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Ab initio calculations and X-ray diffraction experiments were carried out to study the structure of solutions
of calcium chloride in water and methanol. Ab initio calculations were performed at MP2 level and density
functional calculations at B3LYP level on calcigiwater and calciummethanol clusters yielding the formation

of stable calciumrwater clusters with up to eight water molecules and caletamethanol clusters with up

to seven methanol molecules. The experiments were performed in a wide concentration range both in water
and in methanol (26 M and 12 M, respectively). The coordination number of the cation in low-concentration

(1 M) aqueous and methanol solutions could only be determined with great uncertainty due to the low weights
of cation—solvent contributions to the X-ray scattering intensity for both series of solutions. It was found that

in 1 M solutions the C& ion is surrounded by eight (five to ten) water and six (four to seven) methanol
molecules, respectively. The coordination numbers decrease with an increase in concentration. The accuracy
of the coordination numbers determined increases with increasing concentration. The solvation shell of Cl
ion is composed of six solvent molecules in each solution. We have found evidence of both contact and
solvent-separated C&Cl ion pair formation at higher concentrations. On the basis of the stoichiometry of the
solution and structural parameters obtained, different models are suggested to explain the liquid structure of
the solutions.

1. Introduction the highest stability is reached at= 6.1° However, the DFT
calculations represent gas-phase conditidr & temperature
 limit. In real solutions and at ambient temperature, the space

(spectroscopic and diffraction) and theoretical (ab initio, mo- requirement of the molecules and the interactions between them
lecular dynamics simulation, etc.) methddd.Due to the key ~ &r€ completely different from the DFT case; consequently, the
role of calcium ion in many biological reactions, there is a great coordination number can reach an even higher value than six.
interest in understanding the solvation of this important ion in ~ There are only a few studies published on the solvation of
detail. There are many experimedtdf and theoreticgl12-23 calcium ion in methanol; for example, the total solvation number
reports about the hydration of calcium ion in wate® but only of calcium chloride has been reported in methanol médza,
a few solvation studies can be found in methanol and other Monte Carlo simulation was performed of calcium ion in several
alcohols?4-27 However, the published results still exhibit a rather solvents including methanél,and dynamics of solvatiéf?
diversified picture, even for such fundamental properties as the has also been studied. Nevertheless, no systematic structural
average number of coordinating solvent molecules. Structural study has been reported on the liquid structure of concentrated
parameters for calcium solvation in water and methanol obtained calcium—halide-methanol ternary systems.
by different methods are included in Table 1. A special point of interest for concentrated solutions is the
Coordination numbers for the calcium ion in aqueous structure of solvates at high concentration range. Indeed, in
solutions obtained from calculations with simple ab initio pair methanol, if concentration of Ca$alts (X is chloride, iodide,
potentials are around 9:®.3/18 while those resulting from  or bromide) increases above 2 nah3, the stoichiometry of
calculations with potentials where many-body effects have beenthe solutions will not allow the formation of independent solvate

Structure of solvated ions in solution has long been an
attractive subject for studies by means of both experimental

included are in the range 7-®.61115°1¢ . ~ shells neither for cations nor for anions any more, and solvent-
Car—Parinello molecular dynamics simulations resulted in separated and even contact ion pairs are expected to be formed
coordination number 68 for calcium??-2® From X-ray dif- in abundance in solution. There is a number of various possible

fraction experiments on calcium halide aqueous solutions, structural forms displaying drastic changes both in the cationic
coordination numbers between 6 and 8 have been repbrtéd.  solvates and in the bulk of the solution in comparison with the
Neutron diffraction experiments yielded a value of 10, a rather dilute solutions. To extract the possible structural forms in such
unexpectedly hlgh Va'Ue, for a less concentrated solution (arOUnda ||qu|d, extensive model bu||d|ng and testing is necessary. Com-
1 M) and a value between 5.5 and 6.4 for more concentrated pyter simulation studies can help us to resolve the microscopic
solutions (4-5 M).®® Recent extended X-ray absorption fine structures as well. In addition, the high concentration range
structure (EXAFS) measurements resulted in coordination might give a good chance to observe some “clusters” in solution,
number of calcium ion between 7 and®? and their composition can be directly compared to clusters
Cluster calculations by density functional theory (DFT) have gpserved by other methods, for example, mass spectrometry.

i 2+ Wi =1— . o o
shown that for isolated clusters of Ca(®}*" with n = 1-8 To understand this uncertainty in the coordination number
*To whom correspondence should be addressed. E-mail: radnait@ Of calcium, it is worth considering that each study suffers from
chemres.hu. Tel: 436)(1) 4384141/ext. 114. Fax+@6)(1) 3257554. certain limitations, which might be responsible for this in-
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TABLE 1: Comparison of the Structural Parameters of the
Solvation Shell of Calcium Obtained from Different Studies

¢ (mol
solvent salt  dm™3) method r(A) n ref
water Cadl 1.1 XD 2.39 6.9 4
CaCb 3.3 XD 2.40 8 5
CaCb 5.2 XD 2.40 8 5
Ca(NQ), 3.6 XD 2.44 7 6
Ca(NG), 6 XD 2.45 7 6
CaCb 1 XD 2.42 6 7
CaCb 2 XD 2.41 6 7
CaCb 4.5 XD 2.42 6 7
CaCb 2 XD 2.46 8 11
CaBn 1.5 XD 2.46 8 11
CaBn 15 XD 2.46 8 11
Cab 1.5 XD 2.46 8 11
CaCb 1 ND 2.46 10 9
CaCb 2.8 ND 2.39 7.2 9
CaCb 45 ND 2.40 6.4 9
CaCb 45 ND 2.41 55 8
CaCb 0.12 EXAFS 2.46 8.0 10
CaCb 0.2 EXAFS 2.43 6.8 12
CaCb 6.0 EXAFS 2.44 7.2 12
ca* PCMMD 25 8.6 14
cat cMD 2.49 9-10 13
ca* cMD 2.5 8 17
ca* cMD 2.5 7.9 16
CaCb cMD 2.39 9.2 4
cat cMD1 2.40 8 11
Cca* cMD2 2.46 8 11
cat cMD3 2.51 9-10 11
Ca* cMD 2.47 9.2 18
Ccat QM/MM  2.38 10 18
Ca* QM/MM 2.46-2.51 7.1+8.1 20
Cat C-P 2.42 6 22
Ca* Cc-P 2.64 -8 23
ca* MC 2.4 7.01 15
methanol CaGl 5.66 visc 55 26
ca* MC 2.3 7 27

21n mol kg*. ® Abbreviations: XD, X-ray diffraction; ND, neutron
diffraction; EXAFS, extended X-ray absorption fine structure; PCM
MD, polarizable continuum model molecular dynamics; cMD, classical
molecular dynamics; QM/MM, quantum mechanics/molecular mechan-
ics; C—P, Car-Parinello; MC, Monte Carlo; visc, viscosity study.

homogeneous picture concerning the hydration of calcium. It
would be inevitable for all studies to make clear statements on
limitations and uncertainties inherent to the methods applied.
Based on these considerations, in the present paper
concentration series of systematic X-ray diffraction studies is
reported on CaGlsolutions both in water and methanol, together
with density functional calculations at B3LY®and MP2 levels
for calcium—water and calciumrmethanol systems. Special
attention will be devoted to the reliability of the conclusions

drawn based on either theory or analysis of experimental data.

2. Ab Initio Study

In a recent work? density functional studies and Car
Parinello (CP) molecular dynamics simulations of small
[Ca(H0),]?" clusters withn = 1—9 water molecules, together
with Car—Parrinello simulation of the Ga ion in a periodic
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To study structure and energy of [Ca®),]>" and [Ca(CH-
OH),]2" clusters withn = 1—9 water and methanol molecules,
DFT calculations with the B3LY® method have been carried
out. This method is based on empirically parametrized hybrid
functional including HartreeFock exchange and gradient
corrections of the density. The B3LYP functional has already
been proven to result in more accurate energy of hydrogen-
bonded systems than results achieved by BLYP functional.
Simultaneously, MP2 level calculations were also performed
to check accuracy of DFT calculations carried out with B3LYP
functional. All of the calculations were performed using
Gaussian 98? The basis set applied for all optimization and
frequency calculations was the 6-31G** set. It was already
shown that using this basis set one can described the-Ca
H,0 interaction quite wel23° The B3LYP DFT calculations
give reasonable agreement with spectroscopy data and are only
slightly lower in accuracy than results of ab initio MP2.

The structures of each complex EC@H,0),, C&(CHzOH)y)
were fully optimized by searching for a minimum in their
potential hyper surface. Taking into account the fact that the
potential surfaces for this type of cluster are flat, the TIGHT
convergence criterion was used in the Gaussian 98 program
package. At each stationary point of the B3LYP calculations
thus located, a vibrational study was performed to confirm that
the given point was a minimum on the potential surface. No
symmetry restrictions were imposed during the optimization.

The interaction energy at each minimum configuration was
calculated by the supermolecule method. All interaction energies
were corrected for the basis set superposition error (BSSE) by
using the counterpoise meth&dThe BSSE correction was
about 2-4% of total interaction energy.

In agreement with recent DFT calculations with BLYP
functional, the calcium ion was found to form stable hydrates
up to eight water molecules. The insertion of the ninth water
molecule into the hydration shell was practically not possible.
In Table 2, interaction energies, the intramolecular OH distance,
and the HOH angle, as well as the -©a distance, for the
clusters studied are given.

In the lowest energy gas-phase structure of the gaj+
cluster, water molecules coordinate the calcium ion sym-
metrically by an antidipole orientation. The distance between
water molecules in different clusters with > 6 gradually
decreases withoo = 3.42, 3.05, and 2.93 A fan = 6, 7, and

a8, respectively. Figure 1 shows the binding energy of water

molecules,
AE/n={E(Ca(H,0),”") — E(C&") — nE(H,0)}/n (1)

together with the energy required to remove one water molecule
from a given cluster,

|AE;,| = |[E(Ca(H,0),>") — E(Ca(H,0), ;*") — E(H,0)|

()

The binding energy of water shows a linearly decreasing trend
as more water molecules are added to the hydration shell. It is

inc| =

box of 54 water molecules, have been performed using the worth noting, however, that the energy required to remove one

BLYP functional, that is, the exchange functional given by

water molecule from clusters as a function of the number of

Becke and the correlation energy expression by Lee, Yang, andhydrate moleculegAE;,c|, shows two plateaus at= 5,6 and

Parr28 It was found that stable highly symmetric calcitmwater
clusters can be formed with up to eight water molecules and
the n = 9 cluster dissociates into the last stable [Caifhd]2"
complex. In the CP simulation of €aion with 54 water
molecules, the C4 ion resulted to be coordinated by six water
molecules in an octahedral arrangement.

7,8 water molecules with an energy difference of about 50 kJ
mol~1. The energy required to remove one water molecule from
a cluster withn = 8 water moleculegAEj,c| ~ 50—55 kJ mof?
is not much larger than the typical energy of a strong hydrogen
bond between two water molecules. Similar results were found
in the recent DFT calculation using BLYP functioalThese
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TABLE 2: Interaction Energies, AE = E(Ca(H,0),?") — E(Ca?") — nE(H,0) (kJ mol~1), the Intramolecular OH Distance,

Fo-n, in A, COH Angle, 304, in deg, and the Ca-O Distance, rca—o, in A Obtained by DFT Calculations at B3LYP and MP2
Levels for Ca(H,O),?" Clusters

—AE lo-H lcao DHoH
clusters B3LYP MP2 B3LYP MP2 B3LYP MP2 B3LYP MP2
Ca(HO)?*" 237.22 222.96 0.976 0.972 2.243 2.276 104.24 103.06
Ca(HO)?" 448.10 422.31 0.974 0.970 2.282 2.308 104.28 103.06
Ca(H0)a?" 631.26 600.12 0.972 0.969 2.313 2.330 104.55 103.30
Ca(HO)2" 794.58 757.29 0.970 0.967 2.342 2.351 104.74 103.51
Ca(HO)s2" 912.29 882.52 0.969 0.966 2.360 2.370 104.94 103.78
Ca(HO)e?" 1026.44 993.92 0.967 0.965 2.401 2.401 105.37 104.19
Ca(HO)2" 1075.31 1065.06 0.966 0.964 2.450 2.455 105.89 104.30
Ca(HO)g?" 1126.93 1128.35 0.966 0.963 2.482 2.482 106.16 104.76

TABLE 3: Interaction Energies, AE (kcal mol~2), the Intramolecular OH Distance, ro_y (&), COH Angle, 8con (deg), and the
Ca—O0 Distance,rca—o (A), Obtained at B3LYP and MP2 Levels in Ca(CHOH),2" Clusters

—AE fo-H fcao UHoH
clusters B3LYP MP2 B3LYP MP2 B3LYP MP2 B3LYP MP2
Ca(CHOHY** 285.03 258.24 0.973 0.970 2.19 2.23 106.79 106.77
Ca(CHOH)2" 516.69 480.07 0.969 0.968 2.24 2.27 106.90 106.51
Ca(CHOH)2t 712.48 677.79 0.968 0.967 2.28 2.30 107.30 106.26
Ca(CHOH)2" 876.29 850.78 0.967 0.965 2.32 2.33 107.60 106.82
Ca(CHOH)s?** 996.89 969.23 0.966 0.965 2.37 2.37 107.90 107.12
Ca(CHOH)e*" 1104.82 1098.3 0.965 0.965 2.40 2.38 108.32 107.90
Ca(CHOH)A* 1130.77 2.42 2.84
0
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Figure 1. Binding energies,AEq/n and AEi, in kJ mol? in
[Ca(H:0):2"] clusters fom = 1—8 obtained by density functional theory

Figure 2. Binding energies,AEi/n and AEp, in kJ mol? of
[Ca(CHOH)?"] clusters fom = 1—6 obtained with density functional

(4,%) and MP2 ©x) calculations. theory @,%) and MP2 Q,x) calculations.

results indicate that besides the most stable octahedral complex,
calcium—water clusters witm = 7 and 8 water molecules may The geometrical parameters for the?Q&H;OH), clusters
also coexist in the liquid phase and they are substantially are presented in Table 3. Structures with more than seven
influenced by outer neighbors. methanol molecules in the primary shell could not be observed.
The geometrical parameters for the?Q@d,O), clusters are The molecular symmetries of the clusters fo= 1-6 are
in agreement with those reported elsewhé&@.22321n our very close to the corresponding theoretical geometrical sym-
calculations, a more flexible basis set was used than those inmetries of the given clusters. The arrangement of O atoms
earlier calculations, and we take into account the electron around the cation is the same as that found in the caleium
correlation at MP2 level as well. In these clusters, the oxygen water clusters. The C&O distances increase with increasing
atoms face the cation forming thus a so-called “interior number of ligands added to the complexes due to the repulsion
structure”. The geometry of water ligand changes only slightly between the ligands. The cluster with seven methanol molecules
with increase of the hydration number. The OH bond becomes is somewhat special: it produces a distorted geometry. Six water
longer by about 0.01 A, and the HOH bond angles increase by molecules are located around the cation at 2.42 A, while the
about 1.8. The Ca-O bond length increases steadily with seventh one is elongated at 2.8 A.
increasing number of water molecules in the first shell. Figure 2 shows the binding energy of methanol molecules,
Both levels of theory are in good agreement, within 1% AEq/n, together with the energ\Ein, required to remove one
difference, in the obtained geometric parameters of Gajd" methanol molecule from a given cluster. The behavior of these
clusters. For all Ca(bD).2" clusters, the B3LYP method energies as a function of the number of solvated molecules
overestimates the interaction energies as compared to theresembles those of aqueous clusters. The plateaBR.
calculation at MP2 level. The OH frequencies have a red shift, appears at = 6 methanol molecules and removal of a molecule
which decreases with increasing number of water molecules in from the cluster witm = 7 requires much less energy26 kJ
the first shell. The bending frequencies have a blue shift. The mol~?, than that fom = 6 cluster.
experimental OH frequency shittof the water molecule in the Similar to the aqueous solution of calcium, the OH frequen-
first shell of calcium is about 50 cm. cies have a red shift, which decreases with increasing number
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of methanol molecules in the first shell; the bending COH
frequencies have a blue shift.

As it was experienced for the hydration case, the overall
results provided by both the DFT and MP2 methods are very
similar; but in all cases, the B3LYP method overestimates the
Ca—0 distance, as well as the interaction energy. The interaction
energy is about 1815% greater in the Ca(CH;OH), com-
plexes than in the Ca(H,0), complexes. This is not too much
compared to the available literature result. A theoretical study
of complexes formed by methanol for'Land Na ions have
already been performed in the same calculation le¥felhe
interaction energy of these clusters is about-830% smaller
than that in the calciummethanol complexes.

Ca—Cl ion pairs in aqueous and methanol media were also
studied using B3LYP method in the following compositions:
[CaCI(H0);] (1), [CaCl(Hx0)s] (II), [CaClx(H20)4] (lll), and
[CaCI(CHOH)5] (V). Geometrical parameters for the com-
plexes are as follows: (Pca-c1 = 2.85,rca-0 = 2.46, (Il)rca—ci
= 2-7O.rCa—O = 2.43, (|||) Ica—cl = 2.72, fca-0 = 2.42, and
(IV) rcaci = 2.65,rca-0 = 2.40 A. Similar structures were
found in the crystal stat®.Such ion pairs could appear in highly
concentrated solutions when the number of solvent molecules
present is not enough to fully solvate the ions.

3. X-ray Scattering Measurements

3.1. Experimental Details.All solutions were prepared from
distilled water and methanol of high purity (anhydrous, special
grade, Merck) and from anhydrous CaGinhydrous, 99.99%,
Aldrich). No further purification was performed. X-ray mea-
surements were carried out on solutions of calcium chloride in
water and methanol (Table 4) at various concentrations.

The X-ray scattering measurements were made at ambient

temperature (24 1 °C), on a®—0O goniometer with sym-
metrical transmission geometry and by using Ma Kadiation

(A = 0.7107 A wavelength) with a graphite monochromator
placed in the diffracted beam. The liquid sample holder had
plane-parallel windows prepared from @ thick Mylar foils.

The scattering angle range of measurement spanned ovér 1.28
< 20 < 120 corresponding to a range of 02k < 15.3 A1

of the scattering variable= (4/A)sin ®. Over 100 000 counts
were collected at each of 150 discrete angles selectadk ay

Megyes et al.

TABLE 4: Physical Properties of CaCl, Solutions Studiedt

solvent c(moldnt®) p(gcm3)  wu(cm?)  po(cm )
water 1 1.07 2.61 0.0980
2.5 1.19 4.94 0.0961
4 1.31 7.27 0.0942
6 1.36 10.26 0.0807
methanol 1 0.89 2.07 0.0899
2 1.98 3.49 0.0895

aSymbols: ¢, salt concentrationp, mass densityy, linear X-ray
absorption coefficientpo, atomic number density.
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Figure 3. Structure functionsh(k), multiplied by k (a) and pair
correlation functionsg(r) (b), for calcium chloride solutions in water.
The experimental values are given by dotted lines and the theoretical
values by solid lines.

The water and methanol molecules were treated in atomic
representation. The necessary parameters were taken from
International Tables for X-ray Crystallograpfy.

0.1 A1 steps in several repeated runs (20 000 counts at each The experimental pair correlation function was computed

point).

The measurement technique and data treatment were es
sentially the same as described previoi§ly.

The measured intensities were corrected for background,
polarization, absorption, and Compton scatteffighe Comp-
ton contribution was evaluated by a semiempirical method to
account for the monochromator discriminati®he Compton
intensities needed for the corrections were calculated with
analytical formulas?4°The experimental structure function is
defined as

1K) = > %50

h(k) = )

M(k)

wherel(k) is the corrected coherent intensity of the scattered
beam normalized to electron unffsf,(k) and x, are the
scattering amplitude and mole fraction for a typengparticle,
respectively, andM(k) is the modification functionM(k) =
[>%fo(K)]? exp(0.0K3). The coherent scattering amplitudes of
the ions and the methanol molecule were computed according
to analytical formulas suggested by Hajland Cromer et &2

from structure functiom(k) by Fourier transformation according
to

1 (knekh(K) singkr) dk

=1+
R AN V %)

(4)

wherer is the interatomic distanc&in andkmay are the lower
and upper limits of the experimental data, gmdis the bulk
number density of the stoichiometric units. After repeated
Fourier transformations when the nonphysical peaks present in
theg(r) at smallr values were removed, the structure function
was corrected for residual systematic errdri this process,
the peak due to the intramolecular-O distance centered at
about 1.45 A was also removed.

An alternative form of radial distribution function is usually
given asD(r) — 4mr2po, and it is calculated frorg(r) functions
with D(r) = 4mrpeg(r).

3.2. Method of Structural Analysis. The observed structure
functionskh(k) and radial distribution functiong(r) as obtained
for a set of solutions in water and methanol are shown in Figures
3 and 5, respectively. As a first step, the visual evaluation and
a preliminary semiquantitative analysis was performed, when
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TABLE 5: Structural Parameters for the Aqueous Solution interaction. In the case of aqueous solutions, for example, the
of CaCl; with the Estimated Errors in the Last Digits? first peak is centered around 2.9 A 1 M solution and splits

sample bond type r o n into two peaks at higher concentrations, showing that more than

M CaO 2.46(1) 0.20 8.0 one intgraction gives rise to this pgak. To g.ive a quantitative
Ca—0" 4.55(2) 0.23 13.0(5) description of the structure, that is, to derive the structural
Cl-0 3.25(1) 0.19 6.0(3) parameters, the coordination numbers, mean interatomic dis-
o-0 4.75(2) 0.23 2.0 tances, and their root-mean-square deviations, at least for the
0-0 2.85(1) 0.20 4.3(1) contributions of the predominant interactions, the construction

25M Ca-0 2.43(1) 0.19 6.9(3) o !
Ca-O! 4.55(3) 0.23 11.1(7) and fitting of extensive structural models were performed.
CI-0 3.25(1) 0.19 6.2(1) The fitting strategy was the following. At the beginning, the
0-0 4.75(2) 0.23 15 “rough” structure of ionic shells has been fixed by inputting
0-0 2.99(1) 0.20 4.0 the structural parameters obtained from the preliminary study

4M Ca—0 2.43(2) 0.15 5.8(3) e e : . ;
Ca_O! 455 0.23 79 of radial distribution functions and from the previous studies
Ca-Cl 2.74(2) 0.17 1.0(2) of CaCl solutions in water and methanol. The parameters of
Ca—CI' 4.86(2) 0.23 2.1(2) the discrete structure were kept constant, and those for
Cl-0 3.25(1) 0.20 4.5(3) continuum were adjusted. The refinement extended ovek the
g'__g' ?Z)Z)g((?i)) g-ég ég(l) range 0.2< k < 15.3 AL In the next step, all coordination

6 M CaO o 45(1) 0.17 511(3) nunjb(_ers were kept constant and distances and root-mean-square
Ca—0O" 4.55 0.23 5.0 deviations have been adjusted. Next, most of the coordination
Ca—Cl 2.72(2) 0.17 1.5 numbers were allowed to vary. This process was repeated
Ca-CI' 4.85(2) 0.23 3.0(2) alternately several times until the minimu#asfactor has been
Cl-0 3.24(1) 0.20 4.1(3) reached. Finally an overall check was run, letting all parameters
cl-0 3.80(3) 0.21 3.0

vary, covering the entiré& range. As it can be seen, the data
evaluation procedure did not comprise any geometrical con-
* The distancesr} and the mean square deviationg ére givenin - strajint between the distance parameters as a consequence of any
A. assumed regular symmetry. The models suggested were built
the radial distribution functions for all solutions were compared ©n the basis of parameters obtained from the fitting procedure.
with those available in the literature. Further on, the observed 3.3. Results and Discussion3.3.1. Aqueous Solutions of
data were analyzed by geometrical model constructions andCaChk. For aqueous solutions of CagCthe ratio of salt to the
fitting the model structure functions to the corresponding number of water molecules varies as 1:53.3, 1:20.33, 1:12.08,
experimental ones by nonlinear least-squares method (LSQ).and 1:6.48 (see Table 5). This means that in the less concentrated
The quality of fit was monitored through th8es factor as (1 M) solution there are enough solvate molecules available to
defined by form complete solvation shells both for €aand CI ions,
assuming that the calcium ion is eight-coordinated and the
Kmax ) chloride ion is six-coordinated and no contact ion pair is formed.
Ses= gkz[hexpt(k) ~ NearedK)] (5) This is, however, not true for &4 M and obviously not for
in the most concentrated (6 M) solution, simply because of the
stoichiometric conditions. The 2.5 M solution is the border case.
Based on these considerations of stoichiometric composition
heacdK) = hy(K) — h(K) (6) and taking into account that wh<_anever itis possi_ble, the sqlvent
molecules tend to solvate the ions at the maximum available
; 2 coordination number in average, a simple 4-step model can be
hy(k) = Xalilaf SINKr) exd — op 12 %) applied as found in the literatuf€(1) In dilute solutions, all
; M(K) kr o 2 ions are fully solvated with at least one layer of solvate
molecules; the maximum number of symmetry elements are
h.= found in the solvate shells (when symmetry considerations are

C

o 2 applicable at all). (2) With increasing concentration, the solvated

2471,0 XXgfofp KR,5 COSKR,p) — sinkR,p) ox 4&/3 . ,2) ®) ions are still separated, but the solvate shells might become
0 [AN

& M(K) K

incomplete; symmetry becomes gradually distorted. (3) If the

available solvent molecules further decrease in number (below
whereo andg refer to scattering centers of different chemical the sum of the average coordination number of cations and
types. The first termhg(K) (discrete part), is related to the short- anions), solvent-separa.ted. ion pairs occur. The original sym-
range interactions characterized by the interatomic distapce ~ Metry of solvate shells is distorted but may or may not change
the root-mean-square deviatior, and the coordination number ~ in average sense. (4) With further increase of ion concentration,
nes. The second termhe(k) (continuum part), accounts for the the relatlvg lack .of solvent molecules will force thfs formation
uniform distribution of-type particles around-type particles of contactllon pairs. The strgctures of these solvation shells can
beyond a given distanceR,s and I'ys define the related  Strongly differ from the original solvate structures.
boundary of the uniform distribution af,3-type distances and It is difficult to determine quantitative conditions for when
their root-mean-square deviation, respectively. Consequently,the four steps occur in general terms; however, one can decide
one contribution for each type of interaction was involved in which of the four steps is applicable from the stoichiometric
hq(k) and he(k) functions (eqs 7 and 8), as shown in Table 5. composition of a given solution and from the assumptions for

An inspection of the radial distribution functions indicated the probable geometry of the solvate shells. It is worth noting

to us that they are rather composite and no peaks, not even thehat according to our assumption, the governing process in ionic
main peak can be uniquely assigned to a certain kind of solution is the solvation of ions with a tendency to reach the

0-0 2.95(1) 0.20 3.7(1)

The theoretical intensitiebeac{K) were calculated by formulas
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maximum available symmetry. Any deviation from this (e.qg., 4 a0

; . ca0 caoa® o“-o'(a/)z:acm a)
concentration-dependent change in symmetry, strong tendency /\/\ 5\
to form ion pairs in the liquid, etc.) can cause deviations in the 0 o o\/! Vo aio
expected structural forms. From the experimental point of view, < 0 [\ A ’;\a/‘}ﬁ\@i ’
; . : o 8 s
two interesting questions arise: first, whether the above model E \Lﬂ C}&c/a) goln Cacl A
can be verified by experiment, that is, can we detect the solvated N N \eo/X >

ions, solvent-separated ions, or contact ion pairs as forecasted, \Zﬂ V o\/ oL 28M 1O
0 f\ 0-0/(ca) 0-0(CI 2 <O

and second, are some structural changes observable related to ~ Gt NZ S

deviations from the simple stoichiometry-related considerations NS VY dmse

for the structure? : ;

(=)

To be specific, for the studied systems, an interesting question 0 2 4.8 8 10
is whether any CaCl contact ion pairs can be detected at the
2.5 M concentration. 3] vy oo b)

3.3.2. X-ray Structure Functions and Radial Distribution C&;\%.o /\&\“m d@cac'i“/'\ca/c'\?;\”
Functions for CaClin Water.Visible concentration variations 0 —~/ VARVAY A LAy
can easily be observed when looking at the structure functions e o \)/?“w won EAM_C&I “
in Figure 3a, derived from the X-ray diffraction experiments. b 0 Peeed \ /\,\dd@ NN
The first double peakas it is well-known from the experience s TN \/’J v ‘\/J
with scattering patterns of hydrogen-bonded liguigscertainly A N

) . - 0 Ni%on A/ NNA

predominated by the scattering contributions of bulk solvent of \/ \VAZR NV v
solutions. This is observable in the pure solvents’ structure -4 CaCl, 25M - CaCl, 1M
functions as well (not shown her#)?’ This “double peak 0 2 4 6 8 10

feature” is gradually disappearing as the quantity of bulk solvent _ . o .
Figure 4. Difference radial distribution functions in th&(r) — 4smr2po

is reduced by concentration. ¢ X - ’ .
- o ) or each calcium chloride solution and pure water (a) and each calcium
Theg(r) functions are shown in Figure 3b. They witness about chloride solution ad 1 M calcium chloride solution in water (b). The
the trivial concentration dependence of the magnitude of various expected main contributions to the pair interactions are indicated by
contributions and of some structural changes as well. From thelegends.

rather complex and broad main peak oM solution in the  pqeryeqd, butit is very difficult to give a reasonable explanation
range 2-4 A, a steep, asymmetric first peak arises at about for peaks at such long distances. The oxygerygen interac-
2.45 A, followed by another peak at 3.2 A for the more i,y hetween the oxygen atoms in the hydration shell of calcium

concentrated solutions. The first, separate peak around 2.45 A, chioride ions can be responsible for the peak around 4.7
can be assigned to the €8 first-neighbor distances. By the A, but especially in high-concentration solutions, -G2{"

increase of concentration, the peak increases due to the increasegolvent-separated ion pairs can contribute as well. There are
weight of Ca-O-type contributions to the scattering pattern. ey few studies in the literatu#&*° about ion pair formation.

Another broad peak can be observed in the rangé.8 A. In a previous study of highly concentrated calcium(ll) chloride
This peak is difficult to resolve, and therefore an extended model o tions and hydrate melt&the authors supposed the presence
analysis can only reveal the major contributions to it. It is, solvent-separated ion pairs around the distance 4.9 A,

however, expected that the changes are not simply due to the,hen, 5 chioride ion penetrates in the second hydration shell of
changes in the weights of contributions to the scattering patternyo caicium ion. In a recently performed EXAFS experiment
but also reflect some drastic structural changes in local structure.g1ton et a2 found that solvent-separated ion pairs but no

A better but still phenomenological analysis can be given by contact ion pairs are formed in highly concentrated solution.
constructing the difference radial distribution functiox) Many interactions could be responsible for the peak around 6
— 4mr?po, where the functions for less concentrated solutions A Interactions such as €&Cl—0O, Cl-O—Cl, Ca—0—Cl (Ca—
are subtracted from the more concentrated ones with appropriatec|'), and CHClI can be identified by distance estimations based
weighting factors accounting for the different number densities. on ionic radii, but oxygeroxygen interactions in the hydration

Figure 4a shows the difference functions after subtraction of shell of chloride ion can also contribute.
the corresponding distributions for pure water (not shown in  In Figure 4b, some new peaks appear besides the interactions
this paper)f¢47 and Figure 4b shows similar functions after described above. At 2-72.8 A, an increasing peak can be
subtraction of radial distributions fol M solution. Some observed, which can be attributed to-Gal contact ion pair.
characteristic distances of the most important contributions basedThis peak increases with increasing concentration; this change
on ionic radii (C&" 1.05, CI 1.81, OH 1.35 Ay are located can be explained by the parallel effects of the increase of the
and denoted in the figures as legends. In Figure 4a, a peak isweight of Ca-Cl-type contributions and the more pronounced
observable around 2.45 A, which can be assigned te@a  formation of the contact ion pairs in more highly concentrated
interaction. The C+O interaction is mostly responsible for the solutions. In high-concentration solutions, the lack of solvent
peak at 3.25 A. The peak at 4.6 A is rather complex: interactions molecules will force the formation of different contact or
belonging to the second hydration shell of the calcium ion can solvent-separated ion pairs or both, which may be solvated by
give rise to this peak, but also'©0' interactions between the  a certain number of solvent molecules. Consequently, when in
oxygen atoms in the hydration shell of calcium or chloride ions the hydration shell of calcium ion one water molecule is changed
and the second neighbor watevater interaction or both can  to chloride ion, forming a CaCl contact ion pair, around 3.8
contribute. This peak disappears with increasing concentration,A CI—0O' interactions can appear.
suggesting that mostly G&D"" second hydration shell interaction Interpretation of the Structural Parameters and Model Build-
is responsible for it. As it was mentioned above, with increasing ing. The structural parameters obtained from the least-squares
concentration the solvate shells might become incomplete orfit of the structure function$(k) shown in Figure 3a for the
destroyed. Around 4.7 and 6.3 A, further blurred peaks can be aqueous solution of Caghre given in Table 5.
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An average geometrical picture of cation solvation can be TABLE 6: Structural Parameters for the CaCl , Solution in
derived from the obtained set of model parameters. In 1 M Methanol with the Estimated Errors in the Last Digits®

solution, eight water molecules surround eacA'Gan turning sample bond type r o n
with their oxygen atoms toward the cation. With the increase 1M Ca—O 2.39(1) 0.19 6.0
in concentration the overall number of water molecules de- Ca—0O' 4.54(5) 0.22 11.2(9)
creases and will be not enough to form solvation shells Ca—CI' 5.10 0.4 1.0
containing eight water molecules around2Caon. Conse- 0-o 3.40 0.20 4.0
quently, the CaO coordination number decreases. In 1 M gf‘__g gi’ggg 8'38 2'8
solution, the Ca-O" second sphere is observed around 4.55 A, cl—C 4.14(5) 0.22 6.0
containing 13 water molecules. The number of water molecules 0-0 2.85(5) 0.20 1.7(4)
in the second sphere decreases with increase in concentration. Cc-0 3.61(1) 0.20 2.7(2)
Probably with increase in concentration, the second hydration c-C 4.90(3) 0.23 5.5
shell of the calcium ion is destroyed and other (solvent- garon 2:39 0.19 >1
- VA . . a0 4.55(5) 0.25 9.2(9)

separated) iorion interactions appear instead, for example, Ca—Cl 2.70(3) 0.18 1.1(1)
chloride atoms penetrate in the second hydration shell. 0-0' 3.50(1) 0.20 4.0

In low-concentration solution, the Clon is solvated by six Ca-C 3.67(1) 0.20 5.5
water molecules as seen from-€@D parameters. The €O g::g ?1'5421(5) g'gg g'g
coordination number decreases with increase in concentration. 0-0 2:90(2) 0.20 1:1(1)

The O-0 interaction appears at 2.85 A1 M solution, but C-O 3.64(2) 0.20 2.5(5)
this distance becomes longer (2.99 A) at higher concentrations. c-C 4.84(5) 0.25 5.0
The reason for this change is probably that the@interaction 2The distancesr] and the mean square deviatiow3 ére given in

between water molecules in the bulk gradually decreases atA.

higher concentrations, and instead;iOn—O-type interactions

give contributions to the radial distributions, indicating the H a)

occurrence of ion pairs. Another oxygeaxygen interaction A/\ A

(0'—0') was taken into account around 4.75 A, which appears v v NV T T

due to the interaction between the oxygen atoms involved in (‘\ [[&7\_,\ ™

the hydration shell of the calcium ion. Aum
To check whether solvent-separated or contact ion pairs are

present in 2.5 M solution, we have tried to fit the structure )Y CaCl, in methanol

function of the 2.5 M solution with an alternative model as well,

in which preliminary assumption for the presence of ion pairs =31

in the solution was taken. The fit happened to become slightly 0 2 4 6 8 10 12 14 1e

better by including the CaCl solvent-separated and contact k

ion pairs as well, but we think this is not enough reason to decide

whether ion pairs are present in solution (see Figure 8).

In concentrated solutions, up to 4 M, around 4.85 A solvent-
separated ion pairs (G&I") can be identified. When the
concentration of solution increases the number of solvent
molecules able to form the hydration shell of ions decreases
so, as it was discussed above, chloride ions can enter in the
second hydration shell of the calcium ion forming solvent- CaCl, in methanol
separated ion pairs. €&l contact ion pairs can be also found
at 2.7-2.75 A. i . . ‘ .

A new CI0O' contribution to the radial distribution function 0 2 4 6 8 10
i |
was also taken into account. The-@' was found to be around' Figure 5. Structure functionsh(k), multiplied by k (a) and pair
3-8 A when one or two water molecules are chang.ed to chloride correlation functionsy(r) (b), for calcium chioride solution in methanol.
ions from the first hydration shell of the calcium ions. The experimental values are given by dotted lines and the theoretical

On the basis of the coordination numbers obtained and the values by solid lines.
stoichiometric ratio for different concentrations we suggest ) ) )
several models that could well interpret our results. In low-  3-3.3. Methanol Solutions of CaClIn solutions of CaGlin
concentration solution, the coordination number for the cation Methanol, the stoichiometric ratio of €aion to the number of
is eight and that for the anion is six. A distorted square antiprism Methanol molecules equals 1:24.4 and 1:11.8 (Table 6). The
structural unit was suggested by several aufiidisefor the _struc_:ture functions for Ca@:tso_lutlon_s in methanol are shown
cationic solvate shell (Figure 7a). The resulting coordination in Figure 5a. For these solutions, it can be observed that the
numbers and the GeO and G-O distances support this model. “double peak feature” described previously for aqueous solutions
As it was already examined in previous wofk851the chemical becomes less with increase in concentration, in other words, as
type of the CHO interactions and the larger distances and  the bulk of solvent is reduced by concentration.
values make the regular octahedral geometry for the anionic Theg(r) functions are shown in Figure 5b. The €@ first-
solvate less probable. In more concentrated solutions, theneighbor distances can be assigned to the first peak around 2.4
possible structural units could be six-coordinated calcium ion A, which increases with concentration due to the increased
(Figure 7b) or contact ion pairs with one or two chloride ions weight of Ca-O-type contributions to the scattering pattern. A
connected to solvent molecules (Figure 7c,d). rather complex and broad main peak can be seen in the range

o

<
q
¢

kh(k)

1.4 b)

g
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Figure 6. Difference radial distribution functions in thg(r) — 4nr2po
for each calcium chloride solution and pure methanol. The expected
main contributions to the pair interactions are indicated by legends.

3—6 A, which decomposes to two asymmetric peaks at about
3.55 A, followed by a smaller peak at 4.6 A.

X-ray Structure Functions and Radial Distribution Functions
for CaCb in Methanol. Figure 6 shows the difference radial
distribution functionsD(r) — 4mr2po, for methanol solutions
after subtraction of the corresponding distributions for pure
methanol*®52Based on ionic radii listed above and the geometry
of the methanol molecul®,the characteristic distances of the
most important contributions are denoted in the figures as
legends. For the broad peak around®A, mostly Ca-O
interaction is responsible, but especially at higher concentration,
it overlaps with minor contributions from the-@D (around 2.8
A) and Ca-Cl (around 2.7 A) type interactions. On the ¢ L e © (%
difference radial distribution function for ¢h2 M solution, the a Ca H 0 c
peak assigned to C&O interaction increases probably due to  Figure 7. Ball and stick representation of possible models for aqueous
the appearance of C&Cl contact ion pairs in higher concentra- and methanol solutions: (a) distorted square antiprism in aqueous
tion solutions. The next peak around 3.6 A can be assigned tosolution; (b) octahedral solvation shell; (c) €@l contact ion pair in
Cl-0 and Ca-C interactions. Further peaks are very difficult ~2queous solution; (d) €iCa—Cl contact ion pair in aqueous solution;
to analyze, because many different interactions appear at the(e) octahedral solyatlon shell in methanol; (f)-8al contact ion pair

4 . . in methanol solution.

same distance. For example, interaction due te-Gasecond

solvation shell contributes to the peak at 4.6 A, but also

interactions between the oxygen atoms belonging to the solva-
tion shell of calcium or chloride ions arise at this distance. The

Ca—0—Cl solvent-separated ion pair is mostly responsible for

the peak around 5.0 A, and the peak at 6.4 A arises from the
interaction between the oxygen atoms in the solvation shell of
a chloride ion. The peak assigned to the second solvation shel
of the calcium ion becomes sharper with increase in concentra-
tion and that attributed to CaO—ClI solvent-separated ion pair

interaction among methanol molecules will not disappear
completely. Taking into account the considerations above and
the stoichiometry of the solutions, this is only possible if contact
or solvent-separated ion pairs or both are formed and bulk
methanol remains in the solutiom 1 M solution, the CaO—

ICI solvent-separated ion pair distance is found to be around
5.1 A and the coordination number is 1. Contact ion pairs have
not been found in th 1 M solution, probably because they are

disappears. Especially at higher concentrations, other interactiond0t Present and all lons aré .sol\./ated, but it is true that even i
can contribute to peaks at such long distances, for example they are present, their contribution to the structure function is

the Ca-Cl—O (to the peak at 5.0 A) and the long €&l—C very low at this concentrationn|2 M solution, solvent-separated

(to the peak at 6.4 A) interactions, namely, the interaction of a 10N Pairs cannot be detected at 5.1 A, but-@i contact ion
calcium ion from the CaCl contact ion pair with an oxygen  Pairs can be found around 2.75 A. The second solvation shell

atom or a carbon atom from the solvation shell of a chloride ©f calcium ions appears at around 4.55 A.The number of solvent
ion. molecules in the second solvation shell decreases with concen-

Interpretation of the Structural Parameters and Model Build- tration from 11 to 9. In low-concentration solution, the @n
ing. Table 6 shows the structural parameters obtained from theiS Solvated by six methanol molecules as it can be revealed from
least-squares fit of the structure functions for methanol solutions CI—O and C-C parameters. Models suggested for methanol
of CaCh. The fitting procedure was described above. solutions are as follows. The calcium ion is six-coordinated;

The coordination number for the &€aion in 1 M solution thus, its solvation shell has presumably octahedral symmetry
resulted to be six. From the €@, O—0' (interaction of oxygen  as results from the CaO, O-0, and CaC distances and
atoms involved in the coordination shell with oxygen atoms coordination numbers (Figure 7e). The coordination number for
from bulk), and Ca-C distances, as well as the low mean square the chloride ion is also six, but as it was described above the
deviations, it can be concluded that the—& solvation shell regular octahedral geometry for the chloride ion is less probable.
is octahedral. With increase in concentration, the—Oa In 1 M solution, solvent-separated ion pairs can be found, while
coordination number slightly decreases and the change-®0O  in 2 M solution, the octahedral solvation shell of the calcium
and Ca-C parameters suggest that the octahedral coordinationion is destroyed and C&Cl contact ion pairs are formed (Figure
shell is destroyed. The-©0 interaction can be observed around 7f); the solvation shells of the calcium and chloride ions are
2.85-2.9 A even at high concentrations, suggesting that the forced to share methanol molecules.
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Figure 8. Variation of the error square sung4y), defined in eq 3, with the coordination numbe) Ef calcium ion in aqueous and methanol
solutions. The value of the coordination number at minimum of the error square sum is marked on the figure.

3.3.4. Reliability of the Data Analysi3.o perform a further solutions, the coordination number decreased with increasing
check on the results obtained from X-ray measurements, anconcentration and thus resulted in 5.7 and 5.5 for 4 and 6 M
attempt was made for further refinement of the coordination aqueous solutions, respectively. It can be concluded that in less
numbers. Starting from the best fitting model, we have tried to concentrated solutions where the weights of the examined
“walk around” the minimum obtained during the least-squares contributions are low, the determination of coordination number
fit of the structure functions. In this attempt, all structural is rather uncertain and the results obtained for low-concentration
parameters were fixed except one or two coordination numberssolutions should be interpreted by taking into account the above
and the changes in the local minimum of the residual curve considerations. In more concentrated solutions, the coordination
were calculated as a function of coordination numbers. The numbers can be determined more precisely, but in these
results are shown in Figure 8. It can be observed that for 1 M solutions, we have to take into account the possibility of ion
solutions both for water and methanol a broad, flat minimum pair formation.
is obtained due to the small contribution of the varied-Ca
contribution to the 'Fotal'strlljcture fqngtion. The cqordination 4. Summary and Conclusions
number for the calcium ion in the minimum is 7.8 in aqueous
solution and 6 in methanol. In addition, for 2.5 M aqueous  Although the diffraction methods are known for the solution
solution, we have checked two models, one containing no chemists as “direct methods for structural determination”, this
contact ion pairs (M1) and another one assuming the presencemeans only that, in principle, the parameters obtainable from
of contact ion pairs in the solution (M2). The model containing radial distributions are characteristic of local structures in the
contact ion pairs (M2) resulted only in a slightly better fit. The liquid directly and no further speculation is needed for extracting
coordination number of calcium ion was found to be 6.9 for them from the experimental data. However, the solvate structure
model M1 and 6.2 for model M2. For more concentrated of calcium ion is a very good example when one can see that



7270 J. Phys. Chem. A, Vol. 108, No. 35, 2004 Megyes et al.

even after decades of structural studies and gathering manycoincidence of the uncertainty of the method and the inherent
structural data by many authors, some of the main questionsuncertainty due to the physical character of the ion in question.
are still open. The results presented here try to highlight some It is important to emphasize that while X-ray diffraction (and
of the factors why this is so and try to answer some of the open we may add that neutron diffraction is not at all better) fails in
questions. precise determination of coordination number, the method is

One of the main questions is what is the reason for the large performing very well in determination of €&-O distances:
scatter in coordination numbers published for calcium ion? Does the obtained values fell in range 2:43.46 A for aqueous
it really vary in a wide range or it is the accuracy of the solutions, well within the error limits, and in case of methanol
determination too low to draw a definite conclusion? In the solutions, they resulted in a slightly lower (2.39 A) value but
present work, we added four important conclusions to approachone well in the range of error limit as well, a feature which
an answer. was also observed earlier, for other cations, for examplé;"Mg

(i) We have applied the available most accurate ab initio The authors should add another remark here. We are aware

methods and determined the binding energies of each solvateOf the fact that all these conclusions can be considered true in
molecule added, one by one, to the CatSgomplex, S being the understanding that all applied methods will reflect only an

either water or methanol, and concluded that whe large averaged picture and the models used for fitting the data do

enough, the binding energies change only slightly and they reachnot inclu_de the possibility of having several structures realized
a value when they can already compete with hydrogen-bonding almost simultaneously. In other words, th_e methods are not able
energies between solvent molecules. This limit can be reached!© "€flect the effects of the fast dynamics, for example, at a
at numbem = 8 for water andh = 6 for methanol: thus an time scale of NMR data, which show that the mean residence
essential point is taken with showing that the method is sensitive ime of & wa;ter I'ga”‘fl'” the first hydration shell of Ca(ll) is
enough to reveal differences in the effect of solvent. Moreover, Petween 10° and 10 seconds. Such fast dynamics can be
cross-checking of DFT and MP2 methods supports the idea thatassociated with very rapid c'hanges of coordination numbers and
the calculations give realistic results. Consequently, we expect 960Metry of the solvate, which, once accessed, can lead to better
that the experimental solvation numbers may exhibit a large Understanding of the solvation of €aion.

variation and this is due to the loose solvation around calcium
ion. The speculation about octahedral or higher but still regular
symmetry in the first coordination shell can also be concluded:
while at six coordination the octahedral arrangement is obviously
the most stable one, any attempt to place more molecules in
the complex will break the symmetry. In contrast, the counterion,
chloride, shows its usual stability: the coordination number is

six even at high concentration but without the octahedral
symmetry. (1) Ohtaki, H.; Radnai, TChem. Re. 1993 93, 1157.

N . . . . . 2) Ohtaki, H.Pure Appl. Chem1987, 59, 1143.
(i) We have investigated a wide concentration series rather §3g Johansson, GQ\dy.plFl)’lorg. Chem1992 39, 159.

than individual experiments both on aqueous and on methanol  (4) Probst, M. M.; Radnai, T.; Heinzinger, K.; Bopp, P.; Rode, B. M.
solutions of calcium chloride. A concentration effect has been J- P(*‘SSSSA%?%’L‘%9§5N8?~ z:?‘?gm Phy<1672 56, 3783

found: 'Wlth increasing concentration, the cqordlnauon numper (6) Smirnov, P.; Yamagami, M.; Wakita, H.; Yamaguchi,JI.Mol.

of calcium decreased. Careful and extensive model building Lig. 1997 73—74, 305.

helped us to reveal the discussed four-step mechanism of turning  (7) Licheri, G.; Piccaluga, G.; Pinna, G.Chem. Physl976 64, 2437.

the fully solvated ions to distorted solvation shells, then solvent- , (8) Cummings, S.; Enderby, J. E.; Howe, R.A.Phys. C1980 13,

separated and finally contact ion pairs (still partially solvated). ~ (9) Hewish, N. A.; Neilson, G. W.; Enderby, J. Bature 1982, 297,
This mechanism well explains the decrease in coordination 138.

i i i (10) Spangberg, D.; Hermansson, K.; Lindgvist-Reis, P.; Jalilehvand,
Bumber ‘r’]\"th tEe I?]Ck gf solvent moleculehs a_tdh|ghhconce|n_trat|c_>n F.; Sandstim, M.; Persson, 1J. Phys. Chem. R00Q 104, 10467.
ut, on the other hand, again supports the idea that calcium ion (11) Jalilehvand, F.; Spangberg, D.; Lindgvist-Reis, P.; Hermansson,

is ready to lose its solvating molecules, thus rearranging the K.; Persson, I.; Sandstmm M. J. Am. Chem. So2001, 123 431.
solvation structure; the chloride ion again remains six- _ (12) Fulton, J. L.; Heald M. S.; Badyal, Y. S.; Simonsom, J.MPhys.

) RS Chem. A2003 107, 4688.
coordinated even when the concentration is high. (13) Painkas, G.; Heinzinger, KChem. Phys. Lett1986 126, 251.

(i) This is the first case when a series of methanol solutions  (14) Floris, F. M.; Persico, M.; Tani, A.; Thomasi,Ghem. Phys. Lett.

of calcium ion have been studied by X-ray diffraction. This 19?f5)22|37ér1n2a?-'Uruchurtu M. L: Ortega-Blake.1. Chem. Phy<.095 103
helped us to compare the effect of solvent molecules on the ;5gg Rehe o B

structure, and indeed, the appearance of methyl group in the (16) Kalko S. G.; S€sé5.; Padro, J. AJ. Chem. Phys1996 104, 9578.

molecule and the consequent breaking up of the extended (17) Obst, S.; Bradaczek, H. Phys. Cheml996 100, 15677.

hydrogen-bonded structure in the bulk liquid led to significant 10%}2)292?”9@”' A; Liedl, K. R.; Rode, B. M1 Phys. Chem. A997

differences in solvation by smaller coordination number for  (19) Paviov, M.; Siegbahn, E. M.; SandstroM. J. Phys. Chem. A998
methanol than water and, in addition, the appearance of contactl02 219.

ion pairs instead of solvent-separated ones at relatively high llézg)ofi)%hwenk' C.F.; Loeffler, H. H.; Rode, B. NI. Chem. Phy=2001,
concentration. Thus an additional conclusion is obvious: cal- ~(21) Katz Kaufmann, A.; Glusker, J. P.; Beebe, S. A.; Bock, C.JW.
cium solvation is sensitive to the sort of solvating molecule as Am. Chem. Socl996 118 5752.

well. (22) BaKa I.; Hutter, J.; Pinkas, G.J. Chem. Phys2002 117, 9838.

. . . . 23) Naor, M. M.; Nostrand, V. K.; Dellago, @hem. Phys. Let2003
(iv) Finally, the sensitivity of the experimental method has 36g(), 1)59, 9 Y

been also a subject of tests. With the “constrained fit” method, h(24) giéghgl)%wy M. A.; Jarzeba, W.; Kang, T. J.; Barbara, PJFChem.
_ ; ; ; Phys.1 , 151.

we o_Igmonstrated that _the X-ray d!ffra_ctlon method is not (25) Roy. S.: Bagchi, BJ. Chem. Phys1994 101 4150.

sensitive enough to decide the coordination number of calcium  (26) wahab, A.; Mahiuddin, SI. Chem. Eng. Dat&001, 46, 1457.

ion with high precision: in such a way, we face an unfortunate  (27) Kim, H. S.J. Mol. Struct. (THEOCHEMRO001, 541, 59.
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