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Although the C&" agua-ion is of great importance to biology and a key component of natural groundwaters,
many details of the solvation structure and its behavior have remained either unexplored or controversial. We
report the findings of a new neutron diffraction study, building upon the results of an earlier, complementary
investigation with EXAFS (Fulton, J. L.; Badyal, Y. S.; Simonson, J. M.; Heald, SJMPhys. Chem. A

2003 107, 4688-4696). The common goal of both studies was to develop a much clearer and more consistent
picture of the effects of concentration on the?Csolvation structure. In particular, we have tried to elucidate

the microscopic basis of a thermodynamic anomaly reported for ambient aqueous solutions p&tCacCl
concentrations greater than approximatelym.®y measuring the neutron scattering from isotopically distinct
("Caf“Ca) pairs of CaGlaqueous solutions at two concentrations (4.0 andh§.# both light and heavy

water, the uniquely detailed €ad and Ca-X (X = O, Cl, or Ca) pair distribution functions, and the changes

in them with concentration, were determined. This type of second-order isotope difference experiment has
only been applied successfully before to two other aqua-ior?s, &fid CE*. Our findings confirm the lack

of substantial change in the nearest atomic neighber@anvironment and the virtual absence ofCa

Cl~ contact ion pairing even at high concentration, as first indicated by the preceding EXAFS investigation.
Instead, the principal change with concentration appears to be the entry of significant numbersauisCl

into the secondhydration shell around Ca and the resulting formation of €a—OH,—CI~ solvent-shared

ion pairs. Our results provide compelling evidence for this picture, in particular the impact on the water
hydrogen structure in the second hydration shell and the apparent effects on the tilt angle distribution of
water molecules in the first hydration layer. The average number of water molecules in the first hydration
shell of C&" is close to 7 at both concentrations (although a small decrease with concentration is noticeable).
Given the great rigor and consistency required for second-order isotope difference experiments, our values
for coordination number and other structural parameters should be regarded as the benchmarks for this system.
The pair distribution functions will also serve as an exacting test of theoretical and simulation models.

Introduction the Ca-O nearest-neighbor interacti8nThe experimental

d difficulties are further compounded by such factors as the low
atomic number of the element, which poses particular problems
for structural methods based on the use of X-rays, and the

A detailed knowledge of the solvation structure aroun
electrolytes in aqueous solution is crucial to understanding the
many chemical and biochemical processes that occur in the SR ) ) ;
liquid phase. This is especially true of the?Con, which plays ambiguities inherent in m_odelmg.total scattering data, where
key roles in a number of processes in advanced biological the solutesolvgnt correlations of interest often comprise only
systems, for example, the triggering of muscle and nerve aktion. & small proportion of the measured scattgrlng. Thellmportance
Not surprisingly, the great importance of this aqua-ion to biology ©f this problem has spurred many theoretical investigatfofs,
has prompted a number of studies of the hydration structure including several recent ab initio molecular dynamics stutifes.
albeit at concentrations much greater than those found in living However, the inconsistencies between experiment also find some
cells. Despite these efforts, a clear and consistent picture?f Ca Parallel in the variable results of simulation. For example,
hydration has yet to emerge, with widely differing results being Guadia et al* report that structural parameters for the hydrated
reported for the average water coordination number and the C&™ ion, in particular the first-shell coordination number, vary
nearest-neighbor GeO distancé. These problems can be widely depending on the choice of ienwvater potential adopted

ascribed, at least in part, to the weak and asymmetric nature ofin their molecular dynamics simulations. The only other reported
neutron diffraction isotope substitution (NDIS) experiment on

*To whom correspondence should be addressed. E-mail: CaCl aqueous solutions (at generally lower concentrations than

badyalys@ornl.gov. Fax: 865-241-4829. - intricii
50ak Ridge National Laboratory, the pregent study) by HeW|§h e.t.gatnakes the |ntr|gumg
* Bristol University. suggestion that the €& aqua-ion is weakly hydrated in the
T Institut Laue-Langevin. sense that the local structure is readily influenced by thermo-
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dynamic factors such as concentration, type of counterion, andTABLE 1: Cross Sections and Coherent Scattering Lengths

temperature. Used in Data Analysig
The common purpose of the neutron diffraction study cross sections (barns, 78 m?)

described in this paper and the preceding EXAFS investigation b (1014 m) Oeoh Gincon
(described in o!etall in the previous paé@heqceforth referred. naCa 0476 > 847 0,043
to as part ) is to develop a more consistent and detailed 44cy 0.18 0.4072 0.0028
understanding of the Ca solvation structure in aqueous Cl 0.9577 11.53 5.3
solution. In particular, we have sought insights into the O 0.5803 4.232 0.0008
microscopic basis of the apparent anomaly in thermodynamic D 0.6671 5.592 2.05

behavior reported for high concentrations. Using the ion —0.374 L5t 80.26

interaction approach to model osmotic coefficient data for @ The values are from SealsThe total scattering cross section is
ambient aqueous solutions of Ca@ind those of another simple ~ 9iVen by oscat= dcon + Gincon.

salt, MgCb, Phutela and Pitz&fobserved a striking difference

in behavior above a concentration of about t%m, mol/kg information on longer range structure provided by the present
water). Phutela and Pitzer speculated that this anomaly was dué\DIS study with the insights into local atomic structure supplied
to significant structural rearrangements in concentrated £aCl by EXAFS in part | allows us to form the clearest picture to
solutions, most likely the formation of substantial numbers of date of the effects of concentration on the*Caolvation
Ca&t—Cl~ contact ion pairs. In the absence of much direct Structure.

information on the local structure of the €aaqua-ion in

concentrated solution, this would seem to be a reasonableExperimental Methods and Theory

explanation given that there is (in principle) little or no free
water available once the salt concentration exceeds approxi- o\ ined in the form of the carbonate from the isotope

mately 4m. ) . production and distribution facility at Oak Ridge National
The EXAFS results described in part I, however, serve t0 | aporatory. This was converted into the chloride by reaction
largely discount the ion-pairing hypothesis put forward by \ith concentrated hydrochloric acid. Since the carbonate is
Phutela and Pitzer. The Ca K-edge spectrum fonadalcium- practically insoluble, it could be titrated with drops of acid until
(1) chloride solution, when compared to a dilute reference ng sglid remained visible, leaving behind only a dissolved
solution of the perchlorate, gives no indication of the changes gq|ution of the chloride. Any small amounts of excess acid (pH
(in particular, phase shifts) that would accompany the presencereadings never deviated far from neutral) were removed by
of significant numbers of Clions as nearest atomic neighbors heating these intermediate solutions to dryness before adding
of C&*. Comparison of the pre-edge and near-edge (XANES) gppropriate amounts of light or heavy water to make up the
regions of the EXAFS spectrum for i CaCl to those for  fina), concentrated~6.4 m) sample solutions. To limit con-
reference compounds, such as the crystalline hydrates, confirmsamination with hydrogen, deuterated acid (37 wt %, 99 atom
the essential picture of completely hydratecCimns even at o4, D, Aldrich) was used to convert the carbonate for the
this high concentration. The mean water coordination number cacy, heavy water sample. In principle, the heavy water solution

of approximately 7 and Ca0 nearest-neighbor distance of 2.44  containing natural enrichment calcium(ll) chloride should also
A are also broadly in agreement with earlier EXAFS studies have been prepared in the same way (so as to minimize

on less concentrated solutioHsTo summarize, the results  gifferences in deuterium enrichment). In practice, difficulties
described in part | present a consistent picture of the nearestwere encountered with the purity of the carbonate starting
neighbor environment around €ain aqueous solution and  material so the natural solution samples were finally made
reveal it to be largely unperturbed even at high concentration. directly by using ultra-dry CaGl(<100 ppm of HO, Johnson
The EXAFS study also confirms the relatively weak nature of Matthey) and enriched £9 (99.9 atom % D, Aldrich) or nano-
the C&"—water interaction as manifest by the low symmetry pure HO. Because of the difference in preparation methods,
of the first coordination shell and the behavior in mixed solutions \ith the more rapidly prepared natural sample having less
with MgCl,. exposure to KD contamination, the heavy water solutions would
Another powerful and selective means of probing the structure inevitably differ somewhat in their deuterium enrichment. Given
around ions in aqueous solution is of course provided by NDIS. the very large incoherent scattering cross-section of hydrogen
The technique forms a strong complement to EXAFS in that it (see Table 1), such a H:D imbalance can have an appreciable
not only probes the nearest-neighbor region but also yields affect on the measured isotope differeA€&he details of how
unigue information on the longer-range structure. This is this anticipated problem was addressed during the actual neutron
particularly important given the suggestion in part | that the scattering experiment are given below in the section on fine-
principal change in concentrated Ca@tjueous solutions is the  tuning experiment and analysis.
formation of C&"—OH,—CI~ solvent-sharedion pairs rather Neutron Scattering Methods The neutron measurements
than the contact ion pairs originally suggested by Phutela andwere performed under ambient conditions with the D4c dif-
Pitzer. In this paper, we report the findings of a neutron fractometer instrument of the Institut Laue-Langevin (ILL),
diffraction study on concentrated Ca@gueous solutions using  Grenoblel” The solutions were contained in a cylindrical, thin-
calcium (aCaf“Ca) isotope substitution in both light and heavy walled TigZrz, “null alloy” cell (9.5 mm o.d., 8.0 mm i.d.)
water (i.e., also using H/D substitution). This method requires mounted in an evacuated sample chamber. The rectangular beam
a high degree of care in experimentation and analysis to yield incident on the sample was set at 10 mm wide and 35 mm high,
reliable second-order scattering differences, and has been appliednd the nominal wavelength was fixed at 0.71 A. Two pairs of
successfully before to only two aqua-ions2Nand Cg*+.13.14 isotopic and natural-enrichment Ca solutions, in light and heavy
Two concentrations, nominally 6.4 and 40 CaCh, were water, respectively, were each measured at two concentrations.
measured under ambient conditions with the D4c diffractometer To make the best use of the limited amount*t€a isotope,
of the Institut Laue-Langevin, Grenoble. Combining the unique the samples were initially prepared as the more concentrated

Sample Preparation.Isotopic*‘Ca (98.89% enrichment) was
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(nominally 6.4m) solutions. Once these were measured, they
were diluted to the lower concentration (nominally 4npand
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ion—ion correlations are less strongly weighted. Isotopic
substitution of the ion changes the scattering length and hence

measured again. In addition to the samples, measurements alsweighting coefficients of just the four terms involving that ion.

were made of the scattering from the empty cell, instrument,

Thus, in the present case of substituting the calcium ion, the

and cadmium rod backgrounds, as well as nickel powder and first-orderdifferencein scattering from a pair of matched.O
vanadium rod standards. Software available online at the D4c solutions reduces to

facility was used to correct for counter deadtimes, to normalize

for detector efficiencies and the integrated flux on each sample,

and to group data from different detectors. The known positions
of Bragg peaks in the scattering from nickel powder were used

to calibrate the measurements as a function of scattering angl%hereAcho — 2ccaco(B — 5‘&‘;)50, AKeap = 2ccao(B

20 before mapping to the scattering vec@rFurther analyses

of the scattering data, including corrections for attenuation and
multiple scattering, and subtraction of empty cell and other
backgrounds, were carried out with standard progr&iiable

1 shows the scattering lengths and cross sections used i
analyzing the data.

The Method of Isotope Scattering DifferencesThe NDIS
method is already well documenido a basic outline of the
most relevant points will suffice here. The neutron scattering
from a multicomponent liquid or amorphous sample is usually
described in terms of the total structure factefQ), which in
the FaberZiman formalism is given by

F(Q) = gcucﬁﬁaﬁﬁ[suﬁ@) - 1] 1)

whereQ is the scalar form of the scattering vect@ € 4x sin
0/, with 20 being the scattering angle ardthe wavelength
of the incident neutrons). In the above expressi@nis the
concentration and, is the coherent scattering length of atomic
specieso.. The static partial structure fact&g(Q) describes
the correlations involving a given pair of atom typesnd}.
The total structure factor is simply the sum, weighted for

concentration and neutron scattering length, over all partial -

structure factors pertaining to the sample. For a binary salt of
the form MX, (M is the metal, X is the halide is the valence

of M) in aqueous solutiork(Q) contains 10 distinct terms and
for a solution in DO can be explicitly written as

F(Q) = Ko-o[S-0(Q) — 1] + Ko p[S-p(Q) — 1] +
KD—D[SD—D(Q) - 1] + KM—O[S\/I—O(Q) - 1] +
KM—D[SM—D(Q) - 1] + KM—x[avl—x(Q) - 1] +
Ku-mlSu-m(Q) — 1] + Ky _o[Sc—o(Q) — 1] +

Kx—p[Sx-p(Q) — 1] + Kx_x[Sx—x(Q) — 1] (2)

where the weighting coefficient§qs (=2cqcsbaby for o = B,

treatingS,5(Q) andS.(Q) as equivalent, anek(cqby)? for a =

B) are in units of barns per steradian (1 barn10-28 m?).

Fourier transformation df(Q) gives the average real-space pair

distribution function,G(r), which is weighted in the same way
and has the analogous form

G(r) = Ko-ol9o-o(r) = 1] + Ko _p[go-p(r) — 1] +
Ko-pl9p-p(r) — 1] + Ky _olgu-o(r) — 1] +
Ku-plOu-p(r) = 1] + Ky_x[gu—x(r) — 1] +
Ku-mlOu-m(r) = 1] + Ky _olgx—o(r) — 1] +

Kx-pl9x—p(r) — 1] + Ky x[gxx(r) = 1] (3)
where gqs(r) are the partial pair distributions as functions of

the radial distance between pairs of atoms)n the above
equation, the first three terms (@, O—D, and D-D) are

associated with the solvent structure and dominate the total

scattering whereas the remaining terms due te-iwater and

n

AGga(r) = AKcaol9cao(r) — 1] + AKcy pl9ca () —
1] + AKca cl9caci(r) — 1] + AKcy cd9ca-cdr) — 1 (4)

Ca
— bEbp, AKcaci = 2ccLa(b — bEbe, AKcaca =
ccA((b2)2 — (bgh)?). Because there is more solvent than solute
(cp = 2Co > 2Cca = Ccy), the first two ion-water terms are the
most significant even at high salt concentration. The NDIS
method thus provides selective information on thelration
structure around the substituted ion. At radial distamc®orter
than the closest approach of atoms, gl}(r) go to zero and
the difference reduces to a constant given by

AGga(O) = —(AKcao T AKcap + AKcy o) T AKea cd)
(5)

providing a useful check on the normalization of the data and
the effectiveness of data correction procedures.

Since the bulk scattering from the solvent cancels out in a
first-order isotope difference, the same calcium isotope substitu-
tion can also be carried out in,B to yield

AGE(r) = AKcy oldeaofr) — 11+ AKgy pldean(r) —
1] + AKcacl9caci() — 1] + AKcacd9cacdr) — 1] (6)

which only differs from eq 4 in tha\Kca-n = 2ccaH(bes —
beby = AKcap because the H and D coherent scattering
lengths are different. Assuming H and D can be treated as
isomorphic (i.e.gcab(r) = dcan(r)), it is straightforward to
show that the two first-order differences (eqs 4 and 6) can be
combined to give the following second-order differences

g =1+ AGga(r) - AG(’:,'a(r)
e AKcap — AKcay

(7)
and

KAG2Lr) + AGEr)
AKg, ok + 1)

Ocaolr) +2() =1+ (8)

wherek = |by/bp|. Note thatgca-n(r) is obtained from eq 7
exactly, but the expression fgea—o(r) contains an error term,
x(r), from Ca-Cl and Ca-Ca correlations, which can be
explicitly written as

_ AKca al9cacf) = 11 + AKea cdeacd) — 1]
x(r) = AKeo g
" )

AIthough AKcao > AKca-ci andAKca-o0 > AKca-ca X(I’) is

too large at the high concentrations of the present study to be
neglected. In addition to information on peak shapes and
positions, pair distribution functions also yield coordination
numbers according to the formula

_ 2
n= pcﬁfl 4711°g,(r) dr (10)
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Figure 2. Comparison of the raw first-order scattering differences for
the nominally 6.4m CaCl solutions in heavy water before (dotted
TiggZry, "null" scattering cell curve) and after (open circles) titrating th&Ca solution with HO.
The slope evident in the uncorrected difference is clearly due to the
0 r ; ' ’ . . . . subtraction of incoherent scattering from excess hydrogen iff@se
2 4 6 8 10 12 14 16 sample. The shape of the apparent slope compares well with an estimate
o0& (long dashed curve) based on the total scattering of a light water sample

(see Figure 1). Titration has largely corrected the imbalance in

Figure 1. Comparison of the total scattering from pairs of concentrated deuterium enrichment between the solutions

(nominally 6.4m CaCl) light and heavy water solutions containing
"Ca (solid curves) and isotopféCa (dotted curves). The data are  Ca sample had to be shifted by about 1% H to achieve the
uncorrected except for counter deadtime and are normalized to the samgyesired result. No further adjustments were made during the

number of_ monitor counts. A Iar_ge and dls_tlnctlve_ contribution from experiment except for diluting the samples so they could be
hydrogen incoherent scattering is evident in the light water samples, !
measured at the lower concentration.

the effects of inelasticity giving rise to a sharp fall off with increasing e o .
Q. Because striving to limit BD contamination tends to com-

plicate the sample preparation process, isotope difference

whereﬁﬁ is the average number @ atoms around a central ~measurements with heavy water solutions may also be prone
atom of typea, p is the total number density (atom$)Aand to other systematic errors such as mismatches in concentration.
integration is over a spherical shell of inner raditisand outer This point is illustrated in Figure 3, which shows the direct first-
radiusr2. order difference (dotted curve) in real spanéaga(r), for the

Fine-Tuning Experiment and Analysis Because isotope  concentrated solutions after completion of the formal data
scattering differences are smah-1—2%) compared to the  analysis process. The peakrat 0.95 A is readily identifiable
measured total scattering, the success of the isotope substitutioms the G-D bond distance of molecular water and its presence
method clearly depends on the samples being otherwise veryindicates that the solvent contributions do not cancel out
similar. Systematic errors from poorly matched samples can completely. Since any significant H:D imbalance had already
have a significant effect on the desired isotope difference. Before been corrected during measurement, this remaining discrepancy
discussing our findings in detail, we describe the steps taken,can only be due to a small difference in concentration. As will
both during and after experiment, to identify and minimize the become apparent later, no significant imbalances in concentra-
impact of such errors thereby ensuring the validity of the final tion were indicated by the first-order differences for thyht
results. water samples. Checks of sample concentration with Raman,

Figure 1 compares the total scattering for pairs of concentratedNMR, and atomic absorption spectroscopies led to the final
CaCb solutions in light and heavy water. The data are values shown in Table 2, which are also closely consistent with
uncorrected except for counter deadtime and the time-integratedindications from data analysis. The small, but appreciable,
flux on sample. The large incoherent scattering of hydrogen, difference in concentration for the heavy water samples (6.31
with its characteristic rapid falloff with increasinQ due to m"aCaCh versus 6.2%n44CaC}) introduces error terms related
inelasticity effects, is clearly evident from the light water data. to the solvent scattering in the direct first-order difference as
This characteristic signature can be used to check the relativequantified in Table 3. (Note that for ease of comparison the
levels of hydrogen contamination in theavy watersolutions. values of the weighting coefficient§,s have been multiplied
Figure 2 shows the initial first-order difference of the raw by 1 and so are consistently tabulated in units of mbarns per
scattering data and, as anticipated, there were clear signs of asteradian whereas the plotted data use the conventional barns
difference in deuterium enrichment, with th#Ca solution in per steradian.) An effective data analysis correction can be
D0 containing slightly more hydrogen than tféCa sample. applied by slightly rescaling the total scattering from tR€a
Before continuing with the experiment proper, the imbalance sample prior to subtracting tHéCa scattering. In this way, it
in deuterium enrichment was corrected by progressively titrating is possible to compensate for the slightly lower solvent scattering
the “better'™Ca heavy water solution with drops ot@. After in the more concentratédCa solution and eliminate the-D
each drop was added, the sample scattering was remeasuredontribution in the first-order difference (solid curve in Figure
and the first-order scattering difference recalculated until it was 3). The weighting coefficients of the resulting corrected differ-
evident that the H:D imbalance had largely been corrected ence are also compared to those of the direct difference in Table
(upper curve in Figure 2). The deuterium enrichment of'tlie 3. In addition to eliminating the ©D term, the improvements
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TABLE 2: Sample Compositions for All Pairs of Solutions Studied

atomic concentration

solution molality,m density (atoms/A) naCa “Ca Cl (¢} H D
niCaClk/D,O 6.31 0.092 0.03403 - 0.06806 0.2993 0.007 0.5914
44CaCk/D,0 6.25 ' - 0.03374 0.06747 0.2996 0.006 0.5932
niCaCh/H0 6.49 0.092 0.0349 - 0.06981 0.2984 0.5969 -
44CaChk/H0 6.475 ' - 0.03483 0.06967 0.2985 0.597 -
niCaClk/D,O 4.0 0.096 0.02241 - 0.04482 0.3109 0.0075 0.6144
44CaCh/D,0 3.94 ' - 0.0221 0.04419 0.3112 0.0062 0.6163
niCaClh/H0O 4.0 0.096 0.02241 - 0.04482 0.3109 0.6218 -
44CaChk/H0 4.0 ' - 0.02241 0.04482 0.3109 0.6218 -

aMolality has been calculated consistently on the basis of moles of Ca per 55.5 mgDairH,0 (i.e., for the same number of moles o
present in 1 kg of that solvent).

0.04 TABLE 3: Values of Weighting Coefficients in the Direct
] and Corrected AG2(r) for Concentrated CaCl, As Shown in
] Figure 3
Ca-D
0,004 ’ pair correlation AKq—p x 10° (mbarns str)
AGE. () o o—p direct difference corrected
(barns Str—l) b e — Ca—0 3.480 3.510
] F Ca—D 7.836 7.903
//‘\ Ca—Cl 1.314 1.325
Ca—Ca 0.224 0.226
\/ 0-D ~0.701 -
D-D —1.282 —0.483
] 0-0 —0.059 0.098
0027 Cl-D 0.233 0.292
— . . . . T Cl-0 0.175 0.292
! 2 3 4 5 6 Cl—Cl 0.074 0.096
r P (03 —-11.29 —13.25
Figure 3. Real-space, first-order difference data for measurements in AGc0) x 1 : :
D,0O and at high concentration (nominally 6mCaCb). Concentrating 2 The negative sum of the terms in each column gives the expected

first on the two lower curves, the direct difference (dashed curve) low-r constant value (last row). Correcting the difference eliminates
indicates a small mismatch in concentration between the two solutions the error term from @D and sharply reduces the contribution from

as evidenced by the intramolecular-O peak of water at ~ 0.95 A. D—D. This improvement is at the expense of slight increases in the
The imbalance in the solvent-€D and D-D contributions has been  error terms from G-O and those correlations involving Cl. Fortunately,
approximately corrected by applying a small rescaling factdr.012) these unwanted contributions remain small compared to the desired

to the scattering from the more concentrat&@a sample. The result  terms involving Ca.
is a clearly improved difference (solid curve) with good agreement in
the water coordination numbers estimated from the individual peaks
(labeled Ca-O and Ca-D) in the first hydration shell thus confirming
the validity of the correction. The upper (dotted) curve, which has been
displaced vertically by+-0.013, shows the result abtapplying a Lorch 0.02 4
window function during Fourier transformation. In addition to the

desired effect of minimizing termination ripple, the use of a window AFE2(0)
function clearly also results in significant broadening of the first (barﬁ,g/st,)
hydration peaks (particularly C&D). This fact should be borne in mind 0.00
when evaluating the real-space data presented in this paper (generated
consistently by using a Lorch window andQg.ax cutoff of 16.5 A2).

include a sharp reduction in the-fD contribution. Of the
remaining error terms, the largest is due te ©l but even this
only has a small weighting comparable to the most minor term
(Ca—Ca) in the nominal isotope difference. In both cases, the

-0.02

normalization constantAGga(O), is consistent with the low- -0.04 - T T T T | T T T
region of the corresponding data in Figure 3. The validity of 2 4 6 g 12 14 16
the much improved&Gga(r) that results from this correction is C)

confirmed by the good agreement in the water coordination Figure 4. The first-order scattering differences in,® for both
numbers (6.7 and 7.0, respectively) estimated from the individual concentrations after all corrections have been applied. Residual slopes

Ca—0 and Ca-D peaks in the first hydration shell. As shown in the scattering data have been removed by correcting the tegion

: : . . . below 0.8 A in the correspondingGg (r) and back transforming. To
""Tter in the discussion, the hlghly Cons_lstent Sec_ond-order allow direct comparison with the highgr concentration data (solid curve),
differences that result from combining the first-order differences e gata for 4.0n CaCh (dotted) have been scaled by the ratio of the

in light and heavy water provide even stronger confirmation ca-0 weightings &1.45).
that the data have been treated correctly.
. . Figure 4. The basic featurest primary peak af ~ 3 A1,
Results and Discussion preceded by a sharp dip@t~ 2 A-%, and followed by several
The fully corrected, first-order scattering differences in heavy smaller oscillations at highe@—mirror those of other studies
water, AFBa(Q), are compared for both concentrations in of well-hydrated ions, for example, Niin aqueous solutio?f
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TABLE 4: Weighting Coefficients for All First-Order

I
i | 'Ca-H
Differences AG2(r) and AGg,(r) 0.03 a0 | : 6.4 m CaCl,
AKq—p x 10° (mbarns str?) _
6.4m CaCh 4.0mCaCh 7 002
=
a—p AG{r)  AGE)  AGEr)  AGLr) Z
Ca-0 3.510 3.540 2.409 2.370 S 0014
Ca—H 7.903 —4.56 5.424  —3.054 5
Ca—Cl 1.325 1.368 0.578 0564
Ca—Ca 0.226 0.235 0.098 0.097 § 000
O—H - 0.036  — - &
H—H -0.483 —0.024 —0531  — S ool
0-0 0.098 0.013 0103 - '
Cl-H 0.292  —0.053 0527 -
cl-0 0.292 0.041 0282 — 002
cl—Cl 0.096 0.018 0.061 - ' )
AG2(0)x 1®  —1325  —0.613 —8.95 0.023 {Ca-H 4.0 m CaCl,

0.02
@Note that a general reference to H means either H or D. The

coefficients for the heavy water differences include the small correction
for concentration imbalances as described in the main text.

0.01

To facilitate comparisonAFga(Q) for 4.0 m CaCk has been
scaled up by the ratio of the €® weighting coefficients
(x1.45, see Table 4 where the weighting coefficients for all
the first-order differences are tabulated). The changes with (5
concentration appear rather subtle, mainly involving slight ~
alterations in the shape and phase of the small pegk~at6.5

A-1 There is also some reduction in the amplitude of the main -0.01
peak. This preliminary examination of the data suggests that T T

calr) - AG-,(0) (barns/str)

the hydration structure of €a, while becoming slightly weaker 1 " 4 6 7
at higher concentration, undergoes a perturbation rather than a r()
substantial modification. Figure 5. The collated real-space first-order difference data for both

The real-space equivalents of the first-order scattering dif- Soncentrations in B (solid curves) and in kD (open circles). At low
. . . he CaO D fi k ~
ferences for both light and heavy water solutions are shown in concentration, the CeO and Ca-D first peak positions are at

. ) 2.41 and 3.03 A, respectively. The dashed vertical lines serve to
Figure 5 (note that @max cutoff of 16.5 A and a Lorch highlight any changes in these peak positions at the higher concentration

window were consistently used to Fourier transform the data). most notably, the shift to lowarin the Ca-H peak distance. Note the
As indicated by the initial comparison of scattering differences, lack of any obvious feature at~ 0.95 A in the light water results,
the C&* hydration structure does not change dramatically with implying the solutions were closely matched in concentration.
concentration. The most distinct change is the shift in position .

of the Ca-H peak in the first hydration shell, which starts off the positively charged hydrogens further out and generally

atr = 3.03 A at low concentration and shifts downrte= 2.98 pointing away from, the central €a ion. At the higher
A at the high concentration. This peak shift is seen consistently COncentration the negative contribution from G4 is less
in both the light and heavy water differences. The-Egfirst distinct, implying a weakening of the radial alignment of water

peak distance at high concentration agrees closely with the valugMolecules in the second hydration shell. _
(2.97 A) obtained in part | with use of EXAFS, although this Havmg compared and established the consistency of the first-
earlier study was unable to detect the clear shift in this distance 0rder differences, they can now be combined to form the more
with concentration. Also consistent with our preceding study |, detailed and less ambiguous second-order differences. Results
the Ca-O first peak distance does not change significantly with for the high concentration are plotted in Figure 6 and correspond
concentration although the absolute value is somewhat lowert© the following expressions

at 2.41 A (compared to 2.44 A from EXAFS). There is,

however, a small discrepancy in the position of this peak in Gca n(r) = [AGR{r) — AGZ{0)] — 0.992AGE(r) —

AG,(r) as compared tdGZ,(r) for 4.0m CaCb, the origin of AGY(0)] = 12.49, (1) + E (11)
which is unknown. The subtle changes with increasing con-
centration are not limited solely to the first hydration shell _ Dy D Hoy
modifications in longer range order are also apparent. This is Geax(1) = 057AGCr) = AGc0)] + [AGcAT)

most easily seen by comparing the light water differences in  AGE(0)] = 5.59¢, o(r) + 2.19c, oi(r) + 0.36gc, ) +
Figure 5, for example, there is a peakrats 4.6 A at low E (12)
concentration that moves outttes 4.7 A at high concentration.

Because the CaH contribution is negatively weighted, whereas in units of mbarns st?, where E = — 0.46y_p(r) +
Ca—0 is not, the orientational ordering of water molecules is 0.34g4_¢/(r) + 0.25o-ci(r) andE' = —0.3gy—n(r) + 0.21go—ci(r)
more easily deduced fromGga(r). In the case of 4.6nh CaCb, + 0.11g4—c((r) represent the most significant error terms. The
the positive peak at~ 4.6 A is followed by a negative dip at  conditioning of the second-order differences is excellent, with
r ~ 5.6 A, which indicates that the second-shell water molecules the Ca-O and Ca-H peaks in the first hydration shell appearing
are aligned in a similar way to those in the first hydration shell, cleanly resolved. The high quality of the results is evidenced
i.e., with the negatively charged water oxygens closer to, and by the remarkably good agreement (to within 2%) in the water
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TABLE 5: Parameters for the Ca?" First Hydration Peaks As Derived from the Second-Order Differencesyca—n(r) and gea—o(r)
+ x(r)?

l'ca-0 (A) Arcfo (A) ﬁga lca—H (A) AchﬁH (A) 0.5 ﬁga
6.4mCaCb 2.41(0.01) 0.32(0.02) 6.95(0.1) 2.98(0.01) 0.46(0.02) 6.84(0.1)
4.0mCaCb 2.40(0.01) 0.31(0.02) 7.3(0.1) 3.03(0.01) 0.46(0.02) 7.25(0.1)

@ The peak positions,ca-o and rcan, full-widths at half-maximumArca-o0 and Arca—n, and average water coordination numbers calculated
independently from the CeO and Ca-H first peaks,ﬁga and Oﬁga, are presented. The estimated uncertaintigsiii these values are given in
parentheses. The peak widths also have been corrected for the broadening effects of the Lorch window function used in Fourier transformation.
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2 3 4 @A) 5 6 7 Figure 7. The changes in the G&X pair distribution function going

r

from low (dashed curve) to high (solid curve) concentration. What is
Figure 6. The second-order differenceSc.x(r) (solid curve) and actually plotted for the higher concentration is a reduced pair distribution
Gca-n(r) (dashed curve), for the high concentration, illustrating the function, 0.92§c.o(r) + x(r)], so that relative changes in coordination
effectiveness of this method for separating the peaks in the first number are more apparent. The broad increase in intensity in the region
hydration shell. The exceptional quality of the results is borne out by 4.6 <r < 5.6 A (hatched region) appears to be due toiBGhs entering
the close match (to within 2%) in the water coordination nhumbers the second hydration shell at the higher concentration.
estimated from the first hydration peaks. This small difference in
coordination numbers can be used to estimate an upper detection limit
for Ca—Cl contact ion pairing by modeling, using a Gaussian peak reduction in size and hence coordination number (Table 5). The
centered at = 2.75 A (hatched curve). The result is a coordination Ca—O first peak also remains well separated from the second
number of less than 0.1, confirming the absence of significant ion hydration shell by a deep minimum that goes essentially to zero,
pairing even at this high concentration. suggesting no substantive change in the dynamics of water

molecule exchange between the first and second hydration shells.
coordination numbers estimated independently from each first The most substantial difference at higlis a marked increase
peak in the second-order differences (see Table 5). This alsoin the region 4.6< r < 5.6 A. This range of distances is
suggests the net effect of the error terms is negligible even in consistent with CaClI contributions due to Clions entering
the low, first hydration shell region. The small difference in the second hydration shell around?Cand forming solvent-
coordination numbers can hence be used to estimate an uppeshared ion pairs. Assuming the increase is entirely due te Ca
(detection) limit for the amount of contact ion pairing by ClI (eq 12), approximately 1.& 0.2 CI” ions enter the second
modeling the possible C&Cl contribution to the CaX function hydration shell as the concentration is increased. This compares
as a Gaussian peak with appropriate parameters for the widthto a coordination number of about 5Clons estimated from
and position (fwhm= 0.1 A, rpea= 2.75 A)2! Adjusting the XANES spectra in part |. Note that the present result should be
peak amplitude to eliminate the small discrepancy in hydration regarded as a lower limit since we have only estimated the
numbers (see Figure 6) suggests an average coordination numbencrease over that at lower concentration. We have also
of less than 0.1 Cl ions around each €&, confirming the implicitly assumed no change igcaor) for the second
absence of significant contact ion pairing even at this high hydration shell regiorreven though there is some evidence of
concentration. Due to the exceptional conditioning of the present this from the small decrease in intensity in the range 4 <
neutron data, our estimated upper limit for-8al contact ion 45A.

pairing is comparable to that provided by EXAf8stensibly, The changes in the GeH pair distribution function with
a much more sensitive techniguis our earlier study shown  concentration (Figure 8) are also strongly consistent with the
in part I. entry of counterions into the second hydration shell. Again, what

Comparing the second-order differences in detail allows a has been plotted for the high concentration is actually a reduced
compelling picture of the effects of concentration on thd'Ca  function, 0.92ca—n(r), taking into account the lower number
solvation structure to emerge. Figure 7 illustrates the changesdensity and hydrogen atom concentration. The notable broaden-
in the Ca-X pair distribution function. What is actually plotted ing of the second hydration shell is consistent withr @ins
for the higher concentration is a reduced function, @92/x(r) changing the orientation of water molecules via their positively
+ »x(r)], taking into account the lower number density and charged hydrogen atoms. This picture naturally suggests a lesser
oxygen atom concentration (see Table 2), so that areas undeimpact on the CaO pair distribution, which does indeed appear
peaks better reflect changes in coordination number. Consistento be the case and is consistent with our interpretation of the
with our earlier comparison of first-order differences, there is changes in the measured €4 function. The possibility that
no significant change in the €& first peak aside from a small  the increased disorder in the €H distribution is dynamic in
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4.5m CaCh) were measured. Our €& and Ca-H first peak
distances for the 4.t concentration (Table 5) agree closely
with values of 2.41 and 3.04 0.03 A, respectively, reported

by Hewish et al. for their 4.5n solution. However, their reported
coordination number of 6.4 0.3 at the same concentration
appears to be on the low side compared with the present results
which indicate closer to 7 water molecules in the first hydration
shell around C&. Given the greater rigor and consistency
required for a successful second-order difference experiment,
we believe the present results for coordination number are more
reliable. The most striking observation made by Hewish et al
was a strong composition dependence of the water coordination
T T T T T number which they report as declining from as much as 10 at
4r(A) 5 6 7 1.0mto less than 7 at 4.B1 concentration. Although the effect

Figure 8. The changes in the GeH pair distribution function going is not as pronounced, there is some evidence for this in the
from low (dashed curve) to high (solid curve) concentration. Again, present reiults .W'th the average coordlnatlo_n numl?er declining
what is actually plotted for 6.t CaCk is a reduced pair distribution ~ PY @bout 5% going from 4.0 to 6@ concentration. This change
function, 0.92c.n(r), which takes into account the lower number IS broadly in line with the decrease in overall atomic number
density and atom fraction of hydrogen at the higher concentration. The density between the two concentrations. If this trend is assumed
inset figure illustrates how a water molecule can tilt on the surface of to hold to low concentration then the limiting value of water
the C&" ion and the definition of the tilt angley. Assuming there is coordination number is about-&omewhat lower than the
always close contact between the cation and water oxygen, anynotably high value of 10 reported by Hewish et al. Of the
symmetrical tilt away from the dipolep(= 0) orientation results in . . ;
shorter ion-hydrogen distances. crystalline solids, the C_a@:hexahyd_rate_ serves as th_e closest
reference and has the highest coordination number with 9 waters
origin and due to greatly increased exchange of water moleculessurrounding each Ga ion. Because the local environment in
in and out of the first hydration shell (as perhaps suggested bythe disordered liquid state is often similar to that of the related
the filling-in of the first minimum atr ~ 3.7 A) can be ruled solid—albeit with reduced symmetry and vacaneitisis com-

4 -

a
3 -

8ca-n (r )
2 -

out because of the lack of change in the-Gafirst minimum. parison also suggests a maximum hydration number in aqueous
Despite the broadness of the second pealgdpw(r), it is solution of close to 8. Our suggested maximum coordination
possible to estimate the average number of water molecules innumber and the observed steady decline with concentration are
the second hydration shell. Using consistent radial lintits< both supported by the results of Katz et?who used ab initio

3.7 andr2 = 6.0 A) for the integration of peak areas (eq 10), molecular orbital calculations to show that hydrated calcium
we obtain values of 20.3 and 18.7, respectively, going from clusters containing 6, 7, and 8 waters in the first hydration shell
low to high concentration. Although the absolute coordination are energetically very similar, whereas all other coordination
number values vary depending on the precise choicé aind numbers have significantly higher energies. To directly verify
r2, the difference with concentration is consistently about 1.6 our claims, new NDIS studies of CaChqueous solutions at
water molecules. Given that a water molecule occupies nearly low concentration will be needed.

the same volume (30 3 as a Ct ion (25 A3), it seems

reasonable that the counterions displace a similar number OfSummary and Final Remarks

water molecules as they enter the second hydration shell. By

disrupting hydrogen bonding between first- and second-shell  The use of neutron diffraction with calcium isotope substitu-
waters, the Cl ions can also be expected to affect the orientation tion in both light and heavy water has provided a unique window
of water molecules in the first hydration shell. Such an effect into the effects of concentration on the?C&olvation structure

is evident in Figure 8 where the €&l first peak clearly shifts in ambient agueous solution. The results confirm many of the
to lowerr at high concentration (just as indicated in the earlier findings of the preceding EXAFS study, part I: specifically,
comparison of first-order differences in Figure 5). It is now minimal change in the nearest-neighbor—-a correlation, a
possible to understand this change in terms of a modified, mean coordination number of about 7 waters in the first
probably more disordered and broadened, distribution of water hydration shell, and the absence of significart'C&Cl~ contact

tilt angles,P(cosp), around the central Caion. The inset in ion pairing even at concentrations as high asr6.@aCb. The
Figure 8 shows how a water molecule can tilt on thé'dan exceptional conditioning of the second-order isotope difference
surface and the definition of the tilt anglke, Although it is not data even allows us to confirm a detection limit for contact ion
possible to obtain direct information abo&icosp) from pairs of approximately 0.1 Clions around each Ca at the

diffraction date2?2 modeling studies by Powell and Neilsén high concentration. By providing quantitative and unambiguous
show that for a distribution centered around the dipole orienta- information on longer range structure, the present study directly
tion, ¢ = 0, broadening generally causes the calculated ion-H confirms the suggestion in part | that the formation ofCa
peak to shift to lower. It is, of course, also possible that there OH,—CI~ solvent-shared ion pairsand not ion association as
is a shift in thecenterof the distribution without significant  originally suggested by Phutella and Pitetis the microscopic
broadening, i.e., an increase in the mean tilt angle and hence aasis for the observed thermodynamic anomaly in the £acCl
reduction in the average ierH distance. In either case, the aqueous system over this concentration range. The strongest
effect on the CaH first peak can be ascribed to the presence evidence comes from changes observed in the second hydration
of CI~ ions in the second hydration shell. shell region of the CaX and Ca-H real-space pair distribution

It is further illuminating to compare the present findings to functions. Going from 4.0 to 6./ CaCbh concentration, there
those of Hewish et dlalso using neutron scattering and calcium is a marked increase in the range 4.6 < 5.6 A of the Ca-X
isotope substitution. This earlier study is limited to first-order distribution, which we ascribe to C&Cl correlations. From this
differences because only solutions in heavy water (1.0, 2.8, andwe estimate approximately 180.2 CI~ ions enter the second
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