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Abstract By using density functional theory (DFT) and
high-level ab initio theory, we have investigated the
structure, interaction energy, electronic property, and IR
spectra of the water trimer cation [(H,0)3]. Two structures
of the water trimer cation [the H3O" containing linear
(3Lp) structure versus the ring (300) structure] are com-
pared. For the complete basis set (CBS) limit of coupled
cluster theory with single, double, and perturbative triple
excitations [CCSD(T)], the 3Lp structure is 11.9 kcal/mol
more stable than the 300 structure. This indicates that the
ionization of water clusters produce the hydronium cation
moiety (H;0T) and the hydroxyl radical. It is interesting to
note that the calculation results of the water trimer cation
vary seriously depending on the calculation level. At the
level of Moller—Plesset second-order perturbation (MP2)
theory, the stability of 300 is underestimated due to the
underestimated O...O hemibonding energy. This stability
is also underestimated even for the CCSD(T) single point
calculations on the MP2-optimized geometry. For the 300
structure, the MP2 and CCSD(T) calculations give closed-
ring structures with a hemi-bond between two O atoms,
while the DFT calculations show open-ring structures due
to the overestimated O...O hemibonding energy. Thus, in
order to obtain reliable stabilities and frequencies of the
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water trimer cation, the CCSD(T) geometry optimizations
and frequency calculations are necessary. In this regard, the
DFT functionals need to be improved to take into account
the proper O...O hemibonding energy.
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1 Introduction

Numerous experimental and theoretical studies have been
performed on aqua clusters (neutral water clusters [1-9],
anion-water clusters [10-15], and cation-water clusters
[16-23]). Through the investigation of neutral water clus-
ters, we understand neutral H-bonds. From the studies of
electron-water clusters, we have the information of the
hydration of an electron [24—-32]. Based on the study of the
hydronium-water clusters [33-35], the hydration and
coordination chemistry of hydronium cation or proton are
understood. The hydration and dissociation phenomena of
acids, bases, and salts have been widely studied [36], which
are important in understanding the nature of water as a
solvent. In addition, the studies of the ionization and the
ionized state of the water molecule are very useful for
understanding the water cluster cations [37—41], which can
be easily observable in stratosphere. The ionization of
water clusters is widely seen in neutron irradiation to the
cooling water in a nuclear atomic plant, in the photoreac-
tion of water, and in aqueous environments [42—44]. Water
cluster cations [(H,O); ] were experimentally produced
under special conditions in the gas phase [45]. A few
theoretical investigations for water cluster cations were
performed [46-55]. For the water dimer cation, the
H30"-containing structure and the O...O structure were
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suggested [46—48]. However, the water polymer cations are
hardly studied yet.

In previous works of the water dimer cation at high levels
of ab initio theory, the H;0™"...OH structure is much more
stable than the H,O...OH, structure [56]. For (NH3)3, the
H;NH'...NH, structure is the most stable, 5 kcal/mol
more stable than the (H;N...NH;)" structure [57]. For
(NH;...H,0)*t, the H,NH"...OH, structure is the most
stable, 2 kcal/mol more stable than the H3;NH™'...OH
structure and 4 kcal/mol more stable than the H;NH™...OH
structure [57]. Although the Becke’s three-parameters for
exchange and Lee-—Yang—Parr correlation functionals
(B3LYP) failed to give reliable energetics of the above
systems, the modified Perdew—Wang 1-parameter model
for kinetics (MPWI1K) [58] and the Becke’s half HF-
LSDA-Becke exchange and Lee—Yang—Parr correlation
functionals (BH&HLYP: 0.5 x EXF + 0.5 x EXSPA +
0.5 x AER*8 4 ELYP) were reliable, very close to the
CCSD(T)/CBS results.

The water trimer cation also shows two types of structure,
as in the water dimer cation [56]. However, the calculated
energies are not reliable even for the CCSD(T) single point
calculations on the MP2 geometry-optimized structures. The
density functional theory (DFT)-optimized structures are
different from the MP2-/CCSD(T)-optimized ones. There-
fore, we investigate the water trimer cation [(H,0)3] using
the structures and spectra on the geometries optimized at the
CCSD(T)/aug-ccpVTZ level and the energies at the
CCSD(T)/CBS level.

300
oy O

[MP2,CCSD(T)] [DFT]

[DFT,MP2,CCSD(T)]

Fig. 1 Ionic (3Lp) structure and hydrazine-like (300) structure of
the water trimer cation (H,0)3

2 Calculation methods

The 3Lp structure and the 300 structure of the water tri-
mer cation are shown in Fig. 1. We optimized the two
types of structure of the water trimer cation and calculated
their frequencies using B3ALYP, MPW1K, and BH&HLYP
with the 6-3114+4G**, aug-cc-pVDZ (abbreviated as
aVDZ), and aug-cc-pVTZ (aVTZ) basis sets. The MP2
optimizations and frequency calculations were also carried
out using the aVDZ and aVTZ basis sets. To obtain more
accurate results, the CCSD(T) calculations at both MP2-
and CCSD(T)-optimized geometries were performed using
the aVDZ and aVTZ basis sets. The 1 s orbitals of oxygen
atoms were frozen in the correlation calculations. All the
“d” and “f” orbitals used here are the spherical harmonic
basis functions (5d and 7f).

The 3Lp structure has two charged H-bond interactions
[59, 60] of central hydronium cation with one neutral
hydroxyl radical and one neutral water molecule. However,

Table 1 DFT, MP2, and CCSD(T) interaction energies (kcal/mol) of the two structures of the water trimer cation, (H,0)F

Method 3Lp 300

—AE, —AE, —AH, —AG, —AE, —AE, —AH, —AG,
B3LYP/6-31144G** 78.65 73.69 75.52 59.33 77.37 70.56 72.74 55.80
MPWI1K/6-3114++G** 79.17 74.21 76.07 59.88 69.78 62.92 65.17 48.11
MPW1K/aVDZ 76.64 71.86 73.72 57.57 67.80 61.05 63.31 46.21
MPW1K/aVTZ 76.47 71.50 73.45 57.08 66.81 60.11 62.35 45.30
BH&HLYP/6-311++G** 79.18 74.06 75.90 59.76 68.02 61.15 63.38 46.38
BH&HLYP/aVDZ 76.66 71.76 73.56 57.56 66.03 59.24 61.47 44.41
BH&HLYP/aVTZ 76.44 71.44 73.27 57.21 65.13 58.43 60.65 43.64
MP2/aVDZ 73.11 67.99 69.90 53.59 65.84 48.96 51.72 33.03
MP2/aVTZ 73.75 68.61 70.56 54.21 65.49 49.52 52.28 33.61
MP2/CBS 74.02 68.88 70.83 54.47 65.34 49.76 52.51 33.86
CCSD(T)//MP2/aVDZ* 65.33 60.20 62.12 45.80 64.68 47.79 50.56 31.86
CCSD(T)//MP2/aVTZ* 66.74 61.60 63.54 47.19 64.54 48.57 51.33 32.66
CCSD(T)/aVDZ 70.74 67.13 70.24 49.90 64.75 56.84 59.88 39.37
CCSD(T)/aVTZ® 71.65 68.03 71.15 50.81 64.53 56.62 59.66 39.15
CCSD(T)/CBS 72.03 68.41 71.53 51.19 64.43 56.52 59.57 39.06

4 The CCSD(T) single point calculations were carried out at the MP2-optimized geometries, and the MP2 ZPE and thermal energies were used

° The geometries were fully optimized at the CCSD(T)/aVTZ, and the ZPE and thermal energy corrections were made using the CCSD(T)/

aVDZ values
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Table 2 Conformational characteristics and geometrical parameters [distances (r/A) and rotational constants (A in GHz)] of the two structures of

the water trimer cation, (H,O0)3

Method 3Lp 300 H,O
To-H To-o A "o-H To-o A "o-H
B3LYP/6-3114++G** 0.993 2.538 19.0 0.983 2.324 16.7 0.962
MPW1K/6-3114++G** 0.981 2.509 19.5 0.973 2272 16.9 0.951
MPW1K/aVDZ 0.984 2.510 19.2 0.975 2.274 16.4 0.954
MPW I1K/aVTZ 0.982 2.510 19.6 0.973 2.270 16.6 0.951
BH&HLYP/6-311++G** 0.979 2.527 19.1 0.972 2.284 16.4 0.951
BH&HLYP/aVDZ 0.981 2.527 19.0 0.973 2.285 16.0 0.953
BH&HLYP/aVTZ 0.979 2.527 19.0 0.971 2.283 16.3 0.950
MP2/avVDZ 0.993 2.547 18.4 0.982 24717 12.5 0.966
MP2/avVTZ 0.991 2.531 18.7 0.979 2.465 12.7 0.961
CCSD(T)/aVDZ 0.994 2.559 19.6 0.982 2.485 12.4 0.967
CCSD(T)/aVTZ 0.988 2.567 20.4 0.978 2473 12.6 0.962

Distance reports the average values. The rg_y of the water monomer is also listed for comparison

in the 300 structure, the positive charge is almost equally
distributed in two water molecules, which are shared by an
0O-0O hemi-bond interaction. In order to compare the two
structures at equal conditions, it is better not to make the
BSSE corrections. Thus, the BSSE corrections are not
considered in this system.

All the optimizations were carried out with the mini-
mization of total energy without any symmetry constraints.
We calculated the zero-point-energy (ZPE) uncorrected
total energy (AE,.) at the equilibrium states of the Born—
Oppenheimer potential surfaces and the ZPE-corrected
total energy (AEy). The enthalpy/free-energy changes
(AH/AG,) at room temperature and 1 atm were obtained
from the frequency calculations. The CBS limit interaction
energies were obtained with the extrapolation scheme
utilizing that the electron correlation error is proportional
to N~ for the aug-cc-pVNZ basis set [AEcgs = (AENN® —
AEn_;(N — D>/I(N? — (N — 1)*)] [61-63]. The DFT and
MP2 calculations were carried out by using the Gaussian
03 suite of programs [64], and the CCSD(T) calculations
were carried out by using the Molpro2002.6 package [65].

3 Results and discussion

We calculated the interaction energies among two neutral
water monomers and the water monomer cation [AE (tri-
mer cation) = E (trimer cation) — 2 x E (water mono-
mer) — E (water monomer cation)], where the geometries
for water monomers are relaxed in the trimer. Their
interaction energies are listed in Table 1. For the geometry
optimization of 300 structure, the closed-ring structure
was obtained at the MP2 and CCSD(T) levels, while the
open-ring structure was obtained at the DFT (B3LYP,

MPWI1K and BH&HLYP) level (Fig. 1). As shown in
Table 1, the 3Lp structure is more stable by 1.3 kcal/mol in
AE, and by 3.1 kcal/mol in AE, than the 300 structure at
the B3LYP/6-311++G** level. At the MPWI1K/aVTZ
level, the 3Lp structure is 9.7 (11.4) kcal/mol more stable
in AE. (AEy) than the 300 structure, and at the
BH&HLYP/aVTZ level, the 3Lp structure is 11.3 (13.0)
kcal/mol more stable. At the MP2/CBS level, the 3Lp
structure is 8.7 (19.1) kcal/mol more stable in AE, (AEy).
For the water dimer cation [56], the MP2 calculations of
O...0 structure produced one absurd very large frequency,
so the ZPE corrections of the O...O structure were over-
estimated. We performed the CCSD(T) single point cal-
culations using the MP2-optimized geometries [CCSD(T)//
MP2/aVDZ and CCSD(T)//MP2/aVTZ]. The 3Lp structure
is more stable in AE, by only 0.7 and 2.2 kcal/mol at the
CCSD(T)//MP2/aVDZ and CCSD(T)//MP2/aVTZ levels,
respectively, similar to the B3LYP results. We optimized
the geometries of the water trimer cation at the
CCSD(T) level. The 3Lp structure is more stable in AE, by
6.0 and 7.1 kcal/mol at the CCSD(T)/aVDZ and CCSD(T)/
aVTZ levels, respectively. At the CCSD(T)/CBS level, the
3Lp structure is more stable by 7.6 (11.9) kcal/mol in AE,
(AEy).

For the 3Lp structure of the water trimer cation,
the contribution of three-body interaction is 34.1% at the
B3LYP/6-3114++G**, 30.9% at the MP2/aVDZ, and
31.3% at the CCSD(T)/aVDZ level of theory. For the
neutral water trimer, the contribution of three-body inter-
action was estimated to be 15.5% at the B3LYP/
6-311++G**, 16.1% at the MP2/aVDZ, and 15.6% at the
CCSD(T)/aVDZ 1level of theory. Consequently, it is
understood that the contribution of three-body interaction
is increased by the extra positive charge possibly due to the
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2,276 cm~! at the CCSD(T)/aVDZ level), as shown in
Fig. 2. Among the DFT-MPW 1K, MP2 and CCSD(T) cal-
culation results the MPW 1K spectrum shows the most red-
shifted IR peak and the CCSD(T) spectrum shows the least
red-shifted peak. For the 300 structure, the MP2 calcula-
tions with aVDZ and aVTZ basis sets fail to produce rea-
sonable frequencies, while the CCSD(T) calculations give
reasonable frequencies as shown in Table 3. However, for
300, the DFT calculations provide different structures
from the MP2- and CCSD(T)-optimized ones, so the DFT
IR spectra of 300 structure are different from the
CCSD(T) spectrum. The 300 structure has stronger H-bond
interaction in the DFT-optimized conformation than in
the MP2-/CCSD(T)-optimized conformation. Thus, the
DFT 300 structure shows highly red-shifted peak
of ~2,300 cm_l, while the CCSD(T) 300 structure has
slightly red-shifted peaks of ~ 3,200 and ~ 3,300 cm™ ! The
significant differences between the DFT and MP2 results
from the CCSD(T) results need to be considered to improve
the density functionals in the future.

4 Concluding remarks

At the CCSD(T)/CBS level of theory, the ionic 3Lp
structure is much more stable than the 300 structure. The
3Lp structure is composed of a hydronium cation, a
hydroxyl radical and a neutral water molecule. From the
geometry optimization of 300 structure, the closed-ring
structure was obtained with an O—O hemi-bond interaction
at the MP2 and CCSD(T) levels, but the open-ring structure
was obtained with the O-O hemi-bond at the DFT
(B3LYP, MPWIK, and BH&HLYP) level. The MP2 cal-
culations give significantly small binding energies and
unreasonable frequencies for the 300 structure. The
CCSD(T) single point calculations at the MP2-optimized
geometries also provide unreasonable relative energies.
Therefore, in order to obtain reliable stabilities and fre-
quencies of the water trimer cation, the CCSD(T) geometry
optimization and frequency calculations are required. In
this regard, the significant differences of the DFT results
from the CCSD(T) ones should be considered for more
reliable density functionals in the future.
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