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ABSTRACT: The dissolution Gibbs free energies (AG°g;;) of salts (M,X,) have been
calculated by density functional theory (DFT) with Conductor-like Polarizable Con-
tinuum Model (CPCM) solvation modeling. The absolute solvation free energies of the
alkali metal cations (AG,(M")) come from the literature, which coincide well with half
reduction potential versus SHE data. For solvation free energies of dianions
(AGyo(X*7)), four different DFT functionals (B3LYP, PBE, BVP86, and M05—2X)
were applied with three different sets of atomic radii (UFF, UAKS, and Pauling). Lattice
free energies (AGy,) of salts were determined by three different approaches: (1)
volumetric, (2) a cohesive Gibbs free energy (AG..,) plus gaseous dissociation free
energy (AGy,), and (3) the Born—Haber cycle. The G4 level of theory, electron
propagator theory, and stabilization by dielectric medium were used to calculate the
second electron affinity to form the dianions CO5>~ and SO,*". Only the M05—2X/
Pauling combination with the three different methods for estimating AG, yields the

expected negative dissolution free energies (AG®g) of M,SO,. Salts with large dianions like M,CgHg and M,B,H;, reveal the
limitation of using static radii in the volumetric estimation of lattice energies. The value of AE_}, was very dependent on the DFT

functional used.

B INTRODUCTION

Solvation Gibbs free energies (AG,q,) contribute greatly to
solubility, solution reactivity, adsorption of ionic species, and
stability of biomolecules. For neutral organic species, experi-
mental partition coeflicients allow the calculation of AG,, with
0.2 kcal/mol of uncertainty." On the other hand, AG,, of
individual cations or anions are not directly available by experi-
ment and in many cases the uncertainty is substantial (4 to S
kcal/mol)." Alkali metal cations, which play a key role in biology,
have widely varying reported values of AG,, (Table 1).” The
absolute AGqy, of Li*, Na¥, and K" vary from —104.1 to —144.3
kcal/mol, —76.8 to —116.5 kcal/mol, and —59.6 to —85.4 kcal/
mol, respectively.3 Latimer* estimated AG,,, of alkali metal
cations using a thermodynamic cycle which included sublimation
energy, ionization energy, and reduction potential. However, the
entropy of solids, electron/ion convention, and standard reduc-
tion gotential were not accurately known at that time. Tissandier
etal.> presented a cluster-pair approximation to get the absolute
AG,,, of alkali metal cations. Kelly et al.*' applied the same
method to determine the absolute AG,y, of alkali metal cations
with the electron convention/Fermi-Dirac statistics. Donald and
Williams™ performed an even more comprehensive cluster-pair
approximation and reported slightly modified AG,,, of alkali
metal cations based on —263.4 kcal/mol of AG,,(H") at 1 atm
standard state (Table 1).

The CPCM (Conductor-like Polarizable Continuum Model)®
is combined with ab initio computations to determine AG,,y, of
neutral and ionic species. In a benchmark study of CPCM,
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Takano and Houk® found that the mean absolute deviations of
aqueous AG,,y, for ionic species varied between 2.73 and 9.30
kcal/mol depending on the choice of the cavity set. The Pauling
cavity set had the smallest deviation (2.73 kcal/mol) for ionic
species while the same cavity set showed 3.49 kcal/mol of
deviation for neutral species. Takano and Houk® recommended
the UAKS cavity set for the prediction of pK,; since it had the
smallest deviation for neutral species (1.35 kcal/mol) and a small
deviation for anions (3.21 kcal/mol). However, Chipman’
reported that no single electronic isodensity contour value for
solute cavity led to acceptable values of AG,,y, for anions in his
test sets. Krol et al.® suggested that the Pauling cavity set was best
for pK, predictions of polyprotic acids. Fernandez et al.” found
that the Pauling cavity set was better than the UAKS cavity set for
the pK, calculation of ammonia oxide ("NH3;0 ). We found
the Pauling cavity set with MO5—2X is the most suitable to the
AG,q2/pK,;, prediction in aqueous media.'® The CPCM method
with a proper choice of a cavity set can yield solvation free energies
(AG,qy) of anions within about 45 kcal/mol of experiment."
Many ab initio computations based on periodic or extended
cluster models have been performed for organic crystal lattice
energy.11 Dispersion interactions, which are the main intermo-
lecular contribution to the organic crystal lattice energy, are not
described properly with traditional density functional theory
(DFT) methods. The Grimme group''™'? have developed an
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Table 1. Absolute Hydration Free Energies (AG,,y,, kecal/
mol) of Alkali Metal Cations (Li*, Na*, K") in Literature”

absolute hydration free energy (AG,)

reference Li* Na* K*
30 —122.1 —98.4 —80.6
3n —122.1 —982 —80.6
3a —123.5 —98.6 —80.8
3p —~113.5 —87.2 —70.5
3¢t —144.3 1165

3d —1265 —101.3 —84.1
3e —1154 —96.3 —79.6
3f —126.0

3g —124.9 —99.7 —82.5
3h 1186 —94.2

3m —68.6
3i —126.5 —101.3 —84.1
3 —120.8 -923 ~75.5
3q —123.1 —96.6 —~79.4
3k —111.8 —86.8 —68.8
3k —104.1 —76.8 —59.6
3k —112.8 —87.5 —65.0
3l —127.8 —102.6 —85.4
3r —120.5 —96.3 —~78.6
this work® —126.6 —101.1 —83.8

“The standard state of 1 atm for gas and 1 M for aqueous solution. The
reported values with 1 M standard state for gas and solution are
converted to the values with the standard state of 1 atm of gas and
1 M for aqueous solution using a +1.89 kcal/mol correction. " The
standard state information is not shown clearly. “The SHE 4.281 eV is
applied. See Scheme 4 for details. The values used (in bold) for
AG,o,(M") are from ref 3i.

Scheme 1. Born—Haber Cycle for Li,CO;
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empirically parametrized dispersion correction which is imple-
mented in several packages for periodic systems. For the
Born—Haber cycle of M,CO3 and M,SO, (M = Li", Na*, and
K"), determining the second electron affinity is also a challenge
(Scheme 1)."* Most thermodynamic properties are well-known
from the literature or can be computed by established methods
(Scheme 1). On the other hand, small dianions such as CO5*~
and SO,> are known to be stable in water but unstable or
metastable in the gas phase because of the unbound nature of the

Scheme 2. Lattice Free Energy of a Crystal by the Sum of
Free Energy Difference (AAG = AAH; — TAS) between Gas
and Solid Followed by Gaseous Dissociation Free Energy
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second electron.'”"* Many approaches have been presented to
calculate the second electron affinity (negative aﬂimtgr) using
chemical hardness," an anion bound by ;)otentlal wall,'® and the
stabilization exerted by a polar solvent.'” Jensen'® reported that
the lack of long-range dispersion in the exchange-correlation
DFT functional led to poor performance for calculating electron
affinities. The electron affinities (negative electron affinity, — AHok)
of CO;™ and SO, are known to be —87.6 kcal/mol and —37.0
kcal/mol, respectively from the literature.'® The electron affinity
of SO, by the MP2/CBS method was —25.4 kcal/mol*° while
the Simons group”' reported SO,”~ was vertically unstable by
25.8 kcal/mol.

Over the past 10 years, the Jenkins group™” developed a
volumetric approach for the lattice energy of ionic crystals
including an empirical formula for entropy estimation. Several
studies have used this volumetric approach to determine the
lattice energy of ionic crystals because the equation is very easy to
apply The lattice enthalpies of M,CO5 and M,SO, (M = Li",
Na’, and K") in the literature are available based on this
volumetric approach as well as the Born—Fajans—Haber cycle.**
In fact, we consider the volumetric approach more reliable
because the heat of formation for CO5> (g) and SO,>” (g) are
uncertain.”* However, the choice of ionic volume 1s critical to
determme the lattice energy. For K,B;,Cl;,, 0.010 nm? for the K
volume gives 250 7 keal /mol of lattice energy while 0.0277 nm®
by a recent study” glves 294.6 kcal/mol of lattice energy, a
difference of 43.9 kcal/ mol.

If the formation Gibbs free energy differences (AAGy= AAH;—
TAS) between gas and solid are available, a thermodynamic triangle
can be constructed to estimate AGy,, (Scheme 2). Calculating the
gaseous dissociation energy (AGy,) of an ionic molecule by ab
initio quantum chemistry is straightforward. In addition, many
papers are beginning to appear on the calculation of AHg in the
solid.** We also define a cohesive free energy of the crystal (AGeop),
which can replace AAGyin Scheme 2. With the optimized geometry
of the gaseous ionic molecule and the optimized crystal structure,
the cohesion energy of the crystal can be estimated by computation.

We set up a thermodynamic cycle for the dissolution of alkali
metal cations (Li*, Na*, and K*) with several dianions (CO5>~,
SO,>", CsHs> ™, and B,H;,> ) in Scheme 3. At equilibrium,
AGg is always 0 while AG® g is given by —RT In K, (AGgies =
AG® g5 + RT In K, where K, is solubility constant). With AH
for aqueous ions and solids and entropies for aqueous ions and
salts, AG®4s of M,CO3 (M = Li", Na*, and K") in infinitely
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Scheme 3. Thermodynamic Cycle for the Dissolution of
M,X, (M,X;, M = Li*, Na*, and K* with X = CO5>~, SO,
CsHg”, and Bj,H,,>") Salts
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Table 2. Experimental Dissolution Enthalpies (AH ;) and
Free Energies (AG®4;;) (kcal/mol) of M,CO5 (M = Li*, Na*,
and K*), M,SO, (M = Li*, Na*, and K*), and M,B,,H;, (M =
Li", Na*, K", Rb*, and Cs")

dissolution reaction AH4" AG°4 AG 4
Li,CO4(s) — 2Li*(aq) + COs* (aq) —43 43 22
Na,CO;(s) — 2Na*(aq) + CO32_(aq) —6.4 —1.1 —21
K,CO5(s) — 2K*(aq) + CO5* (aq) —7.6 —71 —45
Li,SO,4(s) — 2Li*(aq) + SO4* (aq) —72 —23 —24(—0.1)*
Na,SO,(s) — 2Na*(aq) + SO,* (aq) —0.5 04 —14(1.7)*
K,80,(s) — 2K*(aq) + SO,> (aq) 5.6 20 —02(24)¢
Li,Bj,H 5 (s) — 2Li*(aq) + Bj,Hy,* (aq) =27
Na,Bj,H )5 (s) — 2Na*(aq) + Bj,H,> (aq) —2.6°
KB oH o (s) — 2K+(aq) + Bleuz*(aq) —1.9°
Rb,B;,H,5(s) — 2Rb*(aq) + By,H;,> (aq) 1.4°
Cs,B1,H 5 (s) = 2Cs*(aq) + BioHypy (aq) 4.0°

“The AH® g is taken as the difference in the aqueous heat of formation
(standard state is hypothetical ideal solution with molality m = 1 mol/
kg) in reference 24b and the solid state heat of formation in the NIST
webbook. ”Free energy of the solid (AG) is taken as the heat of
formation for the solid state (AHj) plus the entropy term (—TAS) while
the entropy for the aqueous ion comes from reference 24b. “ The AG® 45,
comes from the Ky, (AG = —RT In K,,) with concentration from
solubility data. ?The values in parentheses are determined using
solubility data with activity coeflicient (Guendouzi, M. E.; Mounir, A.;
Dinane, A. J. Chem. Thermodynamics 2003, 35, 209—220). For solubility
0fNa,SOy, a value of 20 g/100 g water applied for 25 °C solubility.  The
AG® g5 comes from the K, (AG = —RT In K;,) with concentration
(activity coefficients are not used) from solubility data in reference 27.

dilute solutions are between —7.1 (K,COj3) to 4.3 kcal/mol
(Li,CO;3) while AG® g of M,SO,4 (M = Li*, Na*, and K*) are
between —2.3 (Li,SO,) to 2.0 kcal/mol (K,SO,) (Table 2).2*
The solubility of M,CO3, M,SO,, and M,B,H,, (M =Li", Na“,
and K") varies greatly while the AG® 3 by —RT In K, is within
%S5 kcal/mol of 0 (Table 2 and Supporting Information, Table
SZ).26 All M,B,H,, salts (M = Li", Na*, and K") are known to
be very soluble in water and stable in dilute acids, but the solubility
decreases sharply from lithium to the cesium salt.”>%?7? The
value of AG® ;. can be determined more accurately using activity
coeflicients rather than concentrations but the adjusted AG® i,

Scheme 4. Thermodynamic Cycle for the Evaluation of Ab-
solute AG,,;, of M (M = Li", Na*, and K*)*

Thermodynamic way

QG,‘, AG + - ﬁGso\.» + -
M(s) 2 5 M(g) =I5 M'(g) + e (g) —2%, M'(aq) + e(q)
30.3(Li) 124.7(Li) -126.6(Li)
18.3(Na) 118.9(Na) =101.1(Na)
14.5(K) 100.5(K) -83.8(K)
AG_.4.,=E°(SHE) — E°(M/M")
28.4(Li)
36.1(Na)
31.2(K)

* AGgupy AGip, AGpeqox and AGgy, are in kcal/mol.

for M,SO, (M = Li*, Na*, and K") still remains within £5 kcal/
mol of 0 (Table 2). The maximum difference in AG®gq, for
M,SO, (M = Li*, Na", and K") between using concentrations
and activities is 2.6 kcal/mol (Table 2). In this work, we determine
AG® g through ab initio computation for the lattice free energy
(AGy) and solvation free energy (AGgyy). It is well-known that
solubilities of salts can be rationalized by considering lattice and
hydration enthalpies. Our intention is to combine experiment and
theory to evaluate dissolution free energies and to determine a
methodology that gives results most consistent with experiment.

Bl COMPUTATIONAL DETAILS

The B3LYP, PBE, BVP86, and M05—2X>’ DFT functionals are
applied with the aug-cc-pVTZ basis set to calculate AGg,s (MX,(g) —
2M*(g) + X*(g)). Zero-point energies, heat capacity corrections, and
TAS contributions are combined with single-point energies at the same
level to yield free energies at 298 K. For potassium-containing systems,
the 6-311++G(3df,2pd) basis set was used. The AG
applied in Scheme 2 for the estimation of AGy,.

The conductor-like polarizable continuum model (CPCM)* was
applied with the dielectric constant of water (& = 78.39) and the SCFVAC
Gaussian03 keyword on gas-phase optimized geometries to compute
AG,.y,- For atomic radii in CPCM, we tested three cavity models (UFF,
UAKS, and Pauling)."® No symmetry restrictions were made on the
cavity, and the cavity surface was fit with tesserae of average area 0.1 A.>
Geometries, gaseous free energies, and solvation free energies for the
three cavity models were obtained using Gaussian03.>° Since the
AG 1, (X>7) values by ab initio calculations are based on the standard
state of 1 atm (24.47 L/mol), we used a factor of +1.89 kcal/mol to
convert to the standard state of 1 M (1 L/mol).

In Scheme 4, we evaluate AG,,, of Li, Na’, and K" using the
standard reduction potentials of alkali metal cations,®" including correc-
tion for electron/ion convention>> and standard state conversion.>> The
determination of the absolute AG,, of alkali metal cations depends on
the choice of standard hydrogen electrode (SHE) potential. Reiss and
Heller** reported 4.43 eV while Donald et al.** suggested 4.2 & 0.4 eV
and proposed 4.11 eV using nanodrops in gas phase. However, Isse and
Gennaro®® reported 4.281 €V using the real potential, q(HY)
(aaq(H") = AG,o(H") + Fx™, where x*¥ is the surface potential
of water). In the electrochemical approach, the difference between
E°(SHE) and the half reduction potential of each alkali metal cation
(E°(M/M")) determines the free energy change (AGieqoy) of M(s) —
M*(aq) + e (g) (Scheme 4). The solvation free energy (AG,,},) comes
from (AGiedox — AGe — AGyp). The difference of AH; between gas
and solid phase followed by entropy change is AGgyp. The ionization
potential of alkali metal atom (AHyg) in the ion convention plus

s Values were
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entropy change between atom and cation is AGyp, at 298 K since the
heat capacity corrections of the monocation and monoatom are identical
and cancel out. Enthalpies, entropies, and ionization potentials (ion-
convention, Fermi-Dirac statistics) for each step are taken from the
NIST chemistry webbook.” If 4.281 eV is used for SHE (1 atm standard
state), the absolute AG,,,(M*) (M" = Li*, Na*, and K*) become
—126.6, —101.1, and —83.8 kcal/mol, respectively. These values are
very similar to the AGy,(M") (M" = Li", Na¥, and K") at 1 atm
standard state suggested by three different cluster-pair approximation
studies (Table 1 and Scheme 4).>*"! Values that deviate by more than
=£5 kecal/mol from the cluster-pair approximation studies should be
carefully reevaluated. We used the values of AGy,(M") (M" = Li"
(—126.5), Na" (—101.3), and K* (—84.1 kcal/mol)) reported by Kelly
et al.* after correcting to our standard state conversion of 1 M for
solution (+1.89 kcal/mol).

The hydrolysis of SO,.> (H,0() + SO427(aq) — HSO, (aq) +
OH' (aq)) is non-spontaneous at pH 7 (AG = 16.4 kcal/mol, see Sup-
porting Information for details) which indicates that the anionic species in
the dissolution of M,SO,(s) will be SO,>~ rather than HSO,, . Likewise,
the hydrolysis of CO;>™ (H,0(1) + CO* (ag) — HCO; (aq) +
OH (aq)) is non-spontaneous at pH 7 (AG = 5.0 kcal/mol) which
indicates that the anionic species in the dissolution of M,CO3(s) will be
CO327 rather than HCO; . For M,CgHg (M = Li*, Na', and K"),
M,CgHg(s) — 2M*(aq) + Cgng_(aq) is not the process observed
because of the further reaction and formation of insoluble CsH (1) (1,3,5-
cyclooctatriene) on top of water.*® The dianion CgHg>~ undergoes hydro-
lysis to form CgH o(1). The experimental aqueous heat of reaction (AH,yy,)
for M,CgHg(s) + 2H,0(1) — 2M*(aq) + 20H (aq) + CgH,o(l) (M =
Li*, Na*, and K*) was found to be —37.3, —33.3, and —28.8 kcal/mol,
respectively.*** The calculated AG for CgHg>  hydrolysis at pH 7
(2H,0(1) + CsHg> (aq) — CsHo(1) + 20H (aq)) is —34.7 keal/mol
(further details given below). The dianion B,H,>~ does not undergo
hydrolysis.

In the volumetric approach with the Jenkins formula,** Flattice energies
(Upor), enthalpy corrections, and solid entropies were calculated by the
sum of cation and anion thermodynamic volumes (V;;,) (egs 1, 2, and 3).

UPOT = ZI(anl/3 + ﬂ) (1)
AHL = UPOT + [p(ﬂM/Z - 2) -+ q(nx/Z - 2)}RT (2)
SZ980 = 325Vm + 36 (3)

For M, X crystal systems, @, 3, and I are 39.55 nm - kcal/mol, —7.12 keal/
mol, constant 3 while p, g, ny, and nyx are constants 2, 1, 3, and 6,
respectively.*4

The ionic volumes of Li*, Na*, and K" are 0.0067, 0.0158, and
0.0277 nm?®, respectively, while ionic volumes of CO;>~ and SO,>~ are
0.0426 and 0.0611 nm°, respectively.nh The ionic volume of CgHg> ™
and B,H,,>™ are 0.1868 and 0.2950 nm®, as determined by ab initio
computation (0.001 e/bohr® density envelop, using Gaussian03*° key-
word “VOLUME”). The geometries and electron densities of CeHg>™
and B,,H,,” are taken from the ab initio results by M05—2X/6-311+
+G(3df,2pd) and M0S—2X/aug-cc-pVTZ, respectively.

For the Born—Haber cycle, we use enthalpies from the NIST chemistry
webbook followed by entropy corrections to form free energies.>”
Literature values of AH; for the monoanions (CO;~, SO, , and
CgHg ) were combined with entropies at the G4 level of theory™ to
form free energies. If AHy was not available in the literature, we applied
an isodesmic equation at the G4 level of theory.*' For the electron
affinity of a monoanion, an adiabatic energy difference between the
monoanion radical and dianion was calculated at the G4 level of theory.
A “bound” electron attachment was computed for CO; ™, SO, , and
CgHg ™ at the CCSD(T)/G4 level of theory by using a series of dielectric

medium calculations. Propagator theory (Outer Valence Green’s
Function),* an alternative method to calculate electron attachment or
detachment energies, was used to compare with CCSD (T)/G#4 calcula-
tions. The OVGF(P3)/aug-cc-pVQZ level of theory was applied to
CO;*" and SO,>~ while the OVGEF(P3)/aug-cc-pVTZ level of theory
was applied to CgHg®~ with geometry and ZPE corrections taken from
B3LYP/GTBas3 (G4 level of theory). We used the fS—LUMO orbital
energy of the monoanion in the dianion geometry by OVGF(P3) for the
adiabatic electron attachment.

For AGy, by Scheme 2, we applied an atomization scheme® to
determine the gaseous AH;of M,CO; (M = Li*, Na¥, and K") since the
value was not available in the NIST webbook. We found the most stable
geometry of gaseous Li,COj to be C,, symmetry** and used that point
group to determine the geometry of Na,CO; and K,COs. If the crystal
structure was available, we used periodic ab initio computations to
determine the AE_,,, the energy to release one molecular unit from one
unit cell of the ionic crystal (eq 4).

AEcoh = Eunit - Ebulk/Nunit (4)

The energy of one molecular unit is E;; while Epy is the total energy of
one crystal unit cell and N, is the number of molecular units in a crystal
unit cell. We performed total energy calculations of a unit cell with a 4 x
4 X 4K-point grid. The BLYP, PBE, PW91, PZ functionals and the PBE-
D (PBE functional with Grimme’s dispersion correction) were applied.
All pseudopotentials in this study are ultrasoft or norm-conserving (see
detail in Supporting Information, Table S13). The AE,,, calculations for
M,Cl (M = Li", Na", and K") were performed for comparison. The
crystal structure of LiCl is the a-form, which is exclusively available
above —30 °C.* We selected crystal structures of M,SO, (M = Li", Na®,
and K*) at ambient conditions.*® The AE,, calculations for M,CO,
(M =Li",Na", and K") were not performed since the Na,COj crystal is
disordered*” and the K,COj5 molecular geometry in the unit cell is not
well reproduced. The anhydrous crystal structure of M,CgHg (M = Li*,
Na®, and K") is not known but K,CgHg- diglyme and K,CgHg - (THF);
are available.*® The crystal structures of M,B;,H;, (M = Li*, Na“,
and K"), which have recently been solved, were subjected to AE.,
calculations.*” For the molecular unit in the gas phase, the gaseous
geometry of M, X, was obtained in a 20 X 20 X 20 A box with fixed cell
parameters. The geometry optimization was performed with an energy
cutoff of 40 Ry. All periodic boundary calculations were done using the
Quantum-Espresso Package 4.2.1.°° For the zero-point energy (ZPE)
and entropy (TAS) contributions to the free energy of the solid, we used
the PM6 semiempirical method®" for the cluster model of the crystal unit
cell. Sherwood** summarizes the missing terms when we apply gas phase
vibration spectra to the solid. A number of entirely new bands, which are
in the low frequency region (<800 cm ') by external vibration, are
missed in this approach. For metal/metal oxide (Ru/RuO, or Ir/IrO,),
ab initio computation for the solid ignored the ZPE and entropy
correction since the contribution for metal/metal oxide was less than
2.3 keal/mol.** However, ZPE contribution (AE;pg) for the AAG{ AG.qp)
in Scheme 2 by PMG6 is usually 1 or 2 kcal/mol while the entropy correction
by the TAS term is about 10 keal/mol (Supporting Information, Table S3).
For the cohesive free energy (AG.,) at 298.15 K, the thermal correction
energy between solid and gas should be applied (2RT).>* However, given
the large uncertainty in the calculation of AG,y, the small correction is
omitted from our calculations.®** The lattice free energy notation
AGie1) AGla2, and AGyyy 3 represent AGyy (1) by the Jenkins formula
(egs 1-3), (2) by (AAG + AGyg,) (Scheme 2), and (3) by the Born—
Haber cycle (Scheme 1), respectively.

B RESULTS AND DISCUSSION

The sum of AGSOIV(M+X7) and AGlatt (AGIatt—l) AGIatt—ZJ or
AG, 3) give the free energies of dissolution (AG® ) for M, X,
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Table 3. Dissolution Free Energy (AG®gis) by AGiay s
(Jenkins Formula), AGy.» (AAG + AGy,), and AGyye.3
(Born—Haber cycle) for M;X; (M =Li",Na",and K"; X=F
Cl, Br ,and I") Salts”

AGes” AG® s AG®iss AG® gis
M X, (Born—Haber) (AGlatt-l)E'E,h (AGIm-z)dJ (AGlatr-3)g
LiF 233.1 —18.1(—22.2) 2.7(—1.4) 4.1(0.0)
LiCl 189.5 —224(—12.6) —10.8(—10)  —9.8(0.0)
LiBr 179.6 —247(—114) —149(-16) —13.3(0.0)
Lil 166.5 —28.3(—10.9) —17.4(0.0)
NaF 204.9 —162(—174)  —0.5(—1.6) 1.2(0.0)
NaCl 171.7 —9.4(—7.1) —3.3(=1.0)  —2.3(0.0)
NaBr 163.7 —9.5(—5.6) —4.4(-0.5) —3.9(0.0)
Nal 1523 —10.5(—4.2) —6.3(0.0)
KF' 181.2 —17.6(—=12.1)  —3.8(1.6) —5.5(0.0)
KCr 155.3 —3.6(—2.1) —22(-07)  —1.5(0.0)
KBr' 148.8 —2.1(—0.5) —29(—-13)  —1.6(0.0)
KI' 139.2 —0.9(1.4) —2.3(0.0)

“The solvation free energy of salt (AG,o,(M"X ™)) comes from ref 3i.
For 1 atm standard state, 3.78 kcal/mol (1.89 X 2) of correction
should be applied to final AG®g. bAll experimental values for
Born—Haber cycle are taken from the NIST chemistry webbook.
“Ion volumes are taken from ref 22h and entropy comes from NIST
chemistry webbook. ? Free energy differences (AAG) are taken from
NIST chemistry webbook while AGg,, values are taken from the
average of four different DFT functionals. ° Value in parentheses is
the difference between AG,,.; (Jenkins formula) and AGi..3
(Born—Haber). Value in parentheses is the difference between
AGiauz (AAG + AGy,,) and AGy.; (Born—Haber). ¢ Value in
parentheses is the dlfference between AG,.; (Born—Haber) and
AGi,3 (Born—Haber). " The equations of the Jenkins formula for
M, X, salts are Upor = 2(28.0V,, + 12.4), AH; = Upor — RT and
solid entropies of M X salts are taken from NIST webbook. * AGgas
computed at the DFT/6-311++G(3df,2pd) level for potassium-
containing molecules.

(M =Li*,Na*, K" with X=F, Cl, Br,and ") salts (Table 3).
The AG.,(M"X ™) and AG,.3 combination is the most reliable
method of computing AG®;, for M;X; salt systems since it
depends only on reliable experimental data. However, the
AG,,,(M"X") and AGy, , combination also give AG®4;, free
energies which are in very close agreement (£1.6 kcal/mol
maximum deviation from AGy,.;). However, the Jenkins for-
mula substantially underestimates all AGy,, values for M; X; salts
except for KCI, KBr, and KI (Table 3). With the same cation,
smaller anions produce larger errors, while smaller cations
produce larger errors with the same anion. For the less soluble
salts, LiF and NaF, the underestimation of AG,., is substantial
(—22.2 and —17.4 kcal/mol, respectively). The AGi.; values
are determined with the eqs 1—3 and radii from the Jenkins
group.”” However, different formula and radii have been sug-
gested in the past, some of which have yielded more accurate
values of AGj, for M, X,.22Ph

Table 4 summarizes AG,.,(X>~) in an aqueous solution by
the CPCM method with three different cavity sets. In the same
cavity set, the MOS —2X functional always gives the most negative
AG(X*7) and the Pauling cavity set always gives the most
negative AGSOIV(X ) among the three cavity radii sets except
for AGsolv(BIZHIZ ) The UFF cav1ty set gives the smallest
AGyo(X>7) for CO3>™ and SO4 while the UAKS cavity set
gives the smallest AGSOIV(X ~) for CgHg®™ and B,H;,>~
(Table 4). The differences (AG,.,(M0S—2X/Pauling)
AGq,(M05—2X/UFF)) become smaller as the size of the
dianion increases (—20.5, —17.5, —7.0, and 1.0 kcal/mol for
CO5>7, SO,>, CgHg®, and Bj,H 5> 7). For AGyo,(X*7), the
UFF and UAKS cavity sets show a strong dependence on size of
the dianion but not the shape because all dianions are highly
symmetric (CO3 in Dy, SO4 in Ty, C8H8 in Dgy,) or even
icosahedral (B1,H 5> in I,).

The accuracy of AGyy, (relative to AGy.3) is presented in
Figure 1 for M,CO; (M = Li", Na*, and K") where all data for
AGi,3 comes from the NIST webbook except for the AH; of
CO; . The AH; of CO;  (—128.7 kecal/mol, Supporting
Information, Table S10) was calculated at the G4 level with

Table 4. Solvation Free Energies (AG,,y,) of Dianion (CO5>~, $O,>~, CsHg”, and B;,H;,> ") with aug-cc-pVTZ Basis Set by
Three Different Cavity Sets for CPCM Solvation in kcal/mol at 298.15 K*

UFF
CO5>~ B3LYP —244.4(—246.5)
PBE —241.5(—243.9)
BVP86 —242.4(—244.7)
MO05—2X —248.5(—250.1)
el B3LYP —225.6(—227.8)
PBE —223.7(—226.3)
BVP86 —224.5(—226.9)
MO05—2X —228.4(—230.2)
CsHg>™ B3LYP (—186.0)
PBE (—184.1)
BVP86 (—187.4)
MO05—2X (—192.4)
Bi,H,> ™ B3LYP —148.1(—147.9)
PBE —147.2(—147.6)
BVP86 —147.5(—147.8)
MO05—2X —150.2(—150.4)

“Values in parentheses are at DFT/6-311++G(3df,2pd).

UAKS Pauling

—255.1(—257.4)
—251.7(—254.6)
—252.8(—255.5)
—259.9(—261.6)
—234.0(—236.2)
—231.8(—234.4)
—232.7(—235.2)
—237.1(—239.0)

—262.9(—265.3)
—258.6(—261.5)
—259.9(—262.7)
—269.0(—271.0)
—241.5(—244.2)
—238.5(—241.5)
—239.7(—242.5)
—245.9(—248.2)

(—184.2) (—1923)
(—182.3) (—1914)
(—184.8) (—192.8)
(—188.6) (—199.4)

—139.2(—139.1)
—138.7(—139.5)
—138.9(—139.5)
—140.8(—141.2)

—145.8(—145.7)
—145.9(—145.8)
—146.3(—146.0)
—149.2(—149.0)
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Figure 1. Lattice free energies (AGy,) of M,CO3 and M,SO, (M =
Li*, Na', and K") by three different methods for calculating lattice
energies (AGy.; = Jenkins formula; AGy,, = AAG + AGg,; and
AGi3 = Born—Haber cycle). Light lines indicate lattice energies &5
kcal/mol from the AGj.3 value.

the isodesmic reaction SO, + CO, — SO5; + CO;  and is close
to a value reported by Wu and Tiernan>® (—124.5 4= 2.3 kcal/
mol). The values reported for AHf of CO;  in the NIST
webbook (—116 4 10 kcal/mol, aver age of seven different
estimations) is smaller by 12.7 kcal/mol.> z]enkins et al.>® report
a value of —76.7 kcal/mol of AH¢for CO3™ using the AHltht of
CaCO;. From the difference in AH;between CO;~ and CO;> ™,
the electron affinity of CO3;™ is —52.0 kcal/mol. When the
electron affinity of CO;3 ™ (calculated at CCSD(T)/aug-cc-pVTZ
in a dielectric medium & = 100, 50, 25, 10) is extrapolated to the
gas phase (& = 1, Figure 2), a value of —78.2 kcal/mol is obtained.
In fact, the gas-phase extrapolated value is the same as the
nonextrapolated value (see Figure 2). At the highest levels of
theory (CCSD(T)/aug-cc-pVSZ), the electron affinity of CO;
becomes —76.8 kcal/mol. For consistency, we used the electron
affinity of CO5 ™ at the G4 level of theory (—75.5 kcal/mol).

Using an atomization scheme at the G4 level, the values of AH;
for gas-phase M,CO; (M = Li*, Na*, and K) are —201.0,
—183.4, and —188.8 kcal/mol, respectively. We computed
AAH; which allowed the determination of AAGs values (74.8,
73.0, and 71.7 kcal/mol, respectively) with solid AH¢. The AGg
by the M05—2X functional for AGy., gives the lattice free
energy of M,CO3 (M = Li", Na", and K") within +5.0 keal/mol
from the AGy.; value, whereas AGy.; (Jenkins formula)
overestimates AGy,; by 15.3, 15.2, and 7.0 keal/mol, respectively
relative to AGy, 3 (Figure 1).

Figure 3 summarizes AG®g;, of M,CO3; (M = Li*, Na*, and
K") by three different AGy,y calculation methods combined with
AGSOI\,(CO3 7) by the Pauling cavity set and AG,,(M") from
Kelly et al.¥ The greatest consistency with experimental AG® g
values are derived from the MO05—2X/Pauling combination,
while the UFF and UAKS cavity sets give too positive AG® i
(Supporting Information, Table SS). The AG® 4, values derived
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Figure 2. Electron affinity determination (—AH(0 K) for X~ +e” —
X*7) of CO;7, SO, , and CgHg~ by three different methods: (1)
stabilization by solvation, (2) gaseous state using CCSD(T)/aug-cc-
pV(T-5)Z, and (3) OVGF(P3)/aug-cc-pVQZ for CO;~ and SO, and
OVGF(P3)/6-311++G(3df2pd) for CgHg . The geometry of the
monoanion is based on B3LYP/GTBas3 (part of G4 level of theory).
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Figure 3. Dissolution free energies (AG®4;,) of M,CO3 (M =Li", Na®,
and K") by three different methods for calculating lattice energies
(AGua.1 = Jenkins formula; AGiyr = AAG + AGg,; and AGy.3 =
Born—Haber cycle) combined with the solvation free energy (AGg,y,) of
CO5”" by the Pauling cavity set.

from AGys and Gy, (CO3* ) by MO05—2X/Pauling differ
from AG° with the heat of solution by 7.7, 7.7, and 5.7
kcal/mol, respectively (Table 2 and Supporting Information,
Table S5). The MOS— 2X/ Pauling method computes the pK,, of
H,CO; to be 14.3 (AG =193 kcal/mol) corresponding to an
experimental value of 103 (AG," = 141 kcal/rnol), which
corresponds to an underestimation of the AGgqp( CO3 “)bys2
keal/mol.*® If this difference is applied to the AG® g, of M,CO;,
the difference between experimental AG®; and calculated
AG® g, would be 2.5, 2.5, and 0.5 kcal/mol for M,CO5; (M =
Li*, Na*, and K"), respectively. The M0S—2X functional, which
is an improved den51ty functional for dispersion interaction by
kinetic energy den51ty, gives the best AG® 45 among four DFT
functionals.

The 1nstab111ty of SO42 (g) was discussed by several
groups. 1905 Zheng et al”® reported —25.4 kcal/mol for the
adiabatic electron affinity of SO, (g) by an atomization scheme
with a MP2/CBS approach. Boldyrev and Simons®’* suggested
—30 9 kcal/mol for the vertical electron detachment energy of
8O,”" using QCISD(T). In the present work, the G4 level of
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Figure 4. Dissolution free energies (AG° ;) of M,SO, (M =Li", Na*,
and K") by three different methods for calculating lattice energies
(AGiy1 = Jenkins formula; AGiyr = AAG + AGg,; and AGy.s =
Born—Haber cycle) combined with the solvation free energy (AG,,},) of
SO, by the Pauling cavity set.
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Figure 5. Dissolution free energies (AG®4) of MyCgHg (M = Li%,
Na®, and K") by two different methods for calculating lattice energies
(AGiu.1 = Jenkins formula; AG.3 = Born—Haber cycle) combined
with the solvation free energy (AG,y,) of CgHg*™ by the Pauling
cavity set.

theory gives —32.8 kcal/mol (SO,~ + e~ — SO,>") while
CCSD(T)/aug-cc-pVTZ extrapolated in varying dielectric con-
stants gives —33.3 kcal/mol (Figure 2). At our highest level of
theory (CCSD(T)/aug-cc-pVSZ), the electron affinity of SO,
becomes —32.8 kcal/mol.

Relative to AGjy.3 values, AGyy, underestimates the lattice
free energy of Na,SO, and K,SO,, but overestimates it for Li,SO,
(Figure 1), but in every case, the MOS—2X functional is the best
DFT choice. For M,SO, (M = Li", Na", and K"), the Jenkins
formula (AGy,y 1) is within 5.0 kcal/mol of AGy,y, 3 (Figure 1).
For every estimation method of AGj,, the M05—2X/Pauling
combination yields the best prediction value of AG°4, for
M,SO, (M = Li*, Na*, and K") (Figure 4 and Table 2). To
compute AGp. 3 for M;CgHg (M = Li*, Na*, and K), we use
AHg(s) of Na,CgHg (—27.5 kcal/mol) and K,CgHg (—32.0
kcal/mol) from Stevenson et al.**® while AHg(s) of Li,CgHg
(—33.9 kcal/mol) comes from a private communication cited in
the NIST webbook.>” The entropy value of M,CgHg(s) is
calculated by the Jenkins formula (eq 3).*** For the electron
affinity of CgHg ~, Dewar et al.>® reported —80.9 kcal/mol by the
MINDO/2 method while Baik et al.>® suggested —79.1 and
—85.1 keal/mol by DFT and Miller et al.”® reported —61.6 kcal/
mol by G2(MP2). In our computation, CCSD(T)/aug-cc-
pVTZ//G4 gives —75.0 kcal/mol (—74.3 kcal/mol by G4 level
of theory) while the OVGF(P3) approach gives —72.0 kcal/mol

Scheme 5. Dissolution and Protonation Process of
MzCsHs(S) + 2H20(l) - 2M+(aq) + ZOH_(aq) + CSHIO(I)
(M = Li", Na*, and K*)

'&Godiss

M,C.H, (solid) * 2M*(aq) + C,H.?"(aq)

2H,0(1)

"
2M*(aq) + 20H-(aqg) + C,H,,(1)

(Figure 2). Dominikowska and Palusiak®' discussed the stability
and aromaticity of CgHg*™ including artifacts caused by using
diffuse functions to describe the dianion. Despite the large
dianion size, the electron affinity of CgHg  (—74.3 kcal/mol)
is similar to that of CO;~ (—78.2 kcal/mol), which implies that
the electronegativity of the atoms is more 1mportant than the size
of the dianion (Flgure 2). Sommerfeld'*>%2 reports the gas-phase
lifetime of CgHg>~ and CO;>™ to be 6 and 6500 fs, respectively.

For the AG®g of M2C8H8 (M = Li*, Na*, and K"), the
AGrs and AG,o,(CsHg” ) by the M05—2X/Pauling combi-
nation give 20.0, 19.3, and 19.7 kcal/mol, respectively (Flgure S).
While the reaction M,CgHg(s) — 2M*(aq) + CgHg? (aq) is
very non-spontaneous, the protonation of the CgHg* can
provide additional driving force (CsHg* (aq) + 2H,O(1) —
20H (aq) + CgH (1)) (Scheme S). The overall dissolution free
energy (AG®gs) of M,CgHg at pH 7 (M,CgHy(s) + 2H,O(1)
— 2M*(aq) + CgH,o(l) + 20H (aq)) should be evaluated to
explain the dissolution of M,CgHg(s) (Scheme S). Using
MO0S—2X/6-311++G(3df,2pd) with the CPCM/Pauling cavity
set and —264.0 kcal/ mol for AG.,(H* ) , the free energy change
—(AGyq +AGaq ) of 2H"(aq) + CsHs> (aq) — CgHjo(aq) is
—34.7 kcal/ mol at pH 7 (see Supporting Information for details).
The overall process AGgd = AG®gs — (AGaql+AGaq2) is
predicted to be spontaneous by —14.7, —15.4, and —15.0
keal/mol for M,CgHg(s), M = Li", Na*, K, respectively
(AGiay.3 and M0S—2X/Pauling).

On the other hand, the AGy,.; and AG,,(CsHg” ™) by the
MO05—2X/Pauling combination produces AG°4s values for
M,CgHg(s) — 2M*(aq) + CgHg> (aq) that are much too
negative (—108.6, —70.2, and —47. 9 kcal/ mol, respectively,
Figure 5).**° Indeed, Byrd and Rice'* reported that further
reoptimization of the Jenkins model would be required to reduce
the error in the lattice energies of M,X; or M,X, salts.

While the M,B,H,, salts (M = Li", Na*, and K") are very
stable in the solid and aqueous phase, 2662763 the experimental
heats of formation (AH;) of the solids are still not known. A
previous application of the Jenkins formula used a volume for
B,,H,5> of 0.2390 nm® that came from the 0.001 au contour of
electron den51ty, * which is slightly smaller than our value of
0.2950 nm> (Figure 6). However, the small 0.056 nm® volume
difference leads to more than 14.0 kcal/mol of difference in
AG 1(AG dlSS) of MbB,H), (Flgure 6)

If AGy,; is used with the 0.2950 nm® volume of B,,H;,> ",
then the AG®y;, values for M,B1,H, (M = Li*, Na*, and K*) are
computed to be much too spontaneous (—104.7, —61.4, and
—33.4 kcal/mol, respectively, Supporting Information, Table S8)
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Figure 6. Dissolution free energies (AG®;,) of MyB,H, (M = Li,
Na’, and K) by lattice energy estimation of AGy,.; = Jenkins formula
combined with the solvation free energy (AG,q,) of B,H;»> ™ by the
Pauling cavity set.

Table 5. Comparison between Experimental Heats of For-
mation Differences (AAHj, kcal/mol) and Cohesive Energy
(AEop, keal/mol) by Periodic Boundary Calculation

(AE ., — AAHy)

AAHf* BLYP PBE PBE-D* PZ PWI1

LiCl 50.8 —107 —263  —143 44 —43
NaCl 54.9 —11.6  —62 47 L1 —48
KCl 53.1 69  —19 5.6 6.9
Li,SO, 94.3 —324 —721  —559  —43 —165
Na,SO, 84.6 —194  —65 19.1 72 —19
K,SO, 82.1 182 6.9 308 275
Li,B,H,5 618"  —331  —455 —47  —14 —197
Na,B,H,, 545  —125  —1§ 36.1 183  —0.1
K>B,H,, 52.0° 56.3 15.1 47.7 35.1

“The difference of AH¢between gas and solid state. The values for each
salt come from the NIST webbook. ”The value is derived by the
difference between AHg,, of M,Bj,H;, (M = Li', Na¥, and K*) and
presumable lattice enthalpies (AHj,) (see text), where AG®g;, = 0 is
arrived with AGSDIV(BleuZ*) by the Pauling cavity sets. The zero-
point and entropy correction are determined from the PM6 semiempi-
rical method with unit cell cluster model of M,B;,H;, (M = Li*, Na®,
and K*). “ Dispersion energy correction made by London formula. See

ref 11b.

since the experimental values vary between —1.9 to —2.7 kcal/
mol (Table 2). Again, the large variation in AG® g, for Li*, Na*,
and K" indicates that no single modification of the B, H,>~
volume can improve the AG®y; values using the Jenkins formula
(Figure 6). Since the experimental AHg values of M,B,H,(s)
(M =Li*, Na", and K") are not available, we could not compute
AGi,., from AAH; (between solid and gas). Therefore, we
computed AGp, by first computing the cohesion energies
AE_q, from the crystal structures (Table S).

With AAH; values from experiment, we first accessed the
computed AE,, values since AE.;, = AAH; — zero-point
energies. The AE,,, value for MCl (M = Li*, Na*, and K*) by
BLYP functional underestimates the AAH;of LiCl and NaCl and
overestimates it for KCI. Using the dispersion-corrected PBE
functional (PBE-D), the underestimation is adjusted by more
than 7.5 keal/mol for MCl (M = Li*, Na*, and K*) (Table 5). The
PZ and PW91 functionals give a reasonable AE.,, (AAHy)
estimation. However, AE_;, by every DFT functional underestimates

Scheme 6. Born—Haber Cycle of M,B;,H;, (M = Li", Na*,
and K") Based on AHj,,, Values Which Makes AG® ;s = 0

2M*(g) + 2e” + B ;H;;(q9)

Li:248.7
2*'AHI.I‘. ‘5} Na:23?'0 _135.? (6) lﬁﬁE,H.
K: 200.2 2M*(g) + ByH,,2(g) § (15&2%)
2M(g) + B;;H;;(9)
AH, (4) 47.6
2M(g) + 12B(s) + 6H,(g)
1 Li:76.1
2%AH, (3) Na:51.3
K: 42.5
2M(s) + 12B(s) + 6H
{ (_‘ s Li:406.6
Li:43.3 Na:357.5 (7)|-AHe
-2+aH, | (2) Na:27.0 K: 325.3
K: 27.6
2MH(s) + 12B(s) + 5H,(g)
1 Li:126.6
-AH_, (1) Na:130.3
K: 143.1 M,B,,H,,(s)

AAH;of Li,SO, and overestimates AAH; of K,SO,4 while AE;,
of Na,SO, depends on the choice of DFT functional. The best
AE_, for M,SO4 (M = Li", Na*, and K") comes from the PZ,
PWO91, and PBE functional, respectively. The scaled dispersion
corrections for M,SO, (M = Li*, Na*, and K) become more
than 16.0 kcal/mol (PBE — PBE-D). For comparison, the
dispersion interaction in the benzene crystal is 13.3 kcal/mol
by DFT-D2, 12.0 kcal/mol by symmetry adapted Ferturbation
theory (SAPT), and 10.3 kecal/mol by experiment.'*8 Recently,
Grimme and co-workers have developed the DFT-D3 method
which corrects for the overbinding in the M* - Benzene complex
(M = Li*, Na*, and K*)."* However, the use of DFT-D3 in our
system did not produce better results (data is not presented), and
Grimme's group is developing values suitable for ionic systems.**
It is also possible that the interaction energy of cations and anions
is overestimated by DFT methods since it is well-known that
DFT exaggerates charge equalization.®® In this case, a dispersion
correction may possibly appear to “overcorrect” and produce
AG_on, which are too binding.

To estimate AG, for MyB;,H;,, we used the M0OS—2X/
Pauling cavity set and assumed that AG° i, = 0 (i.e., reversing the
process in Scheme 3). The actual AG® g, values for M,B,H,,
(M = Li", Na*, and K") by solubility data are slightly negative
(Table 2). From AGi,y, we computed AHj, by subtracting the
ZPE and TAS corrections (406.6, 357.5, and 325.3 kcal/mol,
respectively, Scheme 6). We then computed AAH;by combining
AHj, and computed gaseous dissociation enthalpies (AHg,,) of
M,B1,H,5 (M = Li*, Na*, and K'; 344.8, 303.0, and 273.3 keal/
mol, respectively, average of four DFT functionals) (Table S).

On the basis of these AAH; values, we find reasonable agree-
ment with the AE_,, of Li,B;;H;, from the PBE-D and PZ
functional (Table S). For Na,B,,H,,, PBE and PW91 give re-
asonable values of AE.,, while for K,B,H;, all functionals
calculate values of AE_, that are too large. The amount of
dispersion correction from PBE to PBE-D for M,B,H;, (M =
Li*,Na*, and K*) is more than 32.0 kcal/mol, and this correction
is two times larger than for M,SO, (M = Li’, Na*, and K")
(Table 5). However, Sedlik et al.* report the binding interaction
between benzene and B;,H;,> is 11.0 kcal/mol by CCSD(T)/
CBS and 9.2 kcal/mol by DFT-SAPT. The DFT-D method uses
parameters of the metal atom rather than metal cations, which
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may exaggerate cation—cation interactions. On the other hand,
dispersion of dianion—dianion interactions may be underestimated.

Determining the AH; of M,B,H 5 (M = Li" and Na") is
important because this material is an undesirable intermediate in
chemical hydrogen storage using alkali metal boranes.** %7 On
the basis of the predicted crystal structure of Li,B;,H;,, Ohba et al®’
suggested 149.4 kcal/mol for AH,,,(0 K) of Li,B;,H;s(s) —
2LiH(s) + 12B(s) + SH,(g) while Ozolins et al.>*® suggest 139.5
keal/mol for AH,,, (0 K) using a different structure prediction.
Scheme 6 presents a Born—Haber cycle of M,B,H;, (M = Li",
Na", and K*) based on AG®g;ss = 0. Processes 2, 3, and 5 are from
the NIST webbook®” while processes 4 and 6 are available from
ab initio computations. The Dixon group reported AH{298 K)
of B,H;,>~ to be —88.1 kcal/mol with the G3B3 approach,
which is the same value as we predict by G4 (—88.1 kcal/mol).>**
The value of AH,,,(1) from Scheme 6 for M,B,,H,;, (M = Li",
Na", and K") becomes 126.6, 130.3, and 143.1 kcal/mol,
respectively. The difference between our AH,,, (1) and previous
reported values for Li,Bj,H;, are 12.9 keal/mol**® and 22.8
keal/mol,%” respectively.

Previous work has shown that as the size of the dianion
becomes larger, errors in AH,,,(—AHjs) by periodic boundary
calculations become larger. For example, Ozolins et al. > report
14.4 keal/mol of AH,,,, for MgH,(s) — Mg(s) +H,(g) while the
NIST webbook data gives 18.2 kcal/ mol®’ for —AH; (3.8 kcal/
mol difference). By using the PBE functional, Miwa et al.***
reported —38.2 kcal/mol for AH{0 K) of LiBH, while the
experimental value is —46.5 kcal/ mol®® (8.3 kcal/mol dif-
ference). When the size of the anion is B;,H;,> ", the difference
increases to 56.2 kcal/mol. Specifically, Caputo and Ziittel*>®
reported 226.1 kcal/mol for —AH{0 K) of Li,B,,H, from their
standard state (Li,B;,H),(s) — 2Li(s) + 12B(s) + 6H,(g))
using the experimental crystal structure”® while, the sum of
process 1 and 2 (i.e, —AHg at 298 K) is 169.9 kcal/mol from
Scheme 6. Likewise, Caputo et al2f reported 259.7 kcal/mol for
—AH{0 K) of Na,B,H;, using the experimental crystal struc-
ture which can be compared to 157.3 kcal/mol (i.e., —AHgat 298
K) for the sum of 1 and 2 from Scheme 6 (102.4 kcal/mol
difference). For K,B,,H ,, our calculations suggest 170.7 kcal/
mol for —AHg at 298 K, which is similar to that of Li,B;,H;,
(Scheme 6).

Bl CONCLUSIONS

For the calculation of the dissolution Gibbs free energies
(AG°4.) for MpX; (M = Li*, Na*, and K" with X = CO5>7,
SO,>", CgHg>~, and B1,H;,> ") salts, three methods for AGy
estimation are combined with AG.,(X>~) by CPCM solvation
modeling. The AG.,(X>") by the Pauling cavity set leads to
reasonable AG°y values. For small dianions like SO,>~, the
Jenkins formula (AGy,.,) provides reliable AG® g values when
it is combined with AG,.,(X>~) by M05—2X/Pauling cavity
sets. However, the thermochemical volume of the dianion is not
easily determined by ab initio molecular volume calculations, and
the static radii cannot yield reasonable AG® g, values when soft
(large) dianions are involved. The AGy,, by ab initio computa-
tion followed by AAG; from literature is useful to determine
AGi, of salts, but the replacement of AAG; by AG,,, greatly
depends on the choice of DFT functional in the periodic
boundary calculations. When AG°;, = 0 is assumed for
M,B,H,, (M = Li*, Na", and K*), our Born—Haber cycle can
be used to evaluate solid-state AH; values.
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