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Abstract We studied hydrated calcium oxalate and its ions
at the restricted Hartree—Fock RHF/6-31G* level of theory.
Performing a configurational search seems to improve the fit
of the HF/6-31G* level to experimental data. The first
solvation shell of calcium oxalate contains 13 water mole-
cules, while the first solvation shell of oxalate ion is formed
by 14 water molecules. The first solvation shell of Ca(ll) is
formed by six water molecules, while the second shell con-
tains five. At 298.15 K, we estimate the asymptotic limits
(infinite dilution) of the total standard enthalpies of hydration
for Ca(Il), oxalate ion and calcium oxalate as —480.78,
—302.78 and —312.73 kcal mol ', resp. The dissociation of
hydrated calcium oxalate is an endothermic process with an
asymptotic limit of +470.84 kcal mol .

Keywords Ab initio - Calcium ion - Calcium oxalate -
Hydration enthalpy - Hydration shell - Oxalate ion

Introduction

Ionic and molecular hydration is an area of very active
experimental and theoretical investigation [1-7]. Knowl-
edge about the number of solvent molecules necessary to
stabilize a solute and the solvent-solvent interactions is
required for understanding the dissolution process, as well
as the solvation-desolvation changes involved in the inter-
action with biomolecules.

Calcium oxalate is of interest due to its dual participation in
pathologies such as kidney stones, either as the main
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constituent of the stones in the form of calcium oxalate mono-
hydrate (COM), or as the beneficial—although less stable—
calcium oxalate dihydrate (COD) which functions as a pro-
tective agent against kidney stone formation [8]. Despite its
participation in biochemically and clinically interesting pro-
cesses, studies of calcium oxalate hydration remain scarce.

There is great interest in understanding calcium solvation
because, among other things, it is the most abundant cation
in the human body [9, 10] and fulfills several roles in living
systems, e.g., in metabolism control [11], muscle contrac-
tion [11, 12], clotting of blood [11, 12], cell division [12],
transmission of nerve impulses [11, 13] and in building bone
structure [11, 14]. At a molecular level, calcium helps to
initiate events as basic as cell motility, contraction, secre-
tion, and division [13, 15]. Calcium ion also binds to many
proteins, such as calmodulin and annexins, and enables
them to function [15, 16]. The binding behavior of calcium
ion to carboxylate groups is similar in both small molecules
and protein structures [14].

Hydration of Ca(Il) has been studied experimentally by
X-ray [9], blackbody infrared radiative dissociation [17],
mathematical calculations from experimental gas-phase data
[18] and measurements of colligative properties of water
solutions of calcium salts [10]. While computationally,
researchers have resorted to Car-Parrinello molecular dy-
namics [19, 20], classical MD, quantum mechanics/molec-
ular mechanics (QM/MM) MD [16, 21-28], Hartree—Fock
(HF) and density functional theory (DFT) simulations [14,
23, 25, 29-35] and ab initio effective pair potentials [36].

Other investigators combined experimental and theoreti-
cal methods in order to determine the coordination number
and geometric and energetic values for hydrated Ca(II).
They have used molecular dynamics and X-ray scattering
[37] or extended X-ray absorption fine-structure spectrosco-
py (EXAFS) and large-angle X-ray scattering (LAXS) [21].
Megyes et al. [29] used X-ray diffraction and ab initio

@ Springer



1460

J Mol Model (2013) 19:1459-1471

calculations at HF/MP2 and B3LYP levels. Peschke et al.
[30, 38] used determinations of equilibrium in gas phase and
ab initio calculations at DFT B3LYP/6-311+G(d, p) level
and Bush et al. [31, 32] used infrared spectroscopy com-
bined with ab initio methods. In all cases, the experimental
results matched the theoretical results [21, 29-32, 37], but
there is still disagreement among the reported results, with
the solvation shell of Ca(II) being reported as formed by 6-9
molecules of water (see Table 1).

Regarding oxalate solvation, Wang et al. [39] in 2001,
studied oxalate ion aggregates in the gas phase by X-ray

photoemission spectroscopy and later, in 2003, the same
authors reproduced their experimental results by theoretical
computation with density functional theory using the
B3LYP functional and solvation by explicit water molecules
[40]. With the same model but by molecular dynamics at
RHF/6-31G* level, Gao and Liu [41] found similar results.
We did not find reports about calcium oxalate hydration.

In this work, we examine the solvation shells and ener-
getics of hydrated calcium oxalate and its ions using ab
initio methods and an explicit solvent model. As Marcus
pointed out [42], no consensus exists about the best

Table 1 Number of water mol-

ecules and Ca-O distance/A in Number of water Ca-O Method Reference
the first shell of hydrated Ca(ll) ~ molecules distance/A
Experimental Computational
6 Gas phase equilibrium B3LYP/6-311+G(d, p) [30]
determination
6 IR laser action spectroscopy B3LYP/LACVP++** [31]
6 2.39 CPMD [20]
6 2.42 B3LYP/6-311+G(d,p) [33]
6 2.51 CPMD [19]
6 2.58 RHF/6-31G* This work
7 Blackbody IR radiative [17]
dissociation
7 2.50 QM/MM [34]
7.1 2.50 MD [23]
7.2 2437 XAFS, EXAFS, XANES 9]
7.2-1.7 2.42-2.46 MD [16]
7.5 2.38 MD [26]
7.6 2.46 QM/MM MD HF [23]
7.7 2.48 MD [27]
7.9 2.48 QM/MM MD HF [25]
8 IR laser action B3LYP/6-311++G(d, p) [32]
spectroscopy
8 2.48 X-ray diffraction HF, MP2 and B3LYP/ [21]
6-311+G**
8 2.46 EXAFS, LAXS MD [21]
9 2.39 X-ray scattering MD [37]
8 (between 20 °C Colligative properties [10]
and 30 °C)
8 From experimental [18]
gas-phase data
2.48 B3LYP/6-311+G(2d,2p) [35]
2.52 RHF/6-31G* for O and H, [14]
HUZSP for Ca, MP2
8 2.41 MD [27]
8 2.51 MD [24]
8 MD [59]
8.0 2.48 QM/MM MD DFT [25]
8.1 2.51 QM/MM MD DFT [23]
8.3 MD [22]
8.6 AD initio effective pair potential [36]
9.2 QM/MD [22]
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quantum mechanical level to model ion-water interac-
tions. We reasoned that the performance of a relatively
low level of theory (HF/6-31G*) could be improved by
doing a configurational search to get closer to the glob-
al minimum enabling us to study larger species with
limited computer equipment. HF/6-31G* has the advan-
tage of being generally applicable to many systems. In
addition, popular DFT functionals such as B3LYP, de-
scribe poorly hydrogen bonding [43], or are dependent
on the directionality of the H-bond [44]. Other func-
tionals recommended for H-bonding have a larger com-
putational requirement than HF/6-31G*.

Methods
Software employed

Molecular structures were built using Ghemical [45]. Semiem-
pirical molecular dynamics and preoptimizations employed the
PM6 Hamiltonian implemented in MOPAC2009 [46]. Optimi-
zations at the RHF/6-31G* level of theory used GAMESS-US
[47] and ORCA v.2.9 [48]. Initial configurations for the
MonteCarlo-like procedure were generated with PACKMOL
[49]. Atom-atom distances were determined using Jmol [50].
Images were produced using Jmol and ray-traced by POV-Ray

Table 2 Optimized geometric parameters for C20427(H20)n and CaC,04(H,0),, using the RHF/6-31G* level of theory. O-C-C-O dihedrals are gauche angles

Number of water molecules 0 1 6 12* 14 16
€047 (H,0),
C-C bond length/A 1.55 1.55 1.54 1.53(1.54) 1.53 n.d.
C-O bond length/A 1.25 1.24 1.24 1.24 1.23 n.d.
1.24 1.24 1.24 1.24
1.25 1.24 1.24 1.24
1.25 1.25 1.25(1.27) 1.25
0-C-O bond angle/® 126.3 125.5 126.3 125.4 126.1 n.d.
127.5 126.6 127.4(126.4) 127.1
0O-C-C bond angle/® 116.8 116.2 116.6 115.9 116.3 n.d.
116.3 116.8 116.7 116.6
117.2 116.8 117.1 116.9
117.2 116.9 117.5(116.6) 117.0
0-C-C-O dihedral angles/® 90.0 90.0 89.9 90.0 70.0 78.3 78.3 80.0 n.d.
71.1 79.9
CaC,04(H;0),
C-C bond length/A 1.59 1.58 1.54 1.53 1.56 1.54
C-O bond length/A 1.19 1.19 1.20 1.21 1.22 1.21
1.19 1.19 1.22 1.21 1.22 1.22
1.30 1.30 1.28 1.27 1.26 1.27
1.30 1.30 1.29 1.27 1.26 1.27
Ca-Oyyalare bond distance/A 2.15 2.17 2.37 2.41 2.39 2.44
2.15 2.20 2.42 2.45 2.43 2.47
4.13 4.16 3.93 4.10 4.17 4.11
4.13 4.16 4.27 4.28 4.32 4.40
Ca-C distance/A 2.97 3.00 3.02 3.11 3.11 3.12
2.97 3.01 3.14 3.17 3.16 3.22
0-C-O bond angle/® 125.8 125.6 125.5 126.4 125.7 126.3
125.8 126.3 128.0 126.9 127.1 127.0
0-C-C bond angle/® 114.8 114.2 109.5 111.5 113.8 112.9
114.8 114.4 113.3 111.8 115.5 113.5
119.4 119.3 120.7 121.4 118.7 120.1
119.4 120.2 122.4 121.6 118.9 120.1
0-C-C-O dihedral angle/ -0.1 -18.2 59.2 56.5 14.5 47.7
-0.1 -17.0 68.2 64.7 15.4 52.1

#Values in parentheses are DFT results from ref. [41] for the more stable isomer
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Table 3 Comparison of average Ca-O distances, in A, for the first
hydration shell in Ca**(H,0)n, n=0-9

n RHF/6-31G** MP2/6-311+G**® Exp.
1 2.19 228
2 2.23 2.31
3 227 2.33
4 2.33 2.35
5 2.33 2.37
6 2.40 2.40
7 2.38 2.46
8 2.38 2.48 2.48°
2.43-2.461

*This work, RHF/6-31G*. ® MP2/6-311+G** from ref. [29]. © Ref.
[30], DFT B3LYP. ¢ Ref. [29] by X-ray diffraction, and ref [21], from
EXAFS and LAXS

[51]. Cropping and color-to-grayscale transformation of the
ray-traced images used GIMP v.2.6.7 [52].

Cluster structure optimization

We employed two general procedures, one based on molec-
ular dynamics and the other on a MonteCarlo-like configu-
rational search. Both methods involved building the
molecular structure using Ghemical and submit to geomet-
ric optimization using the semiempirical Hamiltonian PM6
[53]. After this the methods diverged. The molecular
dynamics search consisted of (a) taking the optimum
semiempirical structure obtained, load it back into Ghem-
ical and add one water molecule, (b) find the global
minimum of the new structure searching by semiempirical
molecular dynamics, (c) select the lowest energy structure
and repeat the procedure from step (a) up to the total
number of water molecules considered for each species.
Each molecular dynamics run produced 1000 configura-
tions using the dynamic reaction coordinate (DRC) facility
present in MOPAC2009 and optimized the structures
employing the PM6 Hamiltonian. The resulting minima
were visualized to discard isomerized structures. The mo-
lecular dynamics runs were repeated until no new minima
were obtained, which required a total of 25,000 structures
for each cluster.

The Montecarlo-like procedure involved using PACK-
MOL to generate 50-100 initial configurations of water
molecules around the calcium oxalate (a different random
seed was used in each case).

The resulting configurations (either from PM6 DRC or
from PACKMOL) were then optimized at the RHF/6-31G*
level of theory and their vibrational frequencies calculated
to characterize the stationary points obtained. All the struc-
tures we kept were true minima with only real frequencies.

@ Springer

The global minima obtained (three structures) were also
optimized and their vibrational frequencies calculated at
the RI-MP2/def2-SVP level of theory

Determination of hydration shell structure

For each minimum obtained at the ab initio level, we deter-
mined the radial distribution function (RDF) of the water
molecules using the oxygen (O,,) as a reference point for
each water molecule. The RDF for Ca(II) was based on Ca-
0,, distances; for oxalate ion and calcium oxalate, we cal-
culated M-0O,, distances, where M is the geometric centroid
of the molecule.
The RDF, g(r), is defined in Eq. (1) [54].

n(r)/ AV
g(r) = TNV (1)
where r is the distance between the central point (calcium
ion or M) and an O,, atom, n(») is the number of O,, atoms
included in the range between » — Ar/2 and r + Ar/2, AV is
the volume of the spherical shell, N is the total number of
O,, atoms and N/V is the number density of O,, atoms. We
calculated g(r) values every 0.4 A and the thickness of each
hydration shell was estimated as twice the radius of water
[42, 55]. For each RDF we computed the running coordina-
tion number according to the formula given by Babu and
Lim (Eq. 2) [3]:

R
n= 47rp/g(r)r2dr. (2)
0

Energy calculations and corrections

All the Hartree—Fock energies were computed at 298.15 K and
corrected for zero-point energy (ZPE). Enthalpy values were
calculated by adding the thermal corrections reported in the
thermochemical analysis section to the ZPE-corrected total
energy [56, 57].

Total (Ajyqa1°) and differential (succesive) (AgH1°)
standard hydration enthalpies were calculated by Eqgs.
(3) and (4) respectively, for the processes shown in
Scheme I,

AugH® = H°X(H,0), — (H°X(H,0), , + H°H,0) (3)

AhdeO = HOX(Hzo)n - (HOX + HHOHZO). (4)

Scheme I

X(HzO)n71 + HzO:X(Hzo)nX + I‘leOﬁX(HzO)n,
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Fig. 1 Optimized geometries for C,0,% (H,0), using RHF/6-31G* level of theory, n=0-14
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Fig. 2 Optimized geometries for CaC,04(H,0), using RHF/6-31G* level of theory, n=0-16
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where X=Ca®", C,0,> and CaC,04, n=0-14 for calcium
ion, 0—14 for oxalate ion, and 0-16 for calcium oxalate.

The step-wise binding electronic energy (Ay,,E) was
calculated using Eq. (5).

AuepE = E CaC,04(H,0), — (E C,04* (H,0),_, + E H,0).
(5)

For the process shown in Scheme II,
Scheme 11

CaC,04(H,0),=Ca’* (H,0),, + C,04°~ (H,0), .

where
n<9, m=n ’
n>9, m=9
where n=1-16. The choice of values for m is based on Woon
and Dunning [58], who have shown that water preferentially

solvates the cation over the anion when adding water
molecules, so the first nine water molecules were used to

(@)

25 T T T T T T
9(n —=— 116
n(n) -

20+

@u

Distance,r, in A

Fig. 3 Radial distribution function and running coordination number
for Ca2+(H20)14 at a HF/6-31G* level of theory, and b RI-MP2/def2-
SVP level of theory

solvate the Ca(Il). Dissociation enthalpies (Ay;H°) were
calculated by Eq. (6),

o
— H" cac,0,(1,0),

(6)

AdissH® = H° coro(11,0), + H° ¢y (11,0

n—m

Results and discussion
Structures of solvated species and solvation shells

In calcium oxalate, the C-C bond starts abnormally long in
the gas phase (1.59 A) and this monotonically approaches a
more common length, 1.55 A, upon addition of water mol-
ecules. We attribute the stretched bond with no water mol-
ecules to coulombic repulsion of the negative charges on the
oxygens. C-O bond distances are consistently longer on the
oxygens closer to the calcium ion, an effect we attribute to

(a)

4
9(n) —— 116
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e d 14
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s 5 5
> r s =
15} e
1r 14
0.5} 12
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oo 14
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()] [ 18 S
1.5} le
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0.5+ 12
0 - o 0
0 1 2 7

Distance, r, in A
Fig. 4 Radial distribution function and running coordination number

for C20427(H20)14 at a HF/6-31G* level of theory, and b RI-MP2/
def2-SVP level of theory
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Fig. 5 Radial distribution function and running coordination number
for CaC,04(H,0);6 at a HF/6-31G* level of theory, and b RI-MP2/
def2-SVP level of theory

the electrostatic attraction between the positively charged
calcium and the partially negative oxygen atoms. Solvation
reduces the C-O bond length, but not enough to equal the
C-O bond lengths of the distal oxygens.

As expected, solvation somewhat pulls the calcium away
from the oxalate, as seen in the Ca-C and the Ca-O,ya1ate
distances in Table 2. The O-C-C angles also show asymmetry

)._) ,‘J
J’ 0% 2o % (j
'y .

Fig. 6 Optimized geometries for Ca’"(H,0)s y Ca>"(H,0), using
RHF/6-31G* level of theory

similar to the C-O bonds: the angles closer to the calcium
are more acute that the distal ones, but solvation does not
seem to reduce the asymmetry as more water molecules are
added.

From Table 2, the most remarkable results are the varia-
tions in the O-C-C-O dihedral angle in both oxalate ion and
calcium oxalate. In anionic oxalate—starting from the gas
phase result of 90°—solvation partially reduces the repul-
sion between the negative charges so the final dihedral angle
is 78.3°. Calcium oxalate starts with a flat O-C-C-O angle
(—0.1°) that reaches a maximum of 59.2° with 6 water
molecules, and then slowly becomes flatter, reaching a
minimum of approximately 15° with 14 water molecules
to later get back to 50° with 16. The oxalate in unsolvated
calcium oxalate is completely flat, but as solvation pro-
gresses, both carbons are slightly pyramidalized, as shown
by the differing dihedrals reported in Table 2.

From Table 3, we observe that HF/6-31G* consistently
yields shorter distances than MP2/6-311+G**. This is to be
expected, due to the lack of dynamic electron correlation in
HF, and the smaller basis set we used. The average unsigned
error of HF vs MP2 is 2.61 %, while the error in HF
compared to the only point with experimental validation is
equal to or less than 4.05 %. The nice agreement between
HF and MP2 when n=6 is most likely due to a fortuitous
cancellation of errors.

The solvated oxalate anion shows an unsymmetrical dis-
tribution of the water molecules. When n=4, instead of a

Table 4 Number of hydrogen bonds for C,04> (H,0), and CaC,04(H,0),

n 1 2 3 4 5 6 7 8 9 10 11 12¢ 13 14 16
€047 (H0),

Number of oxalate-water H-bonds 2 4 6 7 10 11 12 11 12(12) 13 12 n.d.
Number of water-water H-bonds 0 0 0 0 5 6 7 8 10 11(12) 13 16 n.d.
CaC,04(H,0),

Number of oxalate-water H-bonds 1 2 3 3 5 4 6 6 5 6 6 8
Number of water-water H-bonds 0 0 0 1 3 10 11 12 15 17 17

#Value in parenthesis from ref. [40], the more stable isomer
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Table 5 Total hydration enthalpies (A,yqH) at the RHF/6-31G* level,
in kecal mol™! at 298.15 K, for X + nH,0 = X(H,0), when X = Ca(ll),
C,042 or CaCy04

n Ca(Il) C,0,2 CaC,0,
1 —53.13 (-55.0)* -27.08 —28.59

2 -100.93 (-103.1) ~51.80 ~55.89

3 —143.44 (-146.2) -72.24 -78.72

4 —180.88 (~183.7) -91.49 -95.36

5 ~210.47 (-213.8)* -101.73 -111.67
6 ~235.77 (-241.0) -116.58 -126.53
7 -254.14 -130.78 -139.29
8 -271.81 —143.56 -153.16
9 -286.23 —154.63 -160.99
10 -299.39 -165.95 -172.83
11 -309.86 ~174.44 -183.51
12 —321.59 -183.25 -190.75
13 -332.51 -192.76 -198.88
14 —341.66 -199.83 -205.48
15 n.d. n.d. -214.70
16 n.d. n.d. -218.41

# from ref. [59]

C4-symmetric distribution of the water molecules—H-bond-
ed to the oxalate—one of the water molecules forms a
H-bond to another water molecule (see Fig. 1). In the
formation of the solvation shell of calcium oxalate, the
governing factor is coordination of the water molecules.
We observe a lopsided solvation shell (see Fig. 2), that we
interpret as calcium more strongly coordinating the water
molecules than the oxalate because of the highest charge
density on calcium.

Figure 3, shows that the running coordination number
has one clear plateau at six molecules of water, and there is
another, less well defined, plateau between ten and 11 water
molecules. According to g(r), the first solvation shell is
located up to 2.8 A, while the second solvation shell reaches
until 5.7 A.

Figure 4 indicates that the first solvation shell of the
oxalate ion is reaches out to 6.3 A and includes 14 water
molecules. According to Fig. 5, the first solvation shell of
calcium oxalate contains 13 water molecules, and is located
out to 6.0 A of the geometric centroid of the calcium oxalate
ion pair.

o

2 . CaC,0,
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% 50F . vy Ca? 7
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C . T e
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2 -300f o ,
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0 2 4 6 8 10 12 14 16

Number of water molecules,n

Fig. 7 Total hydration enthalpies, at 298.15 K, for calcium oxalate and
its ions with # water molecules at the HF/6-31G* level of theory

The coordination number of hydrated Ca(Il) is subject to
considerable controversy, with reports covering all the range
of (even non-integer) values from six to nine. Our RDF plots
show that Ca(Il) coordinates to six water molecules (Fig. 3),
while the oxalate ion completes its first solvation shell with
14 molecules of water (Fig. 4), being directly H-bonded to
12 of them. Calcium oxalate completes its first solvation
shell with 13 water molecules (Fig. 5). Calcium oxalate
seems to hold fewer water molecules because of its
neutral character, as opposed to the negatively charged
oxalate ion. This should also have an effect on the
hydration energies.

How do hydrogen bonds help stabilize the solvation
shells? In Ca(Il), hydrogen bonding starts only after the first
solvation shell is complete (see Table 4 and Fig. 6). Figure 6
shows that the seventh water molecule is not directly
coordinated to the calcium, so we can consider it part of
the second solvation shell. In oxalate ion, the large
negative charges promote H-bonding from the water
molecules. Water-water H-bonding starts when there
are five water molecules, and the inter-water H-bonds
steadily increase up to 16, for the largest structure we
examined (C,04% (H,0),4). The number of oxalate-
water H-bonds is always larger than the number of
water-water H-bonds, except for the case with 14 water
molecules. This might indicate the point where cooper-
ativity among the water-water H-bonds yields a larger
energetic advantage over oxalate-water H-bonding, in

Table 6 Best-fit parameters for

hydration enthalpies in the a b ¢ R Standard error of ¢
equation
ApaH® = 5+ 35+ c Ca(ll) ~3724.68 2648.57 ~480.78 0.9998 231

C20427 —3941.09 2070.95 -302.79 0.9944 7.21

CaC,04 —3814.57 2072.55 —312.73 0.9958 5.51

@ Springer



1468

J Mol Model (2013) 19:1459-1471

spite of the large negative charges on the oxalate oxy-
gens. In calcium oxalate we observe a weaker tendency
to form oxalate-water H-bonds, at least partly because
the oxalate charge is neutralized by the positive charge
on the calcium, however, the water-water H-bonds fol-
low a pattern very similar to that in the oxalate anion.

Hydration energies

Our hydration energies for Ca(Il) (see Table 5) approach the

values calculated by Webb [59] with an absolute error of less

than 3.4 %. For the other species, we lack values for comparison.
The data in Table 5 were fit to a function of form

ApaH® = ﬁ + 5+ ¢, where n is the number of water

molecules, and a, b, and ¢ are empirical parameters resulting
from the fit (see Table 6). The term n+3 was chosen because it
yielded the smallest standard error for the ¢ parameter of Ca(Il).
Graphically, ¢ is the asymptote of the function on the ordinate
axis, and we interpret it as the limiting value—at infinite
dilution—of the hydration enthalpy (in kcal mol ', shown in
Fig. 7). From the fit, when n— oo, the enthalpies of hydration
approach —480.78 kcal mol ™" for Ca(II), =302.79 kcal mol ™’
for the oxalate ion, and —=312.73 kcal mol ' for calcium oxalate.
As the hydration energies approach an asymptotic limit, it is
expected that their differential enthalpies will monotonically be
less negative, as the number of water molecules increases.
Table 7 agrees with this reasoning, showing that the differential
gain upon addition of a water molecule is reduced with each

Table 7 Differential hydration enthalpies, Ag;eH°, (kcal rnolfl) for X
(H20),-; + H20 = X(H,0),

n  Previous work on solvated Ca*" RHF/6-31G*¢

MP2(FULL)/ Blackbody infrared  Ion-chamber® Ca®" G047 CaCy04

HUZSP* radiative dissociation mass spectrometry

(p.d)* (BIRD)"
1 —56.1 —53.13 —27.08 -28.59
2 516 —47.80 —24.71 -27.30
3 479 —42.50 —20.44 2283
4 427 —37.44 -19.26 -19.47
5 =342 -26.7 -29.59 -10.23 -13.48
6 -31.8 -22.0 —25.3 —2530 —14.85 -14.86
7 214 -16.8 -16.9 -18.38 —14.20 -12.76
8§ 203 —16.1 -17.66 -12.78 -13.87
9 -13.7 -153 -1442 -11.07 -7.83
10 —14.5 -13.16 —-11.32 -11.84
11 -13.3 -10.46 —8.49 -10.69
12 —13.0 -11.73  -8.81 =723
13 —12.4 -1092 -9.51 -8.14
14 -11.9 -9.16 -7.07 —6.59

*MP2(FULL)/HUZSP*(p,d)//RHF/HUZSP*(p) from ref. [14]
®B3LYP/LACVP** from ref. [17]

“Mass spectrometry ion chamber results from ref. [38]

4 This work
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Table 8 Stepwise water-binding electronic energies (Ay,,E) at the
RHF/6-31G* level, in kcal mol™, for CaC,04(H,0),, C,04> (H,0),
and Ca2+(H20),, clusters, calculated according to the equation Ay, E =
E X(H0), — (E X(H20),—1 + E H,0)

n Ca®'(H;0), 2047 (H;0), CaC,04(H,0),
1 —53.94 (~56.90)" -29.15 -30.43
2 ~49.50 (-47.50)° -26.78 -29.12
3 —44.20 (-42.00)* -22.48 -24.56
4 -39.10 (-35.60)° -21.19 -18.69
5 -31.29 (-27.70)* -12.74 -18.54
6 ~26.89 (-24.70) -16.98 (-15.7)° -17.02
7 -20.54 (~13.80)° -16.66 (~15.6)° -15.06
8 ~18.96 (-8.80)" ~14.89 (-15.3)° -16.16
9 -17.50 -13.32 (-13.4)° -9.95
10 -15.23 -13.32 (-12.7)° -13.73
11 -12.12 -10.73 (-16.1)° -13.25
12 -13.25 -10.99 (-13.2)° -9.19
13 -13.40 -11.88 -9.56
14 -10.70 -9.15 -9.38
15 n.d. n.d. -11.23
16 n.d. n.d. —6.44

#Results at B3LYP/aug-cc- pVDZ//B3LYP/6-31+G** level from ref.
[41]

PResults at B3LYP/6-311+G(2d,2p)//B3LYP/LANL2DZ level from
ref. [35].

new molecule added. It also shows that our results, despite not
including dynamic correlation, are close to the experimental
results. We attribute this better agreement to the configurational
search performed on the solvation shells.

Table 8 and Fig. 8 shows the diminishing contribution to
the binding electronic energy after the addition of another
water molecule. Although at first sight the numbers may
appear to vary monotonically, the variation is somewhat

Stepwise hydration energy,AA;, 4H/(kcal/mole)

-55 L L L L ! ! !
0 2 4 6 8 10 12 14 16

Number of water molecules, n

Fig. 8 Stepwise hydration energies, 298.15 K, for calcium oxalate and
its ions with n water molecules at the HF/6-31G* level of theory
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irregular, probably due to the structural rearrangement re-
quired to minimize the energy after the addition of a water
molecule. The variation resembles only qualitatively that of
the differential enthalpies.

Figure 9 depicts the trends for the dissociacion of CaC,Oq(-
H,0),, complexes, as n increases. The energetic cost of separating
the ions of CaC,0, is 497.88 kcal mol '. When nine molecules
of water are added the ions are stabilized by —372.63 kcal mol
but the CaC,0, is stabilized by —160.99 kcal mol . As we
continue adding water molecules, when we reach 16, the ener-
getic cost of separating the (now solvated) ions is still
—299.28 keal mol . So it appears likely that energetic stabiliza-
tion due to solvation of the ions is never large enough to make the
solvated dissociated ions more stable than solvated CaC,0,. The
asymptotic behavior determined from our fits is consistent with
this: the largest enthalpy of hydration (—480.78 kcal mol ' for Ca
(D) is still not enough to overcome the —497.88 kcal mol n

Table 9 Ca...M distance, in A, for CaC,04(H,0),, (n=0 to 16). M is
the centroid of the oxalate ion. O-C-C-O dihedral angle uses the oxy-
gens closest to the Ca(Il) and is expressed as absolute value

n Distance/A 0-C-C-0 n Distance/A 0-C-C-O0
dihedral/® dihedral/®

0 2.81 0.1 9 2.92 22.4

1 2.85 17.0 10 2.96 31.3

2 2.88 28.0 11 3.01 27.8

3 2.95 22.1 12 2.99 56.5

4 2.79 57.1 13 3.04 14.0

5 291 48.9 14 3.00 14.5

6 2.92 59.2 15 3.05 32.9

7 2.85 66.4 16 3.03 47.7

8 2.87 65.0

energetic penalty incurred by the dissociation to the bare ions, so
no amount of solvation can stabilize the ions to make them lower
in energy than solvated CaC,0y,, so, the dissociation reaction
under solvation will be displaced toward the undissociated sol-
vated calcium oxalate. This is consistent with the low Ksp that
this salt presents, as the energetics justify the formation of a very
small amount of solvated ions.

The easier dissociation promoted by solvation leads us to
examine the evolution of the average distance between the
Ca(Il) and the oxalate ion (actually, its geometric centroid,
designated by M). By a simple reasoning, we could expect
that—as water molecules were added—the greater charge
screening due to solvation would weaken the electrostatic
attraction and so the Ca...M distance would steadily in-
crease. Table 9 shows the change in average distance be-
tween calcium and M as water molecules are added. The
values start at 2.81 A when n=0, and end at 3.05 A when n=
16, but instead of observing a monotonic increase in the
distance, we observe a complex interplay between the O-C-
C-O dihedral angle and the Ca...M distance. Reductions in
Ca...M distance are always associated to a larger O-C-C-O
dihedral angle (e.g., n=3—4, n=6—7 and n=15—16),
although the converse is not true.

Conclusions

The determination of the global minimum geometry seems
necessary to get reliable results. Ab initio RHF/6-31G*
calculations on geometries obtained by semiempirical mo-
lecular dynamics allowed simulation of hydration of Ca(II)
within 98 % of the known experimental values, e.g., our Ca-O
average distance for Ca®"(H,0),, 2.58 A, differs 4 % from the
2.48 A previously obtained by X-ray diffraction. When

@ Springer
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combined with a configurational search, the HF/6-31G* level
of theory finds that the first solvation shells of Ca(II), C,0,*
and CaC,0, are formed by 6, 14 and 13 water molecules,
respectively. The second solvation shell of Ca(Il) is made up
by another five water molecules.

In calcium oxalate, as the number of water molecules
grows toward the first solvation shell, the average Ca-
oxalate distance increases concomitantly although not reg-
ularly, because the oxalate is able to redistribute its charge
density through conformational flexibility.

Once the first solvation shell is formed, reaching the
Ca*'(H,0)s cluster, the addition of water molecules toward
the second hydration shell does not seem to affect the Ca-O
distances in the first shell, while water-water H-bond
formation is observed starting with seven water molecules.

H-bonding in the solvation shell of both oxalate and
calcium oxalate is preferentially toward the negatively
charged oxygens, and water-water H-bonding starts until
n=5. Because of its partially neutralized negative charge,
the oxalate in calcium oxalate forms fewer hydrogen bonds
with water, compared with oxalate by itself.

The dissociation of CaC,04(H,0),, into solvated ions is
always endothermic for n=1-16, which is consistent with
the reported experimental heat of solution. The total stan-
dard solvation enthalpies approach asymptotic limits of
—480.78 kcal mol™! for Ca(Il), —302.79 kcal mol ' for
oxalate ion and —312.73 kcal mol ' for calcium oxalate.
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