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The hydrated structures, dissociation energies, thermodynamic quantities, infrared spectra, and electronic
properties of alkali-metal hydroxides (MOH, M) Na and K) hydrated by up to six water molecules
[MOH(H2O)n)1-6], are investigated by using the density functional theory and Møller-Plesset second-order
perturbation theory. Further accurate analysis based on the coupled cluster theory with singles, doubles, and
perturbative triples excitations is more consistent with the MP2 results. NaOH shows a peculiar trend in
dissociation: it begins to form a partially dissociated structure forn ) 3, and it dissociates forn ) 4 and 6,
whereas it is undissociated forn ) 5. However, forn ) 5, the dissociated structure is nearly isoenergetic to
the undissociated structure. For KOH, it begins to show partial dissociation forn ) 5, and complete dissociation
for n ) 6.

1. Introduction

Alkali-metal hydroxides are widely used as electrolytes in
electrochemical purification in industry and in determination
of the metal-ion complexes in biology. Substantial research has
been done on the aqueous solvation of various ions,1,2 acids,3,4

bases,5 and salts6,7 in water during the past few decades. Here,
we are particularly interested in the dissociation of alkali-metal
hydroxides. Alkali-metal ions are important species in life.
However, their biochemical mechanisms are not well under-
stood. Most of the protein-bound metal ions for functions are
bound to at least one water molecule.8 Aqueous NaOH (NaOD)
catalyses stereospecific epimerization ofR-amino acids.9 Mostly,
the catalytic activity in metal enzymes is due to the deproto-
nation of a metal ion bound by water molecules to give a
hydroxyl group that is still bound to the metal ion after the
deprotonation. These hydroxyl groups can act as a nucleophile
and attack as a substrate.10 A similar hydroxide group is obtained
by the dissociation of a base in all aqueous alkali-metal
hydroxide clusters. Detection of Na+ and K+ ions around nucleic
acid molecules has been a challenge due to unclear differentia-
tion between water and metal ions.11 Negatively charged
phosphates of DNA cause molecules to repel each other. The
partially hydrated Na+ ions electronically interact with the
negatively charged phosphates of DNA, allowing the DNA
molecules to form helices. Also, the role of the Na+-K+ pump
in muscle activity is well-known. Thus, for mimicking various
medicinal and environmental mechanisms, the understanding
of mechanistic actions of alkali-metal ions would be highly
beneficial. Indeed, the alkali-metal ion recognition by receptors
has been an important subject for biosensing.12

It is well-known that in contrast to alkali halides the mean
activity coefficient of alkali hydroxide solutions of equal
concentration decreases in the order CsOH> KOH > NaOH
> LiOH. Harned and Owen13 proposed that hydroxides undergo
local hydrolysis because the polarizing ability of the alkali
cations is larger for the smaller ions. In this regard, Davis14

stated that ion pairs exist in hydrated solutions and the
association is electrostatic.

It is a known phenomenon that all alkali-metal hydroxides
are deliquescent except LiOH. They have linear structures with
low-frequency bending vibrations.15-22 However, the experi-
mental investigation is difficult as they have low vapor pressure
and are highly reactive.20-22 Lown and Thirsk23 studied the
proton-transfer conductance of concentrated aqueous alkali-
metal hydroxide solutions at elevated temperatures and pressures
and suggested that at high concentrations most of the water
molecules are dominated by their proximity to an ion and so
cannot participate in the proton-transfer mechanism of conduc-
tance by the hydroxyl anion. This mechanism is most disrupted
by KOH and least by LiOH due to its greater ionic association.
This is well supported by the Raman spectral study of aqueous
alkali-metal hydroxides.24

With addition of water molecules to the base, the complex
formed becomes energetically more stable with the red shift in
the IR frequency due to the increased metal-hydroxide bond
length. Thus, the absence of the IR stretching frequency band
would indicate that the alkali-metal cation is dissociated, while
both remain coordinated to the water molecules. It was found
that the aqueous dissociation of CsOH, RbOH, and LiOH
requires 4, 5, and 7 water molecules for complete dissociation
as a global minimum energy structure, respectively.25 To
complete the trend of aqueous dissociation of alkali-metal
hydroxides, here we present the detailed study of MOH(H2O)n)1-6

(M ) Na and K) using high-level ab initio calculations with
large basis sets including diffuse basis functions that would be
able to describe the correct dissociation phenomena. Most of
the initial geometries were taken from the theoretical studies
of hydrated CsOH, RbOH, and LiOH. In the case of penta- and
hexahydrated complexes, we carried out new searches for other
low-lying energy conformers. The equilibrium geometries were
confirmed by evaluating the vibrational frequencies at both DFT
and MP2 levels of theory. Here, we particularly discuss the
dissociation phenomena of mono- to hexahydrated bases along
with these structures, energetics, charge transfers (CT), electronic
properties and spectra.
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2. Computational Details

We investigated various dissociated and undissociated struc-
tures of clusters MOH(H2O)1-6 including those of LiOH-,
RbOH- and CsOH-water clusters.25 Calculations were done
at the density functional theory (DFT) level with the Becke’s
three parameter exchange potential and Lee-Yang-Parr cor-
relation functional (B3LYP)26 and the Møller-Plesset second-
order perturbation theory (MP2) level. For B3LYP, the
6-311++G**[sp] basis set was used for Na, O, and H, and
energy-adjusted Stuttgart effective core potentials (ECP) were
used with d exponents (0.48) added to the K valence basis for
K (which will be simply denoted as Stuttgart basis sets).27 For
MP2, the cc-pVDZ basis set was employed for Na, and the
above Stuttgart basis set was used for K. For oxygen and
hydrogen atoms, the aug-ccpVDZ+diffuse(2s2p/2s) basis set
was used.28 This basis set will be denoted simply as aVDZ+.
The coupled cluster theory with singles, doubles, and pertur-
bative triples excitations [CCSD(T)] was studied with single
point calculations on the optimized MP2 geometries by using
the same basis set. For brevity, the basis set of water is simply
used to represent the basis set of the complex.29 Thus,
calculations carried out at the B3LYP, MP2 and CCSD(T) levels
are denoted as B3LYP/6-311++G**, MP2/aVDZ+ and CCSD-
(T)/aVDZ+, respectively. In the case of MP2/aVDZ+ and
CCSD(T)/aVDZ+ calculations, the frozen core orbital option
[1s2s2p for Na; 1s2s2p for K employing the ECP; 1s for O]
was chosen. When only the 1s orbital is frozen for Na, the
binding energy of NaOH is overestimated at the MP2/aVDZ+
level (81.9 kcal/mol), in contrast to the case based on the
standard frozen orbitals (1s2s2p) (79.3 kcal/mol) and the
experimental value30,31 (∼80 kcal/mol). Also, when only the
1s orbital is frozen for Na, the binding energy of NaOH at the
CCSD(T)/aVTZ+ level (76.5 kcal/mol) is similar to that
calculated by using the standard frozen orbitals (1s2s2p) (76.9
kcal/mol). Thus, the standard frozen core orbitals were used in
our calculations because most of the calculations were based
on MP2/aVDZ+. Detailed calculations on NaOH and KOH can
be referred from a series of work by Lee and Wright.32 For the
hydration of NaOH/KOH by water molecules, we have reported
the zero-point energy (ZPE) uncorrected (∆Ee) and corrected
(∆E0) binding energies. The enthalpies (∆H298) and Gibbs free
energies (∆G298) were obtained using the standard expression

for ideal gases at 298 K and 1 atm. The basis set superposition
error (BSSE) corrections cannot equally treat the dissociated
and undissociated states, because the binding energy of NaOH/
KOH is calculated without BSSE correction. Thus, we did not
do BSSE correction. Furthermore, the BSSE-uncorrected binding
energy of NaOH/KOH is in good agreement with the experi-
mental value, whereas the BSSE-corrected binding energy is
underestimated. For CCSD(T), the ZPE and thermal energy
corrections were done by using the MP2/aug-cc-pVDZ+diffuse-
(2s2p/2s) values. For NaOH and KOH, the MP2 and CCSD(T)
calculations using aug-cc-pVTZ+diffuse(2s2p/2s) (to be short-
ened as aVTZ+) were also performed. The CT energies were
obtained by using configuration interaction with singles excita-
tions [CI(S)] on the MP2 geometries (ECI(S)

CT) and by using
the random-phase-approximation (RPA) at the B3LYP level of
theory (ERPA

CT). Other electronic properties such as vertical and
Koopman’s ionization potentials (IP), polarizability (R) and
dipole-moment (µ) are also reported at the MP2 level of theory.
The calculations were carried out using the Gaussian 03 suite
of programs.33 The figures presented here were drawn using
Posmol34 and some available graphic packages.

3. Results and Discussion

In Table 1, we have compared the calculated geometrical
structures and dissociation energies of NaOH and KOH with
the experimental data.10-21,35The B3LYP/MP2/CCSD(T) M-O
distances for M) Na and K are 1.96/1.99/1.99 and 2.25/2.26/
2.26 Å, respectively, in reasonable agreement with the experi-
mental values (1.95 and 2.20 Å)15,16,31 and the previous
calculated results.36 The OH- distance is 0.95/0.96/0.96 Å.
NaOH has a linear structure (180°), whereas KOH has an almost
linear structure (178°). The calculated Na‚‚‚OH stretching
frequency (556/539 cm-1 at B3LYP/MP2) is in excellent
agreement with the experimental value (540 cm-1),18 whereas
the calculated K‚‚‚OH stretching frequency (438/436 cm-1) is
slightly overestimated compared with the experimental value
(408 cm-1).19 The predicted dissociation energies (D0) for NaOH
and KOH (79.3 and 82.2 kcal mol-1, respectively) at the MP2/
aVDZ+ level are in reasonable agreement with the experimental
value (80.0 and 81.4 kcal mol-1, respectively).30,31

TABLE 1: Geometrical Parameters and Dissociation Energies of NaOH and KOHa

MOH parameter B3LYP 6-311++G** MP2 aVDZ+ MP2 aVTZ+ CCSD(T) aVDZ+ CCSD(T) aVTZ+ expt ref

NaOH rNa‚‚‚O 1.96 1.99 1.98 1.99 1.98 1.95 16
rOH 0.95 0.96 0.96 0.96 0.95
∠NaOH 180.0 180.0 180.0 180.0 180.0
D0 81.0 79.3{81.9} 83.7{83.4} 72.6{75.3} 76.9{76.5} 80.0, 77.9 30, 31
µ 6.66 7.18{7.03} 7.02{6.89} 7.22{7.04} 7.05{6.91}
ω1 556 538{571} 542{553} 542{578} 547{558} 540, 431 18
ω2 3971 3946{3952} 3964{3961} 3928{3936} 3952{3954}
ω2(scaled) (3812) (3788) (3806) (3771) (3794)

KOH rK‚‚‚O 2.25 2.26 2.23 2.26 2.23 2.196 15
rOH 0.96 0.96 0.96 0.96 0.96
∠KOH 179 178 180.0 180.0 180.0
D0 84.3 82.2 86.6 73.6 79.4 85.1 ,81.4 30, 31
µ 7.79 8.06 7.84 8.05 7.89
ω1 438 436 449 437 452 408 19
ω2 3937 3898 3912 3892 3903
ω2(scaled) (3779) (3742) (3755) (3736) (3747)

a Distances are in Å; angles in degrees; dissociation energy (D0) in kcal mol-1; dipole moment (µ) in debye. B3LYP uses 6-311++G** for
NaOH and KOH. The aVTZ+ basis set denotes aug-cc-pVDZ+(2s2p/2s). In ref 32, the [CCSD(T)/aug-cc-pVTZ]/[CCSD(T)/6-311++G(3df,3pd)]
gives therNa‚‚‚O distance (1.943/1.944 Å),ω1 (565/591 cm-1) andω2 (4008/3952 cm-1), and therK‚‚‚O distance (2.226/2.223 Å),ω1 (451/450 cm-1)
andω2 (3952/3899 cm-1). ω2 (scaled) is scaled by 0.96 for the O‚‚‚H stretch mode to obtain the realistic frequencies including anharmonicity. The
values forD0 in braces denotes the cases obtained with freezing only the 1s orbital for Na, and others are the cases obtained with the default frozen
core orbital option (1s2s2p for Na).
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We have investigated the dissociation trends and spectro-
scopic properties of NaOH(H2O)n)1-6 and KOH(H2O)n)1-6

clusters. Figure 1 shows various optimized structures of low-
lying energy conformers of hydrated sodium and potassium
hydroxides at the MP2/aVDZ+ level. As for the notations of
“nUn1n2”, “ nPn1n2”, and “nDn1n2”, U/P/D indicates the undis-
sociated/partially dissociated/dissociated state,n is the number
of water molecules, andn1 andn2 are the hydration numbers of
M+ (Na+, K+) and OH-, respectively. We mainly focus our
attention on the undissociated and dissociated forms of these
hydrated clusters by monitoring the M-O distances and the
stretching mode of M-OH by successive addition of water
molecules to the cluster. Table 2 lists the binding energies of
various structures of the NaOH(H2O)n)1-6 clusters (i.e., hydra-

tion energies of NaOH byn number of water molecules) at the
B3LYP/6-311++G** and MP2/aVDZ+ levels of theory. The
corresponding values for the KOH(H2O)n)1-6 clusters are in
Table 3. Table 2 (lower part) also lists the BSSE corrected
binding energies at both B3LYP/6-311++G** and MP2/
aVDZ+ levels of theory on the selected conformers such as
2U11, 2U22, 4P33, 4D43, 4U44, 5U33 and 5D43. It has been
observed that the BSSE corrections, due to the unbalanced basis
incompleteness that might underestimate the dispersion energies
(the dispersion energies of 2U22 and 2U11 for NaOH-(H2O)2
are significant, i.e.,-11.36 and-7.09 kcal/mol, respectively,
at the MP2 level of symmetry adapted perturbation theory37),
tend to underestimate the binding energies at the MP2/aVDZ+
level as observed in the study of hydrated alkali-metal ions.29

Figure 1. MP2/aVDZ+ low-lying energy conformers of NaOH(H2O)n)1-6 and KOH(H2O)n)1-6.
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In the case of hydrated hydroxide anion clusters,5 it was found
that the MP2 binding energy based on full BSSE correction is
underestimated. The BSSE-uncorrected binding energies are
similar to the experimental values. Similar observations were
made by others.8,38 The role of BSSE corrections is important
for the binding energies, but the relative stability is not important
because of its consistency. For these conformers, the BSSE
correction has little effect on the trend of the stability. Therefore,
in the present study, we studied the binding energies without
BSSE correction. For testing the quality of the basis sets, we
have reported higher level calculations at MP2/aVTZ+, CCSD-

(T)/aVDZ+, and CCSD(T)/aVTZ+ levels of theory, as can be
referred in Table 1. The calculated binding energies and
geometries are consistent and in good agreement with the
experimental data. This reflects the appropriateness of the basis
sets used. The lowest energy structures of the undissociated and
dissociated cases (including nearly isoenergetic structures) for
n ) 1-6 are further investigated at the CCSD(T)/aVDZ+ level
of theory (Table 4) to confirm the actual state of conformation.

Previously, we have discussed the criterion for the distinction
of the dissociated/undissociated structures of hydrated salts.7

Although the distinction cannot be clearly made, we here use

TABLE 2: Binding Energies of NaOH(H2O)1-6 (Hydration of NaOH by n Water Molecules in kcal mol-1)a

MP2/aVDZ+ B3LYP/6-311++G**

n conf -∆Ee -∆E0 -∆H298 -∆G298 conf -∆Ee -∆E0

1 1U11 23.24 21.25 22.51 13.53 24.41 22.52
1U10 11.20 9.95 9.92 4.89 13.63 12.28

2 2U22 43.56 39.27 41.19 23.39 45.91 41.61
2U11 40.96 36.88 38.95 20.66 42.43 39.17

3 3P33 62.05 55.08 58.02 29.16 63.75 56.83
3U22 59.84 53.08 55.86 28.36 62.75 56.05
3U32 57.49 50.56 53.27 25.59 59.21 52.27

4 4P33 75.47 66.35 69.77 33.33 (4D33) 78.03 69.02
4P33′ 75.43 66.37 69.79 33.36 (4D33′) 77.34 69.06
4U22 74.78 65.63 69.09 32.54 74.81 65.94
4D43 75.39 66.50 69.92 32.96 (4U33) 78.04 68.97
4U44 74.95 64.62 68.31 29.02 73.79 63.82

5 5U33 88.81 76.96 81.03 34.81 91.29 79.54
5U33′ 88.84 76.55 80.85 33.31 (5D33′) 89.70 77.68
5D43 88.50 76.86 81.12 33.71 89.38 77.60
5U32 86.28 75.37 79.35 33.78 90.23 79.11

6 6D33 104.48 88.75 94.77 35.01 105.56 89.28
6U32 101.85 88.01 92.96 36.29 104.36 90.12
6D44 101.97 87.53 92.38 35.64 101.90 87.30
6U33 101.57 87.22 91.91 36.43 102.75 88.66

n conf MP2/aVDZ+b B3LYP/6-311++G** b n conf MP2/aVDZ+b B3LYP/6-311++G** b

2 2U22 41.76( 1.80 44.48( 1.43 4 4P33 71.82( 3.65 75.69( 2.34
2U11 39.16( 1.80 41.32( 1.11 4D43 71.74( 3.65 75.71( 2.33

5 5U33 84.45( 4.36 88.30( 2.99 4U44 71.15( 3.80 71.64( 2.15
5D43 83.86( 4.64 86.28( 3.10

a In the notations of “nUn1n2”, “ nPn1n2” and “nDn1n2”, U/P/D indicates the undissociated/partially dissociated/dissociated state,n is the number
of water molecules, andn1 andn2 are the hydration numbers of M+ (Na+, K+) and OH-, respectively. Lowest energy conformers are boldfaced.
b 50%-BSSE-corrected energy.28 The value after “(” denotes 50%-BSSE: then the upper limit is the full BSSE-corrected value.

TABLE 3: Binding Energies (kcal mol-1) of KOH(H 2O)1-6 (Hydration of KOH by n Water Molecules in kcal mol-1)a

MP2/aVDZ+ B3LYP/6-311++G**

n conf -∆Ee -∆E0 -∆H298 -∆G298 conf -∆Ee -∆E0

1 1U11 23.57 21.75 22.74 15.42 23.36 21.62
2 2U22 44.26 40.03 41.70 24.81 43.87 39.64
3 3U33 61.82 55.46 57.57 31.97 60.69 54.18

3U22 58.99 52.94 55.20 29.23 59.03 52.61
3U32 58.74 51.67 54.36 26.39 56.99 49.85

4 4U44 76.01 66.08 69.28 31.76 71.13 61.34
4U43 75.21 66.52 69.31 33.97 (4U33) 74.19 65.44
4U42 72.74 64.95 68.13 31.52 (4U22) 73.35 64.65
4U32 72.26 63.81 66.70 31.66 (4U22′) 72.91 64.12

5 5P43′ 89.58 77.34 81.52 33.37 (5D33) 84.96 73.22
5P44 88.59 76.74 80.32 34.41 (5D44) 84.28 72.29
5U32 84.56 74.13 77.63 33.28 (5U22) 85.72 75.01
5D43′ 88.23 76.90 80.66 34.03 86.06 74.45
5P43 90.06 78.45 82.32 35.50 (5D43) 86.45 75.57

6 6P44 101.27 87.07 91.27 35.07 97.12 82.61
6P33 99.43 86.76 90.45 37.31 98.38 85.13
6D33′ 101.77 86.31 91.88 32.27 100.54 84.35
6U32 98.56 98.09 84.38
6U44′ 100.80 85.89 90.49 33.09 (6D44) 96.30 80.77
6D43 101.75 87.68 92.21 35.54 99.88 85.22

a In the notations of “nUn1n2”, “ nPn1n2” and “nDn1n2”, U/P/D indicates the undissociated/partially dissociated/dissociated state,n is the number
of water molecules, andn1 andn2 are the hydration numbers of M+ (Na+, K+) and OH-, respectively. Lowest energy conformers are boldfaced.
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the previous approach. The partial/full dissociation is based on
both the degree of elongation ofrMOH (∆rMOH) with respect to
the pure MOH without hydration (i.e., partial dissociation for
0.6 Å < ∆rNaX < 1.0 Å, and full dissociation for∆rMOH > 1.0
Å) and the degree of coupling of the MOH stretching mode
ωMOH with other modes (i.e., partial dissociation for 50 cm-1

< ωMOH < 100 cm-1, and full dissociation forωMOH < 50 cm-1

for which other modes are more dominating so that this mode
may not be considered as the MOH stretching mode).

At the CCSD(T)//MP2/aVDZ+ level, the lowest energy
undissociated/partially dissociated/dissociated structures for
NaOH(H2O)n)1-6 in ∆E0 are 1U11, 2U22, 3P33, 4D43, 5U33,
and 6D33, whereas 5D33 is nearly isoenergetic with 5U33, and
4P33/4P33′arenearlyisoenergeticwith4D43.ForKOH(H2O)n)1-6,
the lowest energy undissociated/partially dissociated/dissociated
structures in∆E0 are 1U11, 2U22, 3U33, 4U44, 5P43, and
6D43. These results show that the coordination number of 3 is
favored for Na+ in these small clusters, and that of 4 is favored
for K+. We note that the undissociated conformers show smaller
ZPEs than the dissociated conformers. To compare relative
stabilities of the undissociated, partially dissociated and dis-
sociated conformers, their ZPE-corrected binding energies (∆E0)
are shown in Figure 2 at the CCSD(T)/aVDZ+ level. In the
case of NaOH, the partially dissociated structure (3P33) starts
to appear forn ) 3, and the dissociated structures appear forn
) 4 and 6, whereas forn ) 5 the undissociated structure is the
most stable, though the partially dissociated structure is nearly
isoenergetic with the undissociated one. For KOH, the undis-
sociated structures are the most stable forn ) 1-4, and a
partially dissociated/dissociated structure is the most stable for
n ) 5/6.

Between different levels of calculation, the MP2/aVDZ+
results are consistent with the CCSD(T)/aVDZ+ results in the
case of NaOH. For KOH, 4U44 is more stable than 4U43 at
CCSD(T)/aVDZ+. The B3LYP/aVDZ results show some dif-
ferences in the energy order from the MP2/aVDZ+ results due
to the difference in coordination number for both metal and
hydroxide ions. In particular, for NaOH the 4D33, 4D33′, 4U33
and 5D33′ structures at the B3LYP level are changed to 4P33,
4P33′, 4D43 and 5U33′ at the MP2 level, respectively, and for
KOH the 4U22′, 4U22, 4U33, 5D44, 5U22, 5D33, 5D43 and
6D44 structures at the B3LYP level are changed to 4U32, 4U42,
4U43, 5P44, 5P32, 5P43′, 5P43 and 6U44′ at the MP2 level,
respectively. Nevertheless, both CCSD(T)/aVDZ+ and MP2/
aVDZ+ levels of theory (and B3LYP calculations) show that

both NaOH and KOH need six water molecules for complete
dissociation.

Table 5 lists the conformational characteristics and geo-
metrical parameters (including the rotational constants) of the
lowest energy undissociated, partially dissociated and dissociated
structures at the MP2/aVDZ+ level. In mono- to hexahydrated
undissociated clusters, the coordination number of the metal
(M+) increases from 2 to 4, whereas it is 3 for most of the
clusters containing NaOH and 4 for the clusters containing
KOH. Figure 3 shows the change of Na---OH (rNa---OH) and
K---OH (rK---OH) distances by the addition of water molecules
for the undissociated, partially dissociated and dissociated
clusters. With successive addition of water molecules, both the
number of hydrogen bonds and the coordination number of the
metal atom tend to increase. TherNa---OH in NaOH(H2O)n for
n ) 1-6 are (2.097, 2.247, 2.674, 2.835, 2.404 and 4.031 Å)

TABLE 4: CCSD(T)/aug-cc-pVDZ+(2s2p/2s) Binding Energies of NaOH (H2O)1-6 and KOH (H 2O)1-6
a

conf -∆Ee -∆E0 -∆H298 -∆G298 conf -∆Ee -∆E0 -∆H298 -∆G298

NaOH(H2O)1-6 KOH(H2O)1-6

1U11 23.08 21.09 22.34 13.37 1U11 23.38 21.56 22.55 15.23
2U22 43.33 39.04 40.97 23.17 2U22 44.07 39.83 41.51 24.61
3P33 61.81 54.84 57.78 28.92
3U22 59.56 52.79 55.57 28.07 3U33 61.67 55.31 57.43 31.82
4U22 71.4 62.25 65.71 29.16
4P33 75.20 66.08 69.50 33.06
4P33′ 75.15 66.10 69.51 33.08 4U44 76.47 66.54 69.74 32.22
4D43 75.08 66.19 69.61 32.65 4U43 75.02 66.33 69.12 33.78
5U33 88.86 77.01 81.08 34.86 5P43′ 89.87 77.62 81.80 33.66
5U33′ 89.05 76.76 81.06 33.52 5P44 88.97 76.96 80.63 33.99
5D43 88.49 76.86 81.11 33.70 5D43′ 88.28 76.95 80.70 34.07

5P43 89.85 78.24 82.11 35.29
6P33 99.19 86.51 90.19 37.06

6U32 101.68 87.84 92.79 36.12 6P44 101.61 87.41 91.61 35.41
6D33 104.40 88.67 94.68 34.92 6D33′ 101.97 86.52 92.08 32.47

a Zero point energy and thermal energy corrections used the MP2/aug-cc-pVDZ+(2s2p/2s) values.

Figure 2. Comparison of the lowest undissociated, partially dissociated
and dissociated energies (∆E0) of NaOH(H2O)n)1-6 and KOH(H2O)n)1-6

at the CCSD(T)/aVDZ+ level.
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and therK---OH in KOH(H2O)n for n ) 1-6 increases (2.376,
2.523, 2.734, 2.838, 2.898 and 3.017 Å). AsrNa---OH/rK---OH

increases, there is a noticeable decrease inωNa-OH/ωK-OH

stretching frequencies. These (unscaled) frequencies for the
lowest energy structures of NaOH(H2O)n)1-6 are predicted to
be 483, 416, 73, none, 142 and none cm-1 at the MP2/aVDZ+
level, and those of KOH(H2O)n)1-6 are predicted as 418, 380,
105, 110, 81 and none cm-1, which are well correlated with
rNa---OH andrK---OH, respectively (Table 5). However, a few
of these modes withωM-OH < 100 cm-1 are coupled with HO‚
‚‚Ow modes (where w denotes a water molecule). Thus, in the

case of KOH(H2O)n, the casesn ) 1-4 are undissociated, the
casen ) 5 is partially dissociated, and the casen ) 6 is
dissociated. These low frequencies are unscaled because un-
scaled low frequencies are often more realistically close to the
experimental values without overestimation, in contrast to the
OH/NH frequencies that reflect highly anharmonic potential
surfaces due to their high frequencies and so require the
frequency scaling (scale factor of 0.96). Therefore, often an
exponentially scaled approach (with less reduction for low
frequencies)39 is used instead of constant scaling for all the
frequencies. TherNa---OH of the partially dissociated and
dissociated structures forn ) 3-6 are 2.674 (3P33), 2.835
(4D43), 2.856 (5D43) and 4.031 Å (6D33), and therK---OH

for n ) 5-6 are 3.002 (5D43′) and 3.017 Å (6D43), respec-
tively. As theserNa---OH andrK---OH distances are very large
compared with the unhydrated Na/K‚‚‚OH distances of 1.99 and
2.26 Å, the Na/K‚‚‚OH stretching modes upon dissociation
practically do not appear (except for the highly coupled modes
with other water molecules). As seen in Table 5, the coordination
number of Na+/K+ (regardless of the dissociated and undisso-
ciated states) tends to be 3 or 4, and OH- is also coordinated
to 3 or 4 hydrogen atoms of water molecules via hydrogen
bonds.

Combined with our previous work, we note that LiOH,
NaOH, KOH, RbOH and CsOH can be dissociated as local
minimum energy structures by 3, 4, 5, 4 and 3 water molecules

TABLE 5: MP2/aug-cc-pVDZ+(2s2p/2s) Conformational Characteristics and Geometric Parameters [Distances (r/Å) and
Rotational Constants (A, B, C in GHz)] for the Low-Energy Conformers of MOH(H 2O)0-6 (M ) Na/K)a

δE0 HB/coord rM‚‚‚OH rM‚‚‚Ow rHO---Hw ωM‚‚‚OH ωM‚‚‚Ow A B C

NaOH(H2O)1-6

NaOH 1.99 539
1U11 0.00 1/2 2.097 2.296 1.522 483 228 10.81 8.58 4.82
2U22 0.00 2/3 2.247 2.300 1.585 416 286, 256 7.33 3.25 2.61
3U22 2.25 3/3 2.246 2.31 1.531 372 279, 232 3.69 2.02 1.47
3P33 0.00 3/4 2.674* 2.321 1.604 73* 287, 253, 240 2.66 2.66 2.21
4U22 3.94 4/3 2.230 2.321 1.564 352 308, 306 1.88 1.48 1.44
4P33 0.11 4/4 2.640* 2.317 1.582 55* 307, 284, 220 1.94 1.48 1.39
4P33′ 0.09 4/4 2.665* 2.315 1.570 42* 302, 290, 225 1.88 1.48 1.44
4D43 0.00 4/4 2.835* 2.335 1.516 none** 300, 278, 232, 102 2.24 1.47 1.37
5U33 0.00 5/4 2.404 2.352 1.595 142 319, 299, 273 1.34 1.21 0.99
5U33′ 0.25 6/4 2.434 2.362 1.556 134 286, 261, 244 1.70 1.15 0.96
5D43 0.15 5/4 2.856* 2.364 1.530 none** 261, 252, 233, 222 1.48 1.28 1.13
6U32 0.83 7/4 2.320 2.354 1.471 239 307, 261, 210 1.40 0.78 0.61
6D33 0.00 9/3 4.031** 2.329 1.551 none** 283, 283, 277 0.99 0.99 0.98

KOH(H2O)1-6

KOH 2.256 436
1U11 0.00 1/2 2.376 2.552 1.491 418 210 9.15 5.62 3.48
2U22 0.00 2/3 2.523 2.604 1.568 380 224, 217 4.60 2.98 2.10
3U33 0.00 3/4 2.734 2.626 1.628 105 216, 210, 209 2.10 2.09 1.86
4U44 0.00 4/5 2.838 2.740 1.708 110 196, 180, 180, 110 1.65 1.64 1.32
4U43 0.21 4/5 2.769 2.624 1.551 186 273, 211, 186, 104 1.78 1.29 1.14
5P44 1.28 5/4 2.923* 2.668 1.667 94* 202, 180, 172, 169 1.38 1.03 0.95
5P43′ 0.62 5/5 2.917* 2.734 1.593 93* 212, 190, 179, 174 1.30 1.11 0.99
5D43′ 1.29 6/4 3.002** 2.655 1.530 none** 206, 198, 176, 127 1.22 1.12 0.98
5P43 0.00 6/5 2.898* 2.632 1.565 81* 221, 217, 163, 148 1.55 0.97 0.84
6P33 1.42 6/4 2.895* 2.695 1.572 96* 186, 185, 152 0.85 0.84 0.72
6P44 0.52 6/5 2.989* 2.688 1.677 95* 198, 168, 168, 162 1.11 0.77 0.72
6D33′ 1.41 9/3 4.434** 2.656 1.551 none** 248, 233, 193 0.94 0.80 0.80
6D43 0.00 7/4 3.017** 2.680 1.543 none** 213, 204, 191, 189 1.08 0.81 0.71

a HB/coord indicates the number of hydrogen bonds/the coordination number of MOH. The coordination numbers of M+ (Na+, K+) and OH-

are found from notations of “nUn1n2”, “ nPn1n2” and “nDn1n2”. rHO----Hw is the nearest distance from OH- to H of the neighboring water molecule.
Frequencies are not scaled. The relative energy (δE0) is given at the CCSD(T)/aVDZ+ level. Experimental values of therM‚‚‚O distances for NaOH
and KOH are 1.95 and 2.196 Å, respectively.15,16 CCSD(T)/cc-pVTZ+(2s) gives therNa‚‚‚O distance (1.943/1.944 Å),ω1 (565/591 cm-1), and the
rK‚‚‚O distance (2.226/2.223 Å),ω1 (451/450 cm-1). “*/**” denotes the partial/full dissociation based on the degree of elongation ofrMOH (∆rMOH)
with respect to the pure MOH without hydration (i.e., partial dissociation for 0.6 Å< ∆rNaX < 1.0 Å, full dissociation for∆rMOH > 1.0 Å), and
based on the degree of coupling of the MOH stretch frequency modesωMOH with other modes (i.e., partial dissociation for 50 cm-1 < ωMOH < 100
cm-1, full dissociation forωMOH < 50 cm-1 for which other modes are more dominating so that this mode may not be considered as the MOH
stretching mode; ref 7).

Figure 3. M‚‚‚OH distances of the lowest-energy undissociated,
partially dissociated and dissociated conformers (in Å at the MP2/aug-
cc-pVDZ+(2s2p/2s) level).
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and the global minimum energy structures by 7, 6, 6, 5 and 4
water molecules, respectively. As the OH stretching frequencies
are widely used to identify diverse cluster structures,40 we report
scaled MP2/aVDZ+ (and B3LYP/6-311++G**) vibrational
frequencies (ωs with the scaling factor of 0.96) for the O‚‚‚H
stretching modes (including OH-) of the lowest energy dis-
sociated, partially dissociated and undissociated structures
(including isoenergetic conformers) in Figure 4 and Table 6.
This information would be very useful for future IR experiments
to identify the dissociated/partially dissociated/undissociated
structures of Na/KOH(H2O)n)1-6 with the IR signatures. The
scaling factor 0.96 at both B3LYP and MP2 levels of theory
was chosen from the comparison of the experimental and
calculated average values of asymmetric and symmetric OH
stretching frequencies of the water monomer. The OH stretching
frequencies of HO----H-OH are in general lower than those
of Ow---H-OH.

Table 7 lists the electronic properties of Na/KOH(H2O)n)1-6:
ionization potential (IP), dipole moment (µ), polarizability (R),

CT energy (δECT) and HOMO-LUMO energy gap (δEgap). The
electron pairs are stabilized by hydration, so IP increases with
an increase in the number of water molecules. Polarizability
increases with the increase in the cluster size. As the water
molecules are polarized toward the metal cation and OH-, the
dipole moment (µ) of MOH decreases with the increasing
number of water molecules. The CT energies are related to the

charge-transfer from M+ or water molecules (in large clusters)
to OH-, and so they are related toδEgap. δERPA

CT would be
slightly underestimated at the RPA-B3LYP level with respect
to the experimental values, andδECI(S) could be overestimated
at the [CI(S)] level due to the high-energy HF virtual orbital
energies, as noted in the halide ions.41

To show the charge transfer in the NaOH (H2O)n)1-6 and
KOH (H2O)n)1-6 clusters, we calculated NBO charges at the
MP2/aug-cc-pVDZ+(2s2p/2s) level for the lowest energy
conformers, listed in Table 8. Analysis of the NBO charge in
the CTTS complex shows a partial electron charge transfer from
OH- to water molecules.

4. Conclusion

We have studied the hydration and dissociation phenomena
of sodium and potassium hydroxides using B3LYP/6-311++G**,
MP2/aVDZ+ and CCSD(T)/aVDZ+. As we go above the first
column in the periodic table, more water molecules are required
for complete dissociation. We find that the dissociated structures
are tri- and tetracoordinated for all alkali-metal hydroxides. The
hexahydrated NaOH and KOH are dissociated as the global
minimum energy structures, and the tetrahydrated NaOH and
pentahydrated KOH are dissociated as a local minimum energy
structures. Combined with our previous work, LiOH, NaOH,
KOH, RbOH and CsOH are dissociated as local minimum
energy structures by 3, 4, 5, 4 and 3 water molecules,

Figure 4. B3LYP/6-311++G** (solid line) and MP2/aVDZ+ (dotted line) IR spectra (intensity in 10 km/mol) for the O-H vibrational frequencies
(cm-1) of the lowest undissocitaed, partially dissociated and dissociated NaOH(H2O)n)1-6 and KOH(H2O)n)1-6 clusters.
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respectively, and the global minimum energy structures by 7,
6, 6, 5 and 4 water molecules, respectively. We hope that this
information would facilitate future experiments for the dissocia-
tion phenomenon of alkali-metal hydroxides.
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TABLE 6: MP2/aug-cc-pVDZ+(2s2p/2s) O‚‚‚H Stretch Scaled Harmonic Frequencies (cm-1) and Intensities (in 10 km/mol in
Subscripts) of NaOH(H2O)0-6 and KOH(H 2O)0-6 (Scale Factor: 0.96)

NaOH(H2O)0-6

NaOH: 37881
1U11: 2353197, 37504, 37721

2U22: 2623197, 2746124, 37455, 37471, 37655

3P33: 2707151, 2707151, 2877141, 37221, 37417, 37417, 37420

4U22: 2530279, 2675117, 311856, 3135145, 37201, 37215, 37255, 37466, 37586

4P33: 2643217, 2767154, 2902100, 3133102, 37081, 37185, 37455, 37465, 37517

4P33′: 2610209, 2769171, 290195, 3127105, 37051, 37225, 37445, 37485, 37487

4D43: 2399221, 2763134, 2894139, 337856, 37201, 37215, 37415, 37454, 37518

5U33: 2732135, 2915227, 305350, 322657, 3257102, 36951, 37036, 37255, 37377, 37405, 37476

5U33′: 2528208, 296792, 317885, 333465, 342743, 360723, 36961, 37126, 37264, 37278, 37507

5D43: 2411229, 2755126, 2911117, 333760, 350126, 364223, 37001, 37276, 37314, 37385, 37436

6U32: 2154278, 2482146, 3206113, 328860, 332568, 349425, 358835, 37131, 37215, 37237, 37285, 37456, 37496

6D33: 2478187, 2478187, 2717112, 342216, 342216, 344466, 34660, 350377, 350377, 36921, 37237, 37237, 37241

KOH(H2O)0-6

KOH: 37420

1U11: 2166200, 37420, 37564

2U22: 2540226, 2678117, 37341, 37525, 37524

3U33: 2780163, 2782162, 293491, 37131, 37498, 37497, 37502

4U44: 30492, 3051147, 3052148, 320474, 36981, 372312, 372311, 37240, 37251

4U43: 2543215, 2850153, 296386, 330464, 37061, 37185, 37466, 37518, 37536

5P43′: 2663175, 2693194, 286365, 348118, 349928, 361016, 361842, 36891, 37236, 37357, 37364

5P44: 2946133, 3046132, 305868, 319472, 327168, 36904, 36914, 37247, 37256, 37325, 37518

5D43′: 2432225, 2730146, 293596, 332661, 350319, 360833, 36871, 37225, 37325, 37377, 37446

5P43: 2566149,2686190,2937100,325777,344726,351347,37061,373410,37341,37528,37536

6P33: 2625216, 2630216, 283487, 335639, 335841, 336083, 36931, 37267, 37278, 37281, 37539, 37539, 37549

6P44: 2955196, 29904, 3036143, 317679, 333120, 333292, 368213, 36831, 36861, 372812, 37290, 37519, 37519

6D33′: 2484187, 2485187, 2723111, 342715, 342815, 345168, 34800, 351675, 351675, 36911, 37217, 37217, 37221

6D43: 2471233, 2726162,288573,334157,348615,350231,359134,361931,36771,37215,37236,37365,37529

TABLE 7: Electronic Properties of NaOH(H 2O)0-6 and KOH(H 2O)0-6
a

n conformer IPV IPK R µ δERPA
CT (f) δECI(S)

CT (f) δEgap

0 NaOH 8.05 9.03 3.86 7.18 8.80 (3.34)
1 1U11 8.96 10.07 5.46 5.16 3.71 (0.01) 6.18 (0.03) 10.12 (4.56)
2 2U22 9.63 10.68 7.08 3.37 4.82 (0.02) 7.13 (0.05) 11.06 (5.45)
3 3U22 10.12 10.92 8.92 2.89 5.13 (0.02) 7.43 (0.06) 11.48 (5.94)

3P33 9.93 11.14 8.82 2.40 5.41 (0.03) 7.66 (0.05) 11.62 (6.17)
4 4U22 10.01 11.23 10.71 1.95 4.81 (0.00) 7.75 (0.05) 11.95 (5.90)

4P33 10.06 11.03 10.66 2.94 5.35 (0.03) 7.43 (0.05) 11.67 (6.29)
4P33′ 10.05 11.31 10.67 2.44 5.57 (0.03) 7.78 (0.06) 11.96 (6.15)
4D43 9.97 11.23 10.56 1.96 5.54 (0.03) 7.75 (0.05) 11.95 (6.26)

5 5U33 10.20 11.47 12.38 1.44 5.72 (0.04) 7.89 (0.06) 12.22 (6.48)
5U33′ 10.26 11.53 12.35 3.06 5.57 (0.02) 7.80 (0.04) 12.22 (6.31)
5D43 10.11 11.44 12.41 2.76 5.60 (0.02) 7.73 (0.04) 12.10 (6.26)

6 6U32 10.12 11.32 14.09 0.89 5.67 (0.02) 7.79 (0.06) 12.13 (6.42)
6D33 10.18 11.53 14.40 0.60 5.72 (0.03) 7.80 (0.04) 12.09 (6.51)

0 KOH 7.65 8.67 4.24 8.06 8.50 (3.28)
1 1U11 8.56 9.75 6.23 5.84 3.69 (0.00) 6.38 (0.04) 9.67 (4.42)
2 2U22 9.43 10.45 8.05 3.92 4.65 (0.01) 7.12 (0.04) 10.44 (5.35)
3 3U33 9.69 10.98 9.84 2.37 5.31 (0.02) 7.55 (0.05) 10.98 (6.01)
4 4U44 10.07 11.44 11.60 2.52 5.68 (0.04) 7.88 (0.06) 11.44 (6.42)

4U43 9.89 11.16 11.75 1.63 5.51 (0.03) 7.69 (0.05) 11.17 (6.24)
5 5P44 10.16 11.53 13.53 2.08 5.95 (0.04) 7.97 (0.06) 11.54 (6.54)

5P43′ 10.21 11.56 13.58 4.00 5.52 (0.02) 7.74 (0.04) 11.56 (6.23)
5D43′ 10.03 11.38 13.61 2.84 5.58 (0.02) 7.70 (0.04) 11.39 (6.36)
5P43 10.03 11.33 13.65 1.94 5.57 (0.03) 7.73 (0.04) 11.34 (6.27)

6 6P33 10.15 11.48 15.56 0.95 5.82 (0.01) 7.98 (0.05) 11.49 (6.57)
6P44 10.26 11.65 15.41 1.58 6.06 (0.04) 8.07 (0.06) 11.66 (6.60)
6D33′ 10.01 11.37 15.49 1.30 5.68 (0.02) 7.75 (0.04) 11.38 (6.37)
6D43 10.25 11.62 15.50 4.43 5.67 (0.02) 7.76 (0.04) 11.62 (6.43)

a IPV and IPK are vertical and Koopman’s IPs (in eV), andµ is the dipole moment (in Debye) at the MP2/aug-cc-pVDZ+(2s2p/2s) level.δERPA
CT

(f) andδECI(S)
CT (f) are CT energies (in eV) with the oscillator strength in parentheses (f in au) at the RPA-B3LYP and CI(S) levels.δEgap is the

HOMO-LUMO energy gap (eV) at the MP2 level, and the values in parentheses are at the B3LYP level.R is the polarizability (au) at the B3LYP
level.
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Supporting Information Available: The MP2/aug-
ccpVDZ+diffuse(2s2p/2s) optimized structures andxyz coor-
dinates of the lowest energy conformers of NaOH(H2O)n)1-6

and KOH(H2O)n)1-6 are provided. This material is available
free of charge via the Internet at http://pubs.acs.org.

References and Notes

(1) (a) Patwari, G. N.; Lisy, J. M.J. Chem. Phys.2003, 118, 8555. (b)
Blades, A. T.; Jayaweera, P.; Ikonomou, M. G.; Kebarle, P.J. Chem. Phys.
1990, 92, 5900. (c) Rodgers, M. T.; Armentrout, P. B.J. Phys. Chem. A
1997, 101, 1238. (d) Glendening, E. D.; Feller, D.J. Phys. Chem.1995,
99, 3060. (e) Feller, D.; Glendening, E. D.; Woon, D. E.; Feyereisen, M.
W. J. Chem. Phys.1995, 103, 3526. (f) Markham, G. D.; Glusker, J. P.;
Bock, C. L.; Trachtman, M.; Bock, C. W.J. Phys. Chem.1996, 100, 3488.
(g) Markham, G. D.; Glusker, J. P.; Bock, C. W.J. Phys. Chem. B2002,
106, 5118.

(2) (a) Kim, J.; Lee, S.; Cho, S. J.; Mhin, B. J.; Kim, K. S.J. Chem.
Phys.1995, 102, 839. (b) Lee, H. M.; Kim, J.; Lee, S.; Mhin, B. J.; Kim,
K. S. J. Chem. Phys.1999, 111, 3995. (c) Lee, H. M.; Min, S. K.; Lee, E.
C.; Min, J. H.; Odde, S.; Kim, K. S.J. Chem. Phys.2005, 122, 064314. (d)
Lee, H. M.; Diefenbach, M.; Suh, S. B.; Tarakeshwar, P.; Kim, K. S.J.
Chem. Phys.2005, 123, 074328. (e) Park, J.; Kolaski, M.; Lee, H. M.;
Kim, K. S. J. Chem. Phys.2004, 121, 3108. (f) Singh, N. J.; Park, M.;
Min, S. K.; Suh, S. B.; Kim, K. S.Angew Chem. Int. Ed.2006, 45, 3795;
Angew. Chem.2006, 118, 3879. (g) Odde, S.; Mhin, B. J.; Lee, K. H.; Lee,
H. M.; Tarakeshwar, P.; Kim, K. S.J. Phys. Chem. A2006, 110, 7918.

(3) (a) Lehr, L.; Zanni, M. T.; Frischkorn, C.; Weinkauf, R.; Neumark,
D. M. Science1999, 284, 635. (b) Robertson, W. H.; Johnson, M. A.Science
2002, 298,69.

(4) (a) Goursot, A.; Fischer, G.; Lovallo, C. C.; Salahub, D. R.Theor.
Chem. Acc.2005, 114, 115. (b) Odde, S.; Mhin, B. J.; Lee, S.; Lee, H. M.;
Kim, K. S. J. Chem. Phys.2004, 120, 9524. (c) Cabaleiro-Lago, E. M.;
Hermida-Ramon, J. M.; Rodriguez-Otero, J.J. Chem. Phys.2002, 117, 3160.
(d) Odde, S.; Mhin, B. J.; Lee, H. M.; Kim, K. S.J. Chem. Phys.2004,
121, 11083. (e) Re, S.; Osamura, Y.; Suzuki, Y.; Schaefer, H. F., III.J.
Chem. Phys. 1998, 109, 973. (f) Kolaski, M.; Lee, H. M.; Pak, C.; Dupuis,
M.; Kim, K. S. J. Phys. Chem. A2005, 109, 9419.

(5) Lee, H. M.; Tarakeshwar, P.; Kim, K. S.J. Chem. Phys.2004,
121, 4657.

(6) (a) Jungwirth, P.J. Phys. Chem. A2000, 104, 145. (b) Jungwirth,
P.; Tobias, D. J.J. Phys. Chem. B2002, 106, 6361.

(7) (a) Olleta, A. C.; Lee, H. M.; Kim, K. S.J. Chem. Phys.2006,
124, 024321. (b) Singh, N. J.; Yi, H.; Min, S. K.; Park, M.; Kim, K. S.J.
Phys. Chem. B2006, 110, 3808. (c) Singh, N. J.; Olleta, A. C.; Kumar, A.;
Park, M.; Yi, H.; Bandyopadhyay, I.; Lee, H. M.; Tarakeshwar, P.; Kim,
K. S. Theor. Chem. Acc.2006, 115, 127.

(8) (a) Katz, A. K.; Gulsker, J. P.; Beebe, S. A.; Bock, C. W.J. Am.
Chem. Soc.1996, 118, 5752. (b) Bock, C. W.; Katz, A. K.; Glusker, J. P.
J. Am. Chem. Soc.1995, 117, 3754.

(9) Bandyopadhyay, I.; Lee, H. M.; Tarakeshwar, P.; Cui, C.; Oh, K.
S.; Chin, J.; Kim, K. S.J. Org. Chem.2003, 68, 6571.

(10) Whitlow, M.; Howard, A. J.Trans. Am. Crystallogr. Assoc.1991,
25, 105.

(11) Tereshko, V.; Wilds, C. J.; Minasov, G.; Prakash, T. P.; Maier, M.
A.; Howard, A.; Wawrzak, Z.; Manoharan, M.; Egli, M.Nucl. Acid Res.
2001, 29, 1208.

(12) (a) Choi, H. S.; Suh, S. B.; Cho, S. J.; Kim, K.S.Proc. Natl. Acad.
Sci. U.S.A.1998, 95, 12094. (b) Oh, K. S.; Lee, C.-W.; Choi, H. S.; Lee,
S. J.; Kim, K. S.Org. Lett. 2000, 2, 2679. (c) Kim, K. S.Bull. Korean
Chem.Soc.2003, 24, 757. (d) Kim, K. S.; Tarakeshwar, P.; Lee, H. M.
Theory and Applications of Computational Chemistry: The First 40 Years;
Dykstra, C. E., Frenking, G., Kim, K. S., Scuseria, G. E., Eds.; Elsevier:
Amsterdam, 2005; pp 963-993. (e) Kim, K. S.; Tarakeshwar, P.; Lee, H.
M. Dekker Encyclopedia of Nanoscience and Nanotechnology; Schwarz,
J. A., Contescu, C., Putyera, K., Eds.; Marcel Dekker Inc.: New York,
2004; Vol. 3, pp 2423-2433.

(13) Harned, H. S.; Owen, B. B.The Physical Chemistry of Electrolytic
Solution, 3rd ed.; Reinhold Publishing Corp.: New York, 1958.

(14) Davies, C. W.J. Chem. Soc.1951, 1256. (b) Ion Association;
Butterworth: London, 1962.

(15) Pearson, E. F.; Winnewisser, B. P.; Trueblood, M. B.Z. Natur-
forsch. A1976, 31, 1259.

(16) Kuijpers, P.; Torring, T.; Dymanus, A.Chem. Phys.1976, 15, 457.
(17) Acquista, N.; Abramowitz, S.; Lide, D. R.J. Chem. Phys.1968,

49, 780.
(18) (a) Gurvich, L. V.; Bergman, G. A.; Gorokhov, L. N.; et al.

Thermodynamic properties of alkali metal hydroxides 0.1. Lithium and
Sodium Hydroxides.J. Phys. Chem. Ref. Data1996, 25 (4), 1211. (b)
Acquista, N.; Abramowitz, S.J. Chem. Phys.1969, 51, 2911.

(19) Belyaeva, A. A.; Dvorkin, M. I.; Sheherba, L. D.Opt. Spectrosc.
1966, 31, 210.

(20) (a) Kuczkowski, R. L.; Lide, D. R., Jr.; Krisher, L. C.J. Chem.
Phys.1966, 44, 3131. (b) Lide, D. R., Jr.; Kuczkowski, R. L.J. Chem.
Phys.1967, 46, 4768. (c) Pearson, E. F.; Trueblood, M. B.J. Chem. Phys.
1973, 58, 826.

(21) (a) Schoonmaker, R. C.; Porter, R. F.J. Chem. Phys.1958, 28,
454. (b) Schoonmaker, R. C.; Porter, R. F.J. Chem. Phys.1959, 31, 830.

(22) (a) Matsumura, C.; Lide, D. R., Jr.J. Chem. Phys.1969, 50, 71.
(b) Bauschlicher, C. W., Jr.; Langhoff, S. R.; Partridge, H.J. Chem. Phys.
1986, 84 (2), 901. (c) Lide, D. R., Jr.; Matsumura, C.J. Chem. Phys.1969,
50, 3080.

(23) Lown, D. A.; Thirsk, H. R.Trans. Faraday Soc.1971, 67, 132.
(24) Moskovits, M.; Michaelian, K. H.J. Am. Chem. Soc.1980, 102,

2209.
(25) (a) Veerman, A.; Lee, H. M.; Kim, K. S.J. Chem. Phys.2005,

123, 084321. (b) Odde, S.; Pak, C.; Lee, H. M.; Kim, K. S.; Mhin, B. J.J.
Chem. Phys.2004, 121, 204. (c) Odde, S.; Lee, H. M.; Kolaski, M.; Mhin,
B. J.; Kim, K. S.J. Chem. Phys.2004, 121, 4665. (d) Pak, C.; Lee, H. M.;
Kim, J. C.; Kim, D.; Kim, K. S.Struct. Chem.2005, 16, 187.

(26) (a) Becke, A. D.J. Chem. Phys.1993, 98, 5648. (b) Lee, C.; Yang,
W.; Parr, R. G.Phys. ReV. B 1988, 37, 785.

(27) (a) Nicklass, A.; Dolg, M.; Stoll, H.; Preuss, H.J. Chem. Phys.
1995, 102, 8942. (b) Glendening, E. D.; Feller, D.; Thompson, M. A.J.
Am. Chem. Soc.1994, 116, 10657.

(28) (a) Kim, K. S.; Tarakeshwar, P.; Lee, J. Y.Chem. ReV. 2000, 100,
4145. (b) Lee, H. M.; Lee, S.; Kim, K. S.J. Chem. Phys.2003, 119, 187.
(c) Lee, H. M.; Suh, S. B.; Tarakeshwar, P.; Kim, K. S.J. Chem. Phys.
2005, 122, 044309.

(29) Lee, H. M.; Tarakeshwar, P.; Park, J.; Kolaski, M. R.; Yoon, Y.
J.; Yi, H.; Kim, W. Y.; Kim, K. S. J. Phys. Chem. A 2004, 108, 2949.

(30) Cotton, D. H.; Jenkins, D. R.Trans. Faraday Soc.1969, 65, 1537.
(31) (a) Jensen, D. E.J. Phys. Chem.1970, 74, 207. (b) Jensen, D. E.;

Padley, P. J.Trans. Faraday Soc.1966, 62, 2132.
(32) (a) Lee, E. P. F.; Wright, T. G.Chem. Phys. Lett.2002, 352, 385.

(b) Lee, E. P. F.; Wright, T. G.J. Phys. Chem. A2002, 106, 8903. (c) Lee,
E. P. F.; Wright, T. G.Mol. Phys.2003, 101, 405. (d) Lee, E. P. F.; Wright,
T. G. J. Phys. Chem. A2003, 107, 5233.

(33) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; et al.GAUSSIAN
03, revision A.1; Gaussian, Inc.: Pittsburgh, PA, 2003.

(34) Lee, S. J.; Chung, H. Y.; Kim, K. S.Bull. Korean Chem. Soc.2004,
25, 1061.

(35) (a) Chase, M. W., Jr.; Curnutt, J. L.; Downey, J. R., Jr.; McDonald,
R. A.; Syverud, A. N. JANAF Thermodynamic Tables, 1982 supplement
and related volumes.J. Phys. Chem. Ref. Data 1982, 11, 695. (b) Freund,
S. M.; Godfrey, P. D.; Klemperer, W.Symp. Mol. Struct. Spectrosc.1970,
paper E8.

(36) Higgins, K. J.; Freund, S. M.; Klemperer, W.; Apponi, A. J.; Ziurys,
L. M. J. Chem. Phys.2004, 121, 11715.

(37) (a) Jeziorski, B.; Moszynski, R.; Szalewicz, K.Chem. ReV. 1994,
94, 1887. (b) Rybak, S.; Jeziorski, B.; Szalewicz, K.J. Chem. Phys.1991,
95, 6576. (c) Moszyn’ski, R.; Korona, T.; Wormer, P. E. S.; van der Avoird,
A. J. Phys. Chem. A1997, 101, 4690. (d) Szalewicz, K.; Jeziorski, B. In
Molecular Interactions - From Van der Waals to Strongly Bound
Complexes; Scheiner, S., Ed.; Wiley: New York, 1997; p 3.

(38) (a) Feller, D.; Glendening, E. D.; Woon, D. E.; Feyereisen, M. W.
J. Chem. Phys.1995, 103, 3526. (b) Del Bene, J. E.J. Phys. Chem.1993,
97, 107. (c) Markham, G. D.; Glusker, J. P.; Bock, C. L.; Trachtman, M.;
Bock, C. W.J. Phys. Chem.1996, 100, 3488. (d) Head-Gordon, M.; Pople,

TABLE 8: NBO Charges of NaOH (H2O)1-6 and KOH
(H2O)1-6 at MP2/aug-cc-pVDZ+(2s2p/2s)

MP2/aVDZ+

n conf Na OH n-H2O

1 1U11 0.98 -0.87 -0.11
2 2U22 0.97 -0.81 -0.16
3 3P33 0.95 -0.74 -0.21
4 4D43 0.94 -0.72 -0.22
5 5U33 0.93 -0.76 -0.18
6 6D33 0.95 -0.70 -0.24

MP2/aVDZ+

n conf K OH n-H2O

1 1U11 1.00 -0.86 -0.14
2 2U22 0.99 -0.80 -0.19
3 3U33 0.99 -0.75 -0.23
4 4U44 0.98 -0.75 -0.23
5 5P43 0.98 -0.73 -0.25
6 6D43 0.97 -0.72 -0.25

12492 J. Phys. Chem. A, Vol. 110, No. 45, 2006 Kumar et al.



J. A.; Frisch, M. J.Chem. Phys. Lett.1988, 153, 503. (e) Rappe, A. K.;
Bernstein, E. R.J. Phys. Chem. A2000, 104, 6117.

(39) (a) Lee, J. Y.; Hahn, O.; Lee, S. J.; Mhin, B. J.; Lee, M. S.; Kim,
K. S. J. Phys. Chem.1995, 99, 2262. (b) Lee, J. Y.; Hahn, O.; Lee, S. J.;
Choi, H. S.; Shim, H.; Mhin, B. J.; Kim, K. S.J. Phys. Chem.1995, 99,
1913.

(40) (a) Brutschy, B.Chem. ReV. 2000, 100, 3891. (b) Riehn, C.;
Matylitsky, V. V.; Jarzeba, W.; Brutschy, B.; Tarakeshwar, P.; Kim, K. S.

J. Am. Chem. Soc.2003, 125, 16455. (c) Lee, H. M.; Suh, S. B.; Lee, J. Y.;
Tarakeshwar, P.; Kim, K. S.J. Chem. Phys.2000,112, 9759. (d) Lisy, J.
M. Int. ReV. Phys. Chem.1997, 16, 267.

(41) (a) Majumdar, D.; Kim, J.; Kim, K. S.J. Chem. Phys.2000, 112,
101. (b) Kim, J.; Lee, H. M.; Suh, S. B.; Majumdar, D.; Kim, K. S.J.
Chem. Phys.2000, 113, 5259.

Hydration of Sodium and Potassium Hydroxides J. Phys. Chem. A, Vol. 110, No. 45, 200612493


