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Abstract. For the intermolecular interaction energies of
ion-water clusters [OH (H,O), (n=1,2), F (H,0),
CI"(H,0), H;0"(H,0), (n=1,2), and NH, " (H,0),
(n = 1,2)] calculated with correlation-consistent basis
sets at MP2, MP4, QCISD(T), and CCSD(T) levels, the
basis set superposition error is nearly zero in the
complete basis set (CBS) limit. That is, the counter-
poise-uncorrected intermolecular interaction energies are
nearly equal to the counterpoise-corrected intermole-
cular interaction energies in the CBS limit. When the
basis set is smaller, the counterpoise-uncorrected inter-
molecular interaction energies are more reliable than
the counterpoise-corrected intermolecular interaction
energies. The counterpoise-uncorrected intermolecular
interaction energies evaluated using the MP2/aug-
cc-pVDZ level is reliable.
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1 Introduction

The intermolecular interaction energy of ion-water
clusters is important for understanding biological phe-
nomena. One problem in the computation of intermo-
lecular interaction energy is the uncertainly caused by
basis set superposition error (BSSE) [1]. The BSSE
correction can be estimated using the counterpoise
method [2]. Although this approach is still regarded with
some skepticism, there is nowadays common agreement
that the counterpoise method is a useful procedure for
correcting for BSSE [3]. In the limit of a complete basis,
the BSSE would be zero and it is expected that the
counterpoise-uncorrected intermolecular interaction en-
ergies are equal to the counterpoise-corrected intermo-
lecular interaction energies [4].

For enthalpy changes of CH;O (H,0), (n=1,2)
evaluated using MP2/aug-cc-pVDZ level and
CH;S™(H,0),, (n=1,2,3) evaluated using the MP2/

6-31+ +G(2d,2p) level, the counterpoise-corrected
values are worse than the uncorrected values [5].

For OH (H,0), (n = 1,2), the counterpoise-uncor-
rected intermolecular interaction energies evaluated
using the MP2/aug-cc-pVDZ level are reliable because
the counterpoise-uncorrected intermolecular interaction
energies evaluated at the MP2/aug-cc-pVDZ level are
close to the counterpoise-corrected intermolecular in-
teraction energies evaluated using the MP2/aug-cc-pV5Z
level [6].

The objectives of this article are threefold. First, we
show that for the intermolecular interaction energies of
ion-water clusters [OH (H,0), (n=1,2), F (H,0),
CI"(H,0), H3;0"(H,0), (n=1,2), and NH," (H,0),
(n = 1,2)] calculated with correlation-consistent basis
sets [7-11] at the MP2 [12-16], MP4 [17], QCISD(T) [18],
and CCSD(T) [19] levels, the BSSE is nearly zero in the
complete basis set (CBS) limit. That is, the counterpoise-
uncorrected intermolecular interaction energies are
nearly equal to the counterpoise-corrected intermo-
lecular interaction energies in the CBS limit. Second, we
show that when the basis set is smaller, the counterpoise-
uncorrected intermolecular interaction energies are more
reliable than the counterpoise-corrected intermolecular
interaction energies. Third, we show that the counter-
poise-uncorrected intermolecular interaction energies
evaluated using the MP2/aug-cc-pVDZ level are reliable.

These results are important because it is expected that
they hold for other ion-water clusters.

2 Methods

We used the Gaussian 94 [20], Gaussian 98 [21], and Molpro 96
[22] programs, on the SX-5, VPP5000, SGI2800, and HPC com-
puters at the Research Center for Computational Science. We
carried out full geometry optimizations using MP2/aug-cc-pVDZ
and MP2/6-311+ + G(d,p) [23] levels for OH (H,0),, (n = 0-2),
H;0" (H,0), (n=0-2), NH,;" (H,0), (n=0-2), and H,O in
Fig. 1. The core electrons were frozen. We also performed vibra-
tional analysis for all species at the optimized structures to confirm
that all vibrational frequencies are real.

Next, we performed MP2/aug-cc-pVxZ, MP4SDTQ/aug-cc-
pVxZ, QCISD(T)/aug-cc-pVxZ, CCSD(T)/aug-cc-pVxZ, and
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B3LYP/aug-cc-pVxZ [24] (x = D,T,Q,5,6) energy calculations
at the MP2/aug-cc-pVDZ geometries. Similar calculations were
performed using the 6-311+ +G(d,p), 6-311+ +G(2d,2p),
6-311+ +G(3d,3p), and 6-311+ + G(3df,3pd) basis sets [23] at the
MP2/6-311 + + G(d,p) geometries.

The intermolecular interaction energy (AE,_ ,) of OH (H,0),
was calculated by the following formula:

AE,_;, = E[OH™ (H,0),] — E[OH™ (H,0), ,] — E(H,0) .

The CBS limit was estimated on the basis of Ref. [25].
BSSE was corrected using the counterpoise method [2, 26].
Similar calculations were performed for H;0"(H,0), and
NH4 N (HZO)W

3 Results

All the species considered here have all real vibrational
frequencies and correspond to equilibrium structures.
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The counterpoise-uncorrected and counterpoise-correct-
ed intermolecular interaction energies and the BSSE for
OH (H,0), (n = 1,2) evaluated using the aug-cc-pVxZ
(x =D.,T,Q.,5,6), 6-311+ +G(d,p), 6-311+ +G(2d,2p),
6-311+ +G(3d,3p), and 6-311 + + G(3df,3pd) basis sets
at the MP2, MP4, QCISD(T), CCSD(T), and B3LYP
levels are shown in Tables 1 and 2.

For the intermolecular interaction energy of
OH (H,O) calculated using the aug-cc-pVxZ (x =
D,T,Q,5,6) basis sets at the MP2, MP4, QCISD(T), and
CCSD(T) levels, the BSSE is nearly zero in the CBS
limit (Fig. 2). In addition, the counterpoise-uncorrected
intermolecular interaction energies are nearly equal to
the counterpoise-corrected intermolecular interaction
energies in the CBS limit (Fig. 2). When the basis set is
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Table 1. Intermolecular interaction energies (-AE,_; ,) of OH (H,0), (kcal/mol)

Basis set MP2 MP4 QCISD(T) CCSD(T) B3LYP
n=1
aug-cc-pVDZ 26.7 (24.6) 26.1 (23.6) 26.8 (24.6) 26.9 (24.6) 27.8 (27.1)
aug-cc-pVTZ 27.1 (25.9) 26.5 (25.1) 27.3 (26.1) 27.4 (26.2) 27.6 (27.1)
aug-cc-pVQZ 26.9 (26.1) 26.2 (25.5) 27.1 (26.4) 27.1 (26.5) 27.4 (27.0)
aug-cc-pV5Z 26.7 (26.3) 27.0 (26.8)
aug-cc-pVo6Z 26.6 (26.4) 26.8 (26.8)
CBS limit 26.5 (26.4) 25.7 (25.8) 26.7 (26.5) 26.6 (26.6) 26.7 (26.7)
6-311 + + G(d.p) 28.3 (23.9) 27.8 (22.9) 28.2 (23.6) 28.2 (23.7) 29.4 (27.8)
6-311 + + G(2d,2p) 28.3 (24.8) 28.0 (23.9) 28.3 (24.6) 28.3 (24.7) 28.9 (27.4)
6-311 + + G(3d,3p) 27.9 (25.0) 27.6 (24.2) 28.0 (24.9) 28.0 (25.0) 28.9 (27.4)
6-311 + + G(3df,3pd) 28.6 (25.8) 28.3 (25.2) 28.7 (25.9) 28.7 (25.9) 29.1 (27.7)
n=2
aug-cc-pVDZ 22.0 (20.3) 21.9 (20.0) 22.2 (20.4) 21.8 (21.4)
aug-cc-pVTZ 22.0 (21.1) 21.5 (21.4)
aug-cc-pVQZ 21.9 (21.4) 21.3 (21.2)
aug-cc-pV5Z 21.8 (21.3) 21.2 (21.2)
CBS limit 21.7 (21.4) 21.1 (21.1)
6-311 + + G(d.p) 23.6 (20.1) 23.6 (19.7) 23.3 (22.2)
6-311 + + G(2d,2p) 22.4 (20.1) 22.4 (19.8) 22.0 (21.2)
6-311 + + G(3d,3p) 22.2 (20.2) 22.2 (20.0) 22.0 (21.3)
6-311 + + G(3df,3pd) 22.4 (20.6) 22.4 (20.5) 22.0 (21.4)
Table 2. Basis set superposi- i
tion error (BSSE) values for Basis set MP2 MP4 QCISD(T) CCSD(T) B3LYP
OH™ (H,0), (kcal/mol) v =1
aug-cc-pVDZ 2.1 2.5 2.3 2.3 0.7
aug-cc-pVTZ 1.2 1.4 1.2 1.2 0.5
aug-cc-pVQZ 0.8 0.7 0.6 0.6 0.4
aug-cc-pV5Z 0.4 0.2
aug-cc-pVo6Z 0.2 0.1
CBS limit 0.1 -0.1 0.2 0.0 0.0
6-311+ + G(d,p) 4.4 5.0 4.6 4.6 1.6
6-311+ + G(2d,2p) 3.4 4.1 3.7 3.7 1.5
6-311+ + G(3d,3p) 29 34 3.0 3.0 1.5
6-311+ + G(3df,3pd) 2.8 32 2.8 2.7 1.3
n=72
aug-cc-pVDZ 1.7 1.9 0.4
aug-cc-pVTZ 0.9 0.1
aug-cc-pvVQZ 0.5 0.1
aug-cc-pV5Z 0.5 0.0
CBS limit 0.3 0.0
6-311+ + G(d,p) 3.5 39 1.2
6-311+ + G(2d,2p) 2.2 2.6 0.8
6-311+ + G(3d,3p) 2.0 2.2 0.7
6-311+ + G(3df,3pd) 1.8 2.0 0.7

smaller, the counterpoise-uncorrected intermolecular
interaction energies are closer to the CBS limit than are
the counterpoise-corrected intermolecular interaction
energies at each level (Fig. 2). The counterpoise-uncor-
rected intermolecular interaction energies evaluated us-
ing the MP2/aug-cc-pVDZ level are close to the CBS
limit at the MP2, QCISD(T), and CCSD(T) levels
(Fig. 3).

The trend for the intermolecular interaction energies
of OH™(H,O) calculated using the B3LYP/aug-cc-pVxZ
(x =D,T,Q,5,6) level (Fig. 4) is extremely different from
that calculated using the aug-cc-pVxZ (x = D,T,Q,5,6)
basis sets at the MP2, MP4, QCISD(T), and CCSD(T)
levels (Fig. 2): the BSSE is nearly zero in the CBS limit

(Fig. 4). In addition, the counterpoise-uncorrected in-
termolecular interaction energies are nearly equal to the
counterpoise-corrected intermolecular interaction ener-
gies in the CBS limit (Fig. 4); however, in contrast to the
situation at the MP2, MP4, QCISD(T), and CCSD(T)
levels, when the basis set is smaller, the counterpoise-
corrected intermolecular interaction energies are closer
to the CBS limit than are the counterpoise-uncorrected
intermolecular interaction energies (Fig. 4). The CBS
limit at the B3LYP level agrees with that at the MP2,
QCISD(T), and CCSD(T) levels (Fig. 4).

For the intermolecular interaction energy of
OH (H,O) calculated wusing the 6-311++G(d,p),
6-311+ +G(2d.2p), 6-311++G(3d.3p), and 6-311+ +
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Fig. 2. Calculated intermolecu-
lar interaction energies of
OH™(H,O) as a function of the
correlation-consistent basis set
used. The counterpoise-corrected
values are denoted by CP

Fig. 3. The counterpoise-uncorrected inter-
molecular interaction energy of OH™ (H,O)

evaluated using the MP2/aug-cc-pVDZ level
is close to the complete basis set (CBS) limit

CBS at the MP2, QCISD(T), and CCSD(T) levels
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Fig. 4. Calculated intermolecu-
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G(3df,3pd) basis sets at the MP2, MP4, QCISD(T),
CCSD(T), and B3LYP levels, when the basis sets are
larger, the BSSE is smaller; however, BSSE is significant
even for the 6-311+ + G(3df,3pd) basis set at all levels.
For the intermolecular interaction energy of
OH (H,0), calculated at the MP2/aug-cc-pVxZ
(x =D,T,Q,5) level, the BSSE is nearly zero in the CBS
limit (Fig. 5). In addition, the counterpoise-uncorrected
intermolecular interaction energies are nearly equal to
the counterpoise-corrected intermolecular interaction
energies in the CBS limit (Fig. 5). When the basis set
is smaller, the counterpoise-uncorrected intermolecular
interaction energies are closer to the CBS limit than are
the counterpoise-corrected intermolecular interaction
energies (Fig. 5). The counterpoise-uncorrected inter-
molecular interaction energy evaluated using the MP2/
aug-cc-pVDZ level is close to the CBS limit (Fig. 5).
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Fig. 5. Calculated intermolecular interaction energies of
OH (H,0), as a function of the correlation-consistent basis set
used. The counterpoise-corrected values are denoted by CP
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The trend for the intermolecular interaction energies
of OH (H,0), calculated using the B3LYP/aug-cc-
pVxZ (x = D,T,Q,5) level (Fig. 6) is very different from
that calculated using the MP2/aug-cc-pVxZ (x =D,
T,Q,5) level (Fig. 5): the BSSE is nearly zero in the CBS
limit (Fig. 6). In addition, the counterpoise-uncorrected
intermolecular interaction energies are nearly equal to
the counterpoise-corrected intermolecular interaction
energies in the CBS limit (Fig. 6); however, in contrast
to the situation at the MP2 level, when the basis set
is smaller, the counterpoise-corrected intermolecular
interaction energies are closer to the CBS limit than are
the counterpoise-uncorrected intermolecular interaction
energies (Fig. 6). The CBS limit at the B3LYP level is
close to that at the MP2 level (Fig. 6).

For the intermolecular interaction energy of
OH (H,0), calculated using the 6-311+ +G(d,p),
6-311 + +G(2d,2p), 6-311+ +G(3d,3p), and 6-311+ +
G(3df,3pd) basis sets at the MP2, MP4, and B3LYP
levels, when the basis sets are larger, the BSSE is
smaller; however, the BSSE is significant even for the
6-311+ + G(3df,3pd) basis set at all levels.

3.2 F(H0) and CI"(H,0)

The counterpoise-uncorrected and counterpoise-correct-
ed intermolecular interaction energies and the BSSE for
F (H,O) evaluated wusing the MP2/aug-cc-pVxZ
(x =D,T,Q,5) and CCSD(T)/aug-cc-pVxZ (x = D,T,Q)
levels [27] are shown in Tables 3 and 4. The BSSE
is nearly zero in the CBS limit (Fig. 7). In addition,
the counterpoise-uncorrected intermolecular interaction
energies are nearly equal to the counterpoise-corrected
intermolecular interaction energies in the CBS limit
(Fig. 7). When the basis set is smaller, the counterpoise-
uncorrected intermolecular interaction energies are clos-
er to the CBS limit than the counterpoise-corrected
intermolecular interaction energies at each level (Fig. 7).
The counterpoise-uncorrected intermolecular interaction
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energy evaluated using the MP2/aug-cc-pVDZ level is
close to the CBS limit at the MP2 and CCSD(T) levels
(Fig. 8).

Table 3. Intermolecular interaction energies (-AE,_;,) of
F~(H,0) (kcal/mol) based on the data of Weis et al. [27]

Basis set MP2 CCSD(T)
aug-cc-pVDZ 26.8 (25.3) 27.1 (25.4)
aug-cc-pVTZ 27.6 (26.5) 27.8 (26.7)
aug-cc-pvVQZ 27.5(26.7) 27.6 (27.0)
aug-cc-pV5Z 27.3 (26.9)

CBS limit 27.1 (26.9) 27.2 (27.2)

Table 4. BSSE values for F~(H,O) (kcal/mol) based on the data of
Weis et al. [27]

For the intermolecular interaction energy of
CI"(H,O) calculated wusing the MP2/aug-cc-pVxZ
(x = D,T,Q,5) level [26], similar results are found.

3.3 H;0" (H-0),

The counterpoise-uncorrected and counterpoise-cor-
rected intermolecular interaction energies and the BSSE
for H;O " (H,0), (n=1,2) evaluated using the aug-
cc-pVxZ (x=D,T,Q,5,6), 6-311+ +G(d,p), 6-311+
G(2d,2p), 6-311+ + G(3d,3p), and 6-311+ +
G(3df,3pd) basis sets at the MP2, MP4, QCISD(T),
CCSD(T), and B3LYP levels are shown in Tables 5
and 6.

For the intermolecular interaction energy of
H;0"(H,0) calculated wusing the aug-cc-pVxZ
(x =D,T,Q,5,6) basis sets at the MP2 and MP4 levels,
the BSSE is nearly zero in the CBS limit (Fig. 9). In

Basis set MP2 CCSD(T) addition, the counterpoise-uncorrected intermolecular
aug-cc-pVDZ 15 17 interaction energies are nearly equal to the counterpoise-
aug-cc-pVTZ 1.1 1.1 . . . . . -
aug-cc-pVQZ 0.8 0.6 Fig. 7. Calculated intermolecular interaction energies of F~(H,0)
aug-cc-pV5Z 0.4 as a function of the correlation-consistent basis set used. The
CBS limit 0'1 0.0 counterpoise-corrected values are denoted by CP. Based on the
: : data of Weis et al. [27]
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corrected intermolecular interaction energies in the CBS
limit (Fig. 9). When the basis set is smaller, the count-
erpoise-uncorrected intermolecular interaction energies
are closer to the CBS limit than the counterpoise-cor-
rected intermolecular interaction energies at each level
(Fig. 9). The counterpoise-uncorrected intermolecular
interaction energy evaluated using the MP2/aug-cc-
pVDZ level is close to the CBS limit at the MP2 and
MP4 levels (Fig. 10).

The trend for the intermolecular interaction energies
of H3;0"(H,0) calculated using the B3LYP/aug-cc-
pVxZ (x = D,T,Q,5) level (Fig. 11) is extremely different
from that calculated wusing the aug-cc-pVxZ
(x = D,T,Q,5,6) basis sets at the MP2 and MP4 levels
(Fig. 9): the BSSE is nearly zero in the CBS limit
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(Fig. 11). In addition, the counterpoise-uncorrected
intermolecular interaction energies are nearly equal to
the counterpoise-corrected intermolecular interaction
energies in the CBS limit (Fig. 11). The CBS limit at the
B3LYP level disagrees with that at the MP2 and MP4
levels (Fig. 11).

For the intermolecular interaction energy of
H;0 " (H,0) calculated using the 6-311+ +G(d,p),
6-311 + + G(2d,2p), 6-311++ G(3d,3p), and 6-311+ +
G(3df,3pd) basis sets at the MP2, MP4, QCISD(T),
CCSD(T), and B3LYP levels, when the basis sets are
larger, the BSSE is smaller; however, the BSSE is sig-
nificant even for the 6-311 + + G(3df,3pd) basis set at all
levels except for the B3LYP level. At the B3LYP level, the
BSSE is negligible for the 6-311 + + G(3df,3pd) basis set.

Table 5. Intermolecular interaction energies (~AE,_ ) of H;O © (H,0), (kcal/mol)

Basis set MP2 MP4 QCISD(T) CCSD(T) B3LYP

n=1
aug-cc-pVDZ 34.1 (31.8) 33.5 (31.1) 33.5 (31.1) 33.5 (31.1) 35.4 (34.8)
aug-cc-pVTZ 34.5 (33.3) 34.1 (32.9) 34.1 (32.9) 34.1 (32.9) 35.1 (35.0)
aug-cc-pVQZ 34.4 (33.7) 33.9 (33.4) 35.6 (35.5)
aug-cc-pV5Z 34.3 (33.9) 35.5 (35.5)
aug-cc-pVoZ 34.3 (34.1)

CBS limit 34.2 (34.1) 33.5 (33.8) 35.8 (35.8)
6-311 + + G(d,p) 35.5 (31.5) 35.0 (30.7) 34.9 (30.7) 34.9 (30.7) 36.7 (35.2)
6-311 + + G(2d,2p) 33.9 (31.5) 33.3 (30.7) 33.3 (30.7) 33.3 (30.7) 35.3 (34.5)
6-311 + + G(3d,3p) 34.3 (31.8) 33.9 (31.2) 33.8 (31.2) 33.8 (31.2) 35.1 (34.7)
6-311 + + G(3df,3pd) 34.8 (32.9) 34.4 (32.4) 34.4 (32.4) 34.4 (32.4) 35.5 (35.2)

n=2
aug-cc-pVDZ 23.8 (22.0) 234 (22.9)
aug-cc-pVTZ 23.6 (22.8) 23.0 (22.9)
aug-cc-pVQZ 23.6 (23.1) 23.2 (23.1)
aug-cc-pV5Z 23.5(23.3) 23.1 (23.1)

CBS limit 23.5(23.5) 23.3(23.2)
6-311 + + G(d,p) 24.7 (21.9) 24.7 (23.5)
6-311+ + G(2d,2p) 23.7 (22.0) 23.3 (22.7)
6-311+ + G(3d,3p) 23.6 (21.9) 23.2 (22.8)
6-311+ + G(3df,3pd) 23.8 (22.4) 23.4 (23.0)

Table 6. BSSE values for -

H;0 * (H,0), (kcal/mol) Basis set MP2 MP4 QCISD(T) CCSD(T) B3LYP

n =1
aug-cc-pVDZ 2.3 2.5 2.4 2.4 0.5
aug-cc-pVTZ 1.2 1.2 1.2 1.2 0.1
aug-cc-pvVQZ 0.7 0.6 0.1
aug-cc-pV5Z 0.4 0.0
aug-cc-pVo6Z 0.2

CBS limit 0.1 -0.3 0.0
6-311+ + G(d,p) 4.0 4.3 4.2 4.2 1.5
6-311+ + G(2d,2p) 2.4 2.6 2.6 2.5 0.8
6-311+ + G(3d,3p) 2.5 2.7 2.7 2.6 0.4
6-311+ + G(3df,3pd) 2.0 2.0 2.0 2.0 0.3

n=2
aug-cc-pVDZ 1.8 0.5
aug-cc-pVTZ 0.8 0.1
aug-cc-pvVQZ 0.5 0.1
aug-cc-pV5Z 0.2 0.0

CBS limit 0.0 0.0
6-311+ + G(d,p) 2.8 1.1
6-311+ + G(2d,2p) 1.7 0.6
6-311+ + G(3d,3p) 1.7 0.3
6-311+ + G(3df,3pd) 1.4 0.4
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Fig. 10. The counterpoise-uncorrected intermolecular interaction
energy of H;O " (H,0) evaluated using the MP2/aug-cc-pVDZ level
is close to the CBS limit at the MP2 and MP4 levels

(x =D,T,Q,5) level, the BSSE is nearly zero in the CBS
limit (Fig. 12). In addition, the counterpoise-uncorrect-
ed intermolecular interaction energies are nearly equal to
the counterpoise-corrected intermolecular interaction
energies in the CBS limit (Fig. 12). When the basis set is
smaller, the counterpoise-uncorrected intermolecular
interaction energies are closer to the CBS limit than the
counterpoise-corrected intermolecular interaction ener-
gies (Fig. 12). The counterpoise-uncorrected intermo-
lecular interaction energy evaluated using the MP2/
aug-cc-pVDZ level is close to the CBS limit (Fig. 12).
The trend for the intermolecular interaction energies
of H;0"(H,0), calculated using the B3LYP/aug-cc-
pVxZ (x = D,T,Q,5) level (Fig. 13) is extremely different
from that calculated using the MP2/aug-cc-pVxZ
(x =D,T,Q,5) level (Fig. 12): the BSSE is nearly zero in
the CBS limit (Fig. 13). In addition, the counterpoise-
uncorrected intermolecular interaction energies are
nearly equal to the counterpoise-corrected intermolecu-
lar interaction energies in the CBS limit (Fig. 13). The
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Fig. 11. Calculated intermolecular interac-

tion energies of H;0 ™ (H,0) as a function of
the correlation-consistent basis set used. The

CBS

counterpoise-corrected values are denoted by
cp



CBS limit at the B3LYP level is close to that at the MP2
level (Fig. 13).

For the intermolecular interaction energy of
H;0 " (H,0), calculated using the 6-311++G(d,p),
6-311 + +G(2d,2p), 6-311++G(3d,3p), and 6-311+ +
G(3df,3pd) basis sets at the MP2 and B3LYP levels,
when the basis sets are larger, the BSSE is smaller;
however, at the MP2 level, the BSSE is significant even
for the 6-311+ + G(3df,3pd) basis set. At the B3LYP
level, the BSSE is negligible for the 6-311+ + G(3d,3p)
and 6-311+ + G(3df,3pd) basis sets.

3.4 NH, (H,0),

The counterpoise-uncorrected and counterpoise-correct-
ed intermolecular interaction energies and the BSSE for
NH, " (H,0), (n = 1,2) evaluated using the aug-cc-pVxZ
(x =D,T,Q,5), 6-311 + +G(d,p), 6-311 + + G(2d,2p), 6-
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Fig. 12. Calculated intermolecular interaction energies of
H;0 " (H,0), as a function of the correlation-consistent basis set
used. The counterpoise-corrected values are denoted by CP
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311+ +G(3d,3p), and 6-311+ + G(3df,3pd) basis sets
at the MP2, MP4, QCISD(T), CCSD(T), and B3LYP
levels are shown in Tables 7 and 8.

For the intermolecular interaction energy of
NH,"(H,O) calculated wusing the aug-cc-pVxZ
(x = D,T,Q,5) basis sets at the MP2 and MP4 levels, the
BSSE is nearly zero in the CBS limit (Fig. 14). In
addition, the counterpoise-uncorrected intermolecular
interaction energies are nearly equal to the counterpoise-
corrected intermolecular interaction energies in the CBS
limit (Fig. 14). When the basis set is smaller, the
counterpoise-uncorrected intermolecular interaction en-
ergies are closer to the CBS limit than the counterpoise-
corrected intermolecular interaction energies at each
level (Fig. 14). The counterpoise-uncorrected intermo-
lecular interaction energy evaluated using the MP2/
aug-cc-pVDZ level is close to the CBS limit at the MP2
and MP4 levels (Fig. 15).

The trend for the intermolecular interaction energies
of NH, " (H,0) calculated using the B3LYP/aug-cc-
pVxZ (x = D,T,Q,5) level (Fig. 16) is extremely different
from that calculated wusing the aug-cc-pVxZ
(x =D,T,Q,5) basis sets at the MP2 and MP4 levels
(Fig. 14): the BSSE is nearly zero in the CBS limit
(Fig. 16). In addition, the counterpoise-uncorrected in-
termolecular interaction energies are nearly equal to the
counterpoise-corrected intermolecular interaction ener-
gies in the CBS limit (Fig. 16). The CBS limit at the
B3LYP level agrees with that at the MP2 and MP4 levels
(Fig. 16).

For the intermolecular interaction energy of
NH, " (H,0) calculated using the 6-311+ +G(d,p), 6-
311+ +G(2d,2p), 6-311+ +G(3d,3p), and 6-311+ +
G(3df,3pd) basis sets at the MP2, MP4, QCISD(T),
CCSD(T), and B3LYP levels, when the basis sets are
larger, the BSSE is smaller: however, the BSSE is sig-
nificant even for the 6-311 + + G(3df,3pd) basis set at all
levels except for the B3LYP level. At the B3LYP level,
the BSSE is negligible for the 6-311+ +G(2d,2p), 6-
311+ +G(3d,3p), and 6-311 + + G(3df,3pd) basis sets.
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Table 7. Intermolecular interaction energies (~AE,_; ;) of NHy * (H,0), (kcal/mol)

Basis set MP2 MP4 QCISD(T) CCSD(T) B3LYP
n=1
aug-cc-pVDZ 20.7 (19.3) 20.5 (19.0) 20.5 (19.0) 20.5 (19.1) 20.9 (20.2)
aug-cc-pVTZ 20.7 (20.1) 20.5 (19.9) 20.5 (20.0) 20.5 (20.0) 20.4 (20.3)
aug-cc-pVQZ 20.7 (20.4) 20.5 (20.2) 20.5 (20.5)
aug-cc-pV5Z 20.6 (20.4) 20.5 (20.5)
CBS limit 20.6 (20.5) 20.5 (20.4) 20.6 (20.6)
6-311+ + G(d,p) 21.6 (19.7) 21.3 (19.3) 21.3 (19.3) 21.3 (19.4) 22.0 (21.1)
6-311+ + G(2d,2p) 20.5 (19.4) 20.3 (19.1) 20.3 (19.1) 20.3 (19.1) 20.6 (20.2)
6-311+ + G(3d,3p) 20.6 (19.4) 20.4 (19.2) 20.4 (19.2) 20.4 (19.2) 20.5 (20.3)
6-311+ + G(3df,3pd) 20.9 (19.9) 20.7 (19.7) 20.7 (19.7) 20.7 (19.7) 20.7 (20.4)
n=2
aug-cc-pVDZ 17.4 (16.0) 17.0 (16.6)
aug-cc-pVTZ 17.2 (16.7) 16.6 (16.5)
aug-cc-pVQZ 17.2 (16.9) 16.7 (16.7)
aug-cc-pV5Z 16.7 (16.7)
CBS limit 17.2 (17.0) 16.8 (16.8)
6-311+ + G(d,p) 18.2 (16.4) 18.1 (17.3)
6-311+ + G(2d.2p) 17.3 (16.2) 16.7 (16.6)
6-311+ + G(3d,3p) 17.2 (16.2) 16.6 (16.5)
6-311+ + G(3df,3pd) 17.3 (16.4) 16.9 (16.6)
Table 8. BSSE values for ;
NH, * (H,0), (kcal/mol) Basis set MP2 MP4 QCISD(T) CCSD(T) B3LYP
n=1
aug-cc-pVDZ 1.5 1.5 1.5 0.8
aug-cc-pVTZ 0.6 0.5 0.5 0.1
aug-cc-pvVQZ 0.2 0.0
aug-cc-pV5Z 0.0
CBS limit 0.1 0.0
6-311 + + G(d,p) 2.0 2.0 1.9 0.8
6-311 + + G(2d,2p) 1.3 1.2 1.2 0.3
6-311 + + G(3d,3p) 1.2 1.2 1.2 0.2
6-311 + + G(3df,3pd) 1.1 1.0 1.0 0.3
n=>2
aug-cc-pVDZ 0.4
aug-cc-pVTZ 0.1
aug-cc-pvVQZ 0.0
aug-cc-pV5Z 0.0
CBS limit 0.0
6-311+ + G(d,p) 0.8
6-311+ + G(2d,2p) 0.1
6-311+ + G(3d,3p) 0.1
6-311+ + G(3df,3pd) 0.3

For the intermolecular interaction energy of
NH, " (H,0), calculated at the MP2/aug-cc-pVxZ
(x = D,T,Q) level, the BSSE is nearly zero in the CBS
limit (Fig. 17). In addition, the counterpoise-uncor-
rected intermolecular interaction energies are nearly
equal to the counterpoise-corrected intermolecular in-
teraction energies in the CBS limit (Fig. 17). When the
basis set is smaller, the counterpoise-uncorrected in-
termolecular interaction energies are closer to the CBS
limit than the counterpoise-corrected intermolecular
interaction energies (Fig. 17). The counterpoise-uncor-
rected intermolecular interaction energy evaluated us-
ing the MP2/aug-cc-pVDZ level is close to the CBS
limit (Fig. 17).

The trend for the intermolecular interaction energies
of NH, " (H,0), calculated using the B3LYP/aug-cc-
pVxZ (x = D,T,Q,5) level (Fig. 18) is extremely different

from that calculated using the MP2/aug-cc-pVxZ
(x = D,T,Q) levels (Fig. 17): the BSSE is nearly zero in
the CBS limit (Fig. 18). In addition, the counterpoise-
uncorrected intermolecular interaction energies are
nearly equal to the counterpoise-corrected intermolecu-
lar interaction energies in the CBS limit (Fig. 18). The
CBS limit at the B3LYP level agrees with that at the
MP2 level (Fig. 18).

For the intermolecular interaction energy of
NH, " (H,0), calculated using the 6-311++G(d,p),
6-311 + +G(2d.,2p), 6-311++G(3d,3p), and 6-311+ +
G(3df,3pd) basis sets at the MP2 and B3LYP levels,
when the basis sets are larger, the BSSE is smaller;
however, at the MP2 level, the BSSE is significant even
for the 6-311+ + G(3df,3pd) basis set. At the B3LYP
level, the BSSE is negligible for the 6-311 + + G(2d,2p),
6-311+ + G(3d,3p), and 6-311 + + G(3df,3pd) basis sets.
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4 Discussion

We discuss the results calculated with the correlation-
consistent basis sets at the MP2, MP4, QCISD(T), and
CCSD(T) levels.

The BSSE is not exactly equal to zero in the CBS limit
because the CBS limit is not calculated using a CBS but
is estimated by fitting from the intermolecular interac-
tion energies calculated using the aug-cc-pVxZ basis sets
(x =D,T,Q,5,6) at each level.

When the basis set is smaller, because the counter-
poise-uncorrected intermolecular interaction energies
are closer to the CBS limit than the counterpoise-cor-
rected intermolecular interaction energies at each level,
the counterpoise-uncorrected intermolecular interaction
energies are more reliable than the counterpoise-cor-
rected intermolecular interaction energies.

Because the counterpoise-uncorrected intermolecular
interaction energies evaluated using the MP2/aug-cc-
pVDZ level are close to the CBS limit at the MP2, MP4,
QCISD(T), and CCSD(T) levels, the counterpoise-un-
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Fig. 17. Calculated intermolecular interaction energies of
NH, " (H,0), as a function of the correlation-consistent basis set
used. The counterpoise-corrected values are denoted by CP
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corrected intermolecular interaction energies evaluated
using the MP2/aug-cc-pVDZ level are reliable.

Schwenke and Turhlar [28] advocated that for larger
basis sets the counterpoise correction does not neces-
sarily improve the result. Our results agree with this
suggestion.

5 Conclusions

1. For the intermolecular interaction energies of ion-
water clusters [OH (H,0), (n=1,2), F (H,0),
CI~(H,0), H;0 " (H,0), (n = 1,2), and NH, " (H,0),
(n = 1,2)] calculated with correlation-consistent basis
sets at the MP2, MP4, QCISD(T), and CCSD(T)
levels, the BSSE is nearly zero in the CBS limit. That
is, the counterpoise-uncorrected intermolecular inter-
action energies are nearly equal to the counterpoise-
corrected intermolecular interaction energies in the
CBS limit. When the basis set is smaller, the count-
erpoise-uncorrected intermolecular interaction ener-
gies are more reliable than the counterpoise-corrected
intermolecular interaction energies. The counter-
poise-uncorrected intermolecular interaction energies
evaluated using the MP2/aug-cc-pVDZ level are
reliable. These results are important because it is
expected that these findings hold for other ion-water
clusters.

2. The trend for the intermolecular interaction energies
of the ion-water clusters calculated using the B3LYP/
aug-cc-pVxZ (x = D,T,Q,5,6) level is very different
from that calculated using the aug-cc-pVxZ
(x=D,T,Q,5,6) basis sets at the MP2, MP4,
QCISD(T), and CCSD(T) levels. For the intermolec-
ular interaction energies of the ion-water clusters
except for H;O " (H,0) calculated with correlation-
consistent basis sets at the B3LYP level, the CBS limit
is reliable.

3.In  the 6-311++G(d,p), 6-311+ +G(2d,2p),
6-311+ +G(3d,3p), and 6-311+ + G(3df,3pd) basis
sets, the BSSE is significant even for the 6-311+ +
G(3df,3pd) basis set at the MP2, MP4, QCISD(T),
and CCSD(T) levels. At the B3LYP level, the BSSE is
negligible for the larger basis set, for example, the

— B3LYP (CP), MP2 (CP)

Fig. 18. Calculated intermolecular interac-
tion energies of NH, " (H,0), as a function
of the correlation-consistent basis set used.
The counterpoise-corrected values are de-
noted by CP



6-311+ + G(3df,3pd) basis set, except for OH (-
HZO)n (” = 152)
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