there
are 8 second-shell Cland to that for the 0.2n Ca(ClQ);
solution where there are none. Support for this result comes
from a WAXS study on 6.45n CaChL aqueous solution by
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consistent with the results of our earlier EXAFS analysis
showing a coordination number of 7 (not 6) and the lack of
any significant multiple scattering contributions originating from

a symmetric octahedral structure. The fact that tee—13d

band appears to be virtually identical for both solutions also
suggests that the formation of solvent-shared ion pairs does not
have much effect on first-shell symmetry.

Conclusions

The EXAFS results described in this paper present a
consistent picture of the first-shell structure aroundCia
concentrated aqueous solution. The data forra $lution of
calcium(ll) chloride, particularly when compared to a dilute
solution of the perchlorate, provides no evidence for the
formation of significant numbers of €a—CI~ contact ion pairs.

The mean water coordination number of about 7 and-Qa
nearest-neighbor distance of 2.44 A are also both consistent with
earlier measurements on less concentrated solutions. Comparing
the pre-edge and XANES spectra for the solutions to those of
reference compounds, such as the crystalline hydrates, confirms
the essential picture of fully hydrated €aions, even up to
concentrations as high asn® Only when the concentration is
increased still further, for example, in the case of the fused
hexahydrate (9.25m CaCl), is there clear evidence for
significant numbers of Clions in the inner shell around €a

Given that the observed thermodynamic anomaly in these
. solutions first appears at much lower concentration (around 4.5
m), it seems unlikely that the formation of substantial numbers
of contact ion pairs is responsible for this phenomenon as
originally suggested by Phutela and PitZénstead, our results
suggest the primary structural change in concentrated LCacCl
1 aqueous solutions, at least up to aboun@&oncentration, is
overlap of the first hydration shells around each ion, i.e., the
formation of solvent-shared ion pairs. In addition, our results
confirm the characteristically low symmetry and disordered
nature of the first coordination shell around the hydrate&i*Ca
Figure 8. XANES and pre-edge spectra at the Ca K-edge for the three ion. The relatively weak nature of the Eawater interaction
solid standards, and the On2 Ca(CIQy), and 6.0m CaCb solutions. is also confirmed by the behavior in mixed MgE€lCaCh
The vertical arrows in (a) indicate the features corresponding toshe 1 aqueous solutions, where the?CaCl~ contact ion-pairing is
— 3d, 1s—>4p,andKL",[”_transmons. In (b) the edge region is expanded promoted by a large excess of free"Gtom the salt of the
ﬁb.o”t the $— 3d transition. All spectra are scaled to a common edge- ¢, gissociated and more strongly hydrated ¥gons. Our
eight and were measured in transmission mode. .

EXAFS measurements also reveal a previously unreported
Yamaguchi et aPf where least-squares modeling of the data multielectron excitation edge &t= 10.2 A~%, which is ascribed
indicates approximately 6 Cions in the second hydration shell ~ to KLy transitions. The inclusion of this new transition, along
around C&". Given the lack of change in the nearest-neighbor with the other knownKM; and KM, transitions, in the
environment of C#&, the formation of such solvent-shared ion background correction procedure leads to significantly improved
pairs would appear to be the primary structural change in EXAFS fits. Further improvements result from the inclusion of
concentrated Caghqueous solutiorsat least in the concentra- ~ Ca—H scattering paths and yield a €#l distance of 2.97 A,
tion range up to about 6. a value that is in remarkably good agreement with neutron

An expanded view of thest— 3d region is shown in Figure  scattering measurements. This appears to be the most convincing

8b. This transition is formally forbidden for octahedral sym- evidence to date for the detection of hydrogen backscattering
metries. Hence, for the two solid compounds that have anin EXAFS measurements of aqueous solutions. In a follow-up
octahedral structure, Caind CaCJ-2(H;0), this band is only paper (1), we discuss the results of a complementary neutron
weakly evident. However, through either quadrupolar coupling diffraction experiment on concentrated Ca&blutions, making
or thermal disorder, som@character mixing can occur, which ~ full use of the insights gained from the present EXAFS study.
would destroy the inversion symmetry and thus produce a more
intense $ — 3d transition. Thus, for example, in the case of Acknowledgment. Work by J.L.F. was supported by the
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