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We report counterpoise (CP) corrected geometric optimizations for hydrated @@", and NH" using

various basis sets at the HF and MP2 levels. The CP corrections are calculated using two (CP2) and three
(CP3) fragments. When three fragments are used, one is alwaySythmetrical structures ford4@," and

HsO," cannot be obtained with only two (necessarily nonequivalent) fragments. There are no significant
differences in the CP-optimized interaction energies for these systems. Nevertheless, unlike the more traditional
two fragment procedure, the three fragment procedure allows convergence to symmetrical structures. This
latter procedure is clearly preferable for systems such as/@® and HO/H,O while introducing no
significant error when used for unambiguously unsymmetrical systems, such A&-N6I.

Introduction optimization was not considered. One should note that other
procedures for calculating CP in multifragment systems have
been proposetlOrdinarily, one adds CP correction as a single-
point correction to a previously optimized geometry of the
complex. Because the BSSE introduces a nonphysical attraction
between the two units, the CP correction should make the
complexes less stable (with consequently longer intermolecular
gistances) than is apparent from the normally optimized
structure. Thus, one should use CP to correct the optimized
geometry as well as the interaction energy. We have recently
developed a simple general method for optimizing geometries
on CP-corrected potential energy surfat&thers have previ-
ously optimized some surfaces using point by point calculations,
a tedious procedure.Several recent reports of geometric
optimizations on BSSE corrected PES’s have appéeared.

Correction for basis set superposition error (BSSE) is often
applied to the calculation of intermolecular interactions using
ab initio calculations with basis sets below the HartrEeck
limit. This error occurs because the basis functions of the
aggregate formed by association of the units are different from
those employed for the isolated units before association. The
larger basis set used for the aggregate causes its calculate
energy to be relatively lower than the sum of the energies of
the individual units calculated with their individual bases.
Consequently, BSSE introduces a nonphysical attraction be-
tween the two units. Thus, the CP correction generally makes
intermolecular complexes less stable with longer intermolecular
distances than apparent from the normally optimized structure.
Although other approaches to correcting this error have been
discussed in the literatufethe counterpoise (CP) correction n n

roposed by Boys and Bernatdiontinues to be the most cP = — _ —E_.
grofninent rﬁean)s/ of correcting for BSSE. The CP method Eiteracton™ Esuper & Em"p" * ;(Emf' Emf'*) @)
calculates each of the units with the basis functions of the others
(but without the nuclei or electrons), using so-called “ghost ~ Problems of definition arise when a charged species interacts
orbitals”. Following the notation employed previouslihe CP- with a neutral molecule. First, the charge on the unassociated
corrected interaction energfgSh . is defined in eq 1, species becpmes partially gle!ocalize.d.into the domain of the
where the Ey's represent the energies of the individual Neutral species upon association. This introduces an ambiguity
monomers with the subscripts “opt” and” “denoting the into the definition of the calculations that involves one species
|nd|v|dua”y Optimized and the monomers frozen in their with the ghOSt orbitals of the Other For example, should the
supermolecular geometries, respectively, and the asterisk (*)ghost orbitals of the charged species carry the effect of the
denotes monomers calculated with “ghost” orbitals for the other charge? If so, how can this best be accomplished? Let us
components of the supermolecule. The CP method has provergonsider two illustrative examples: NHH,O and OH/Hz0.
to be somewhat controverstaNevertheless, van Duijneveldt ~ Calculating HO with the ghosts of Nki" is equivalent to
has shown that CP rigorously corrects for BSSE in certain calculating it with the ghosts of NH or NH, radical. Because
caseg This equation is a modification of the original procedure NHa4™ is positive, the energy of its molecular orbitals is lowered
which accounts for the changes in the geometries of the by the charge. Thus, one might expect the BSSE upon the water
monomeric units upon forming the intermolecular comglex. due to NH™ to be greater than that due to neutral or negative

As the or|g|nal procedure was Conceived for atoms’ geometnc NH4 because the 0rbita|S Of the Cation m|ght attract the eleCtrOHS
of the water more than the neutral ghost orbitals. Conversely,

*To whom correspondence should be addressed. one might expect the ghost orbitals of®lto affect the energy
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of a positive species, such as NHless than a neutral or by Wei et al!® and by PudzianowsKP Theoretical procedures
negative one, as the electrons in a negative species might behat use basis sets that include diffuse functions and electron
more stabilized by added basis functions. Second, the propercorrelation were deemed necessary for reasonable agreement
definition of the interacting species is unclear, particularly if with experimental results. Earlier work involving calculations
the species may be symmetrical or nearly so. For example/ OH that were either at the Hartre&ock (HF) level or did not

H,O (which might be a symmetric species with H bonds of include diffuse functions for the geometry optimizations have
equal length) would be inherently asymmetric if optimized with been reported by several groiJhe results of our calculations

CP correction using two species: Oldnd HO. are presented in Table 1.

One possible solution to these apparent problems might be Let us first consider the HF calculations. The 6-31G series
the use of more than two fragments for defining the CP and of basis sets (6-31G through 6-3#+G(3df,2pd) show very
using the CP-optimization procedure. This technique has provenlarge deviations from the value for the most extended basis set.
useful for the definition of certain transition states using the At the largest basis set employed, the interaction enthalpy is

CP-opt procedurg. —22.10 kcal/mol after CP optimization using either the two or
In this paper, we compare the two (CP2) and thee (CP3) three fragment procedure. Without CP optimization (using single
fragment definitions of CP for the hydrations of OHH;O", point a posterieri CP), the interaction enthalpy-i82.77 kcal/

and NH". For CP3, we divide the complexes into three mol, a difference of only 0.57 kcal/mol. All of the calculations
fragments, one of which is a proton, whereas the other two arethat do not use diffuset{+) functions have analogous differ-
neutral (in the cases of the positive complexes) or negative (in ences of over 7 kcal/mol. All calculations with diffuse function
the case of the negative one). We used a proton as the thirdin this series give CP-optimized enthalpies within 1 kcal/mol
fragment (rather than a hydride anion), so that all fragments of the value for the largest basis set, 6-311G** is within about
that contain electrons would be singlets. Of the two individual 2 kcal/mol, whereas the other two, 6-31G and 6-31G** differ
species (from which the complexes are formed), one is significantly from the best HF value before (by-126 kcal/
calculated using two fragments (the proton and one of the othermol). Using CP optimization, these last two basis sets provide
two) in order to preserve the continuity of the reaction surface. deviations that are about 7 kcal/mol less. Curiously, the HF/6-
This procedure is discussed in more detail elsewhgve. shall 31G** result is accidently in good agreement with the experi-
first consider each complex and then provide a general discus-mental value.

sion. For each, we present calculations using eight different basis The D95 series of basis sets (here only D95 and D95*)
sets of varying complexity at the HF and MP2(full)) levels. We  pehave similarly except that the small basis set, D95, gives much
have previously shown that the CP-optimized water dimer is petter results than 6-31G both with and without CP optimization.

within 0.15 kcal/mol of the “MP2 limit*%11 at the MP2(full)/ At the HF level, there seems to be little difference between the
do5++** level.'? The frozen core calculation was 0.16 kcal/  two- and three-fragment CP procedures.

mol farther from this limit. The MP2 calculations behave somewhat differently. The most

extended basis set calculation gives an interaction enthalpy of

Methods 26.66 kcal/mol, in excellent agreement with the reported

The molecular orbital calculations were performed at the expe_riment_al result. Once again, the_basis sets lacking diffuse
Hartree-Fock (HF) and second-order MgliePlesset (MP2) funqtlons give results thgt gre.atl_y.dewate form that of the large
levels using the Gaussian 98 program release A7 and abas.|5' set. This effect is diminished with the use of CP
preliminary version of A103 The MP2 calculations used the OPtimization. However, for the MP2 calculations, the three
full (not the frozen core) protocol. The older version (A7) was fragment procedure gives consistently lower (i.e., greater in
driven by the CP-opt program that is freely available from the Magnitude) stabilization enthalpies. The MP2/B95™ CP3
web site of one of u& The complexes were completely —OPtimization gives an interaction enthalpy within 1 kcal/mol of
optimized without any geometric restraints. Vibrational calcula- the most extensive calculation.
tions using the harmonic approximation were performed onthe Because CP correction removes an artificial attractive force
CP-optimized surface. These provided the force constants andoetween the fragments, the @ distances increase upon CP
the vibrational constants necessary to calculate the enthalpiesoptimization. The changes in these distances are greater for the
of association at 298 K. When we used three fragments for the poorer basis sets and greater for MP2 than HF, in accord with
CP optimization of the H-bonded supermolecule, we used the previous results. These changes can be quite large (up to 0.278
same three fragments for the non-H-bonded references stated for MP2/6-311G**). They are greater than 0.08 A even for
in order to provide a continuous potential energy surface (for the most extensive MP2 calculations when CP2 is used. The
example, NH*, would be composed of two fragments, NH  effect is larger for the CP2 than for CP3 calculations in all cases
and HY). We used the same procedure for the calculation of save two (both HF). Because the-€M distance is specifically
transition states using CP3n certain optimizations for Nkt/ defined between the two fragments with CP2, this method leads
H,0, we found one imaginary vibration corresponding to the to greater deviations from symmetrical geometries.
torsional rotation about the H bond. As this virtually free rotation ~ Symmetric H bonding is associated with strong, short H
contributes less than 1®kcal/mol to the total energy, further  bonds. Because HF calculations use one electron wave functions,
optimization was not attempted. However, Gaussian 98 correctsthey overestimate repulsions leading to an error often attributed
transition states by KT (0.59 kcal/mol at 298 K) when to electron correlation (rather than the deficiency of the one-
calculating enthalpies. The enthalpies that we report here removeelectron effective Hamiltonian). Because MP2 corrects for much
this correction to be consistent with the true minima (see of this, the G--O repulsion is reduced leading to shorterQ
discussion below). separations and stronger H bonds that are closer to the symmetric

Hydration of OH ~. The gas-phase hydration of OHs structure. Without CP optimization, four of the MP2 calculations
reported to be 26.5 kcal/mol by MautAgand 25.0 kcal/mol give symmetric species. CP optimization leads to longer@
by Kebarlel® Recent MP sudies have been reported by Xanth- distances which weaken the H-bonding interactions. The three-
ead” and Grimm!® whereas DFT studies have been reported fragment procedure (CP3) breaks the symmetry of two of those
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TABLE 1: Interaction Energetics (—kcal/mol) and Selected Geometric Parameters (A) for 5O,~

normal CP2 CP3

method AEim AHim AEim AHim AAEim AAHim AEim AHim AAEim AAHim
HF
6-31G 38.95 38.41 32.31 31.39 —6.64 —7.02 31.83 31.05 —6.07 —7.36
6-31G** 35.18 34.52 27.99 2721 —7.19 —-7.31 27.22 26.44 —7.96 —8.08
6-31++G** 24.85 23.78 23.95 22.89 —-0.91 —-0.89 24.04 22.98 —0.82 —0.80
6-311G** 34.68 33.74 25.51 2442 —9.17 —-9.32 24.84 23.93 —9.84 -9.81
6-311++G** 24.34 23.23 23.53 22.43 —-0.81 —0.80 23.54 22.46 —0.80 —-0.77
D95** 31.84 31.21 28.49 27.66 —-3.35 —3.55 27.64 26.91 —-4.21 —-4.30
D95++** 24.84 23.78 24.00 22.95 —-0.84 —0.83 24.10 23.04 —0.75 —-0.74
6-311++G(3df,2pd) 23.73 22.77 23.05 22.10 -0.68 —-0.67 23.05 22.10 —0.68 -0.67
MP2
6-31G 44.29 45.15 33.14 32.79 -11.15 —12.36 32.88 33.24 —11.42 —-11.91
6-31G** 43.57 44,52 30.87 30.96 —12.70 —13.56 30.70 31.92 -12.87 —12.60
6-31++G** 28.56 28.67 25.00 24.64 —3.56 —4.03 25.49 25.46 —3.06 -3.21
6-311G** 44.36 45.17 27.00 26.39 -—17.35 —18.78 26.55 26.56 —17.81 —18.61
6-311++G** 28.35 28.60 24.28 23.69 —4.06 —-4.91 24.48 24.31 —3.86 —4.29
D95** 39.52 40.30 32.00 31.94 —7.52 —8.36 32.25 33.15 —-7.27 -7.15
D95++** 28.71 28.83 25.09 24.69 —3.62 —4.14 25.78 25.88 —2.93 —2.95
6-311++G(3df,2pd) 28.62 29.23 25.83 25.76 —2.79 —3.47 26.01 26.66 —2.60 —2.57
aug-cc-pvVD2 26.8 27.0
aug-cc-pvVT2 27.6 27.8
exp 26.5

O---0 O---H O---0 O---H O---0 O---H O---0 O---H O---0 O---H O—H

HF
6-31G 2.473 1.400 2.505 1.457 0.032 0.057 2.501 1.445 0.028 0.0450.017
6-31G** 2.499 1.459 2.525 1.494 0.026 0.035 2.532 1.501 0.032 0.042-0.011
6-31++G** 2.571 1.569 2.580 1.578 0.009 0.009 2.578 1.577 0.008 0.008-0.001
6-311G** 2.521 1.501 2.566 1.566 0.046 0.065 2.570 1.567 0.050 0.066-0.017
6-311++G** 2.577 1.581 2.585 1.588 0.008 0.007 2.584 1.586 0.006 0.005-0.000
D95** 2.494 1.452 2.519 1.489 0.026 0.037 2.521 1.487 0.028 0.035-0.008
D95++** 2.570 1.567 2.575 1.571 0.005 0.004 2.574 1.570 0.004 0.003-0.000

6-311++G(3df,2pd) 2.561 1.555 2.570 1.566 0.008 0.011 2.568 1.562 0.007 0.0070.001
MP2

6-31G 2.486 1.244 2.545 1.435 0.059 0.191 2.521 1.362 0.035 0.1180.083
6-31G** 2.443 1.223 2.497 1.388 0.053 0.165 2471 1.256 0.027 0.033-0.008
6-31++G** 2.489 1.396 2.548 1.487 0.058 0.091 2.511 1.412 0.022 0.016 0.005
6-311G** 2.423 1.216 2.539 1.494 0.117 0.278 2.508 1.418 0.085 0.202-0.122
6-311++G** 2.473 1.380 2.559 1515 0.087 0.135 2.538 1.458 0.065 0.078-0.022
D95** 2.433 1.217 2.490 1.382 0.057 0.165 2.469 1.235 0.036 0.018 0.017
D95++** 2.493 1.405 2.548 1.489 0.055 0.084 2.524 1.430 0.031 0.025 0.007
6-311++G(3df,2pd) 2.455 1.332 2.512 1.439 0.056 0.107 2.491 1.384 0.035 0.0520.017
aug-cc-pvVDZ2 1.089

0.969
aug-cc-pvVT2 1.107

0.96F

aReference 152 Reference 135 O—H distance.

four symmetric structures, leaving the 6-31G** and the D95** [TZ2P(f,d) B—CCD(T)] and 1.1938 &4 Unfortunately, neither
as the only basis sets predicting symmetric interactions (CP2of the most recent reports gives the interaction energy @ H
cannot give a symmetric solution). The largest MP2 calculation, + H3O™. For this, we refer to an earlier report by Schaefer of
while unsymmetrical, is much closer to the symmetric structure 33.45 and 32.9 kcal/mol (137.7 kj/mol) reported by Berning
than any of the other unsymmetrical examples. Thus, althoughand Saue?® We note that these values are interactmergies
this result is in accord with an unsymmetrical structure, we notenthalpieswhich require vibrational and thermal correction.
cannot be confident that a higher level calculation would not  We have performed normal (uncorrected for CP) geometry
lead to a symmetrical structure. optimizations at both the RHF (which giv@; structures) and
Hydration of H 30*. The protonated water dimer has been the MP2 (which giveC, structures) levels. The only exceptions
extensively studied theoretically and experimentally. Mautner are the 6-31G calculations which prediziy structures at both
has reported thé&H of hydration of the hydronium ion to be  HF and MP2 levels. The results can be found in Table 2. As
31.8 kcal/mol in the gas pha8eDther reports vary from 31.6  seen from this table, the interaction energies are generally
to 44 kcal/mol2 Theoretical calculations differed with respect stronger for the CP3 procedure. The only exceptions are HF/
to the structure of the #D," aggregate. RHF calculations 6-31G++** and HF/D95++** (where the CP2 and CP3
predicted a structure with the H-bonding proton closer to one interaction energies are virtually identical). The CP corrections
of the oxygens(s), whereas more recent higher level calcula- are also generally lower for the CP3 calculations (with the same
tions that include corrections for the electron-correlation error two exceptions noted above).
tend to predict a more symmetrical structure with the H-bonding  Because the CP2 procedure is inherently unsymmetrical, it
proton equidistant from the oxygen€,§.2® The most recent  cannot lead to &; solution. Therefore, we found it particularly
and presumably most accurate calculations for this speciesinteresting to compare the MPZ) optimizations for the CP2
predict theC, structure with H-bonding distances of 1.1947 A and CP3 procedures. The interaction energies are about 1 kcal/
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TABLE 2: Interaction Energetics (—kcal/mol) and Selected Geometric Parameters (A) for 50,

normal CP2 differences CP3 differences
method AEine  AHine symm. AEn  AHie symm  AAEn  AAHin AEini  AHine symm. AAEin  AAHin

HF
6-31G 42.64 42.64 Dy 41.28 41.24 Cs —-1.36 —1.40 41.83 41.77 Dy —-0.81 —-0.87
6-31G** 33.89 34.05 Cs 32.65 32.62 Cs —-1.24 —1.43 3292 3295 G -0.97 -1.10
6-31++G** 31.41 31.21 Cs 30.13 29.88 Cg -1.29 —-1.33 30.00 29.74 Cs —1.41 —1.47
6-311G** 33.38 33.14 C, 30.43 29.99 Cg —-295 -3.15 3145 31.15 Cs —-1.93 —-1.99
6-311++G** 31.05 30.63 Cs 29.63 29.23 Cg —1.42 —1.40 29.88 29.48 Cs -1.16 —1.15
D95** 3251 3246 Cs 31.92 31.82 Cg —-0.58 —0.64 32.09 3213 Cs —-0.41 -0.33
D95++** 31.22 30.98 Cg 30.20 29.93 Cg —-1.02 -—-1.05 30.19 2995 C; —-1.03 -—1.03
6-311+-+G(3df,2pd) 29.92 29.54 C, 29.36 28.94 Cg —-0.56 —0.60 29.55 29.23 C; -0.37 —-0.31
MP2
6-31G 45.40 44.79 Dy 42.67 41.98 C; —2.73 —2.81 43.87 43.30 Dy —-153 —-1.49
6-31G** 39.46 39.71 C; 36.27 36.24 C, —-3.19 347 37.35 3758 C; —-2.11 -—-2.13
6-31++G** 36.01 36.35 C; 32.52 32.70 C; —3.49 -—-3.65 33.07 3361 C; —-2.94 274
6-311G** 39.07 39.28 G, 3391 3351 C -5.16 —5.77 3481 3537 C; —4.26 —391
6-311+-+G** 35.61 3592 C, 31.95 31.71 C —-3.66 —4.21 3241 33.07 C; —-3.20 —-2.85
D95** 3751 37.96 C; 35.23 3517 C —2.28 —2.79 36.40 36.80 C; -1.11 -1.16
D95+ +** 35.69 36.11 C, 32.38 3231 C; -3.31 —-3.80 33.27 3382 C; —-2.42 —2.29
6-311+-+G(3df,2pd) 34.87 35.28 C, 3281 3314 C —2.06 —214 33.66 34.15 C; -1.21 -1.13

33.4

32.9
experiment 318

00 O+H O-H OO0 O-*H O—H OO0 O+*H O-H OO0 O-**H O—-H OO0 O--*H O—H

HF
6-31G 2.366 1.183 1.183 2.372 1.216 1.156 0.006 0.038.027 2.371 1.186 1.186 0.004 0.003
6-31G** 2.392 1.314 1.081 2.402 1.329 1.074 0.010 0.049.007 2.398 1.325 1.076 0.006 0.0160.004
6-31++G** 2409 1.348 1.064 2.422 1.365 1.058 0.013 0.0+0.006 2.424 1.372 1.055 0.015 0.0240.009
6-311G** 2.403 1.342 1.064 2.431 1.384 1.047 0.028 0.04R.017 2.419 1.366 1.056 0.015 0.0240.008
6-311++G** 2415 1.363 1.056 2.432 1.386 1.048 0.017 0.0230.008 2.428 1.381 1.050 0.012 0.0180.006
D95** 2.406 1.341 1.068 2.411 1.347 1.065 0.005 0.00660.002 2.404 1.337 1.070-0.002 —0.004 0.002
D95++** 2417 1.361 1.060 2.425 1.370 1.057 0.008 0.0690.003 2.425 1.372 1.056 0.008 0.01%0.003
6-311+-+G(3df,2pd) 2424 1374 1.052 2.431 1.383 1.048 0.006 0.009.004 2.427 1.377 1.052 0.003 0.0020.000
MP2
6-31G 2.398 1.199 1.199 2.402 1.251 1.162 0.004 0.052.037 2.413 1.208 0.015 0.009
6-31G** 2.383 1.193 1.193 2.410 1.276 1.128 0.027 0.08®.065 2.396 1.200 0.013 0.007
6-31++G** 2.385 1.194 1.194 2.423 1.288 1.124 0.038 0.094.070 2.403 1.203 0.018 0.009
6-311G** 2.376 1.190 1.190 2.422 1.337 1.087 0.046 0.14D.103 2.392 1.200 0.016 0.010
6-311++G** 2.380 1.191 1.191 2.410 1.332 1.092 0.030 0.1410.099 2.397 1.199 0.017 0.008
D95** 2.381 1.192 1.192 2.422 1.307 1.105 0.041 0.1#%€.087 2.396 1.200 0.015 0.008
D95++** 2.385 1.194 1.194 2.397 1.320 1.104 0.012 0.1260.090 2.407 1.206 0.022 0.012
6-311++G(3df,2pd) 2.379 1.191 1.191 2413 1.266 1.135 0.034 0.67/®.056 2.393 1.199 0.014 0.008
TZ2P(f,d) B-CCD(TY 1.1947

aReference 23° Reference 24¢ Reference 8¢ Reference 22.

mol greater, whereas the CP corrections are about 1 kcal/molmental hydration enthalpy for Nfi in the gas phase has been
less for the CP3 calculations. The CP correction remains quite variously reported as 122 and 19.9%kcal/mol. The best CP3
significant even for the largest basis set. The geometries arecalculation (19.53 kcal/mol) is in excellent agreement with the
fairly consistent at the CP3 level, even for the small basis sets. latter (probably more accurate) of these two values. Several
However, the CP2 calculations generally yield quite unsym- theoretical studies of this system have also been repéfiEue
metrical structures, especially with the moderately large basis most elaborate of these, QCISD/6-31:£G** optimized at the
sets. For example, 6-311G** predicts a difference in the two MP2/6-311+G** level, predicts an interaction energy of
O---H distances of 0.25 A. Even the largest basis set predicts a—17.82 kcal/mol after correction for CP and ZPV&.
difference of 0.13 A. Clearly, CP2 would lead to qualitatively The calculated enthalpies of interaction and H-bonding
incorrect results for this geometry, even with large basis sets. distances are collected in Table 3. Bueker and Uggerud have
For the HF calculations, the differences between the resultsreported the MP2/6-31G(d,p) interacti@mergyto be —22.8
obtained for CP2 and CP3 are not very different. The CP kcal/mol (reported as-95.1 kj/mol)2°° somewhat less binding
corrections are smaller, as might be expected. than our value of 24.33 kcal/mol (uncorrected). The reason for
Hydration of NH 4*. Unlike the hydrated OH and HO™ this discrepancy is unclear. The previously reported H-bonding
species, the hydrated NHcation cannot attain a symmetrical ~ distance of 1.616 A agrees with our result for the same
structure with two equivalent H bonds. Because of the higher calculation.
basicity of NH;, the proton is expected to be unambiguously ~ As seen from Table 3, both CP2 and CP3 improve the
covalently bonded to this species and H-bonded to the water.energetic and geometric results for the smaller basis sets
Thus, the hydrated species could be defined using the CP2although the overall effect of BSSE is less dramatic than for
procedure without influencing the symmetry of the H-bonding the previous examples. Both methods converge to the same large
complex. However, if a double-well potential exits, with the basis set value. There appears to be no disadvantage to using
proton transferred to the water, the PES and TS for this processthe CP3 method despite the expected significant differences in
would require the CP3 procedure for continuity. The experi- the O--O and H--O distances.
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TABLE 3: Interaction Energetics (—kcal/mol) and Selected Geometric Parameters (A) for Nit/H,0

normal CP2 differences CP3 differences

method AEim AHim AEim AHim AAEim AAHim AEim AHim AAEim AAHim
HF
6-31G 27.01 25.32 26.29 24.56 —0.72 —0.76 26.13 24.43 —0.88 —0.89
6-31G** 21.53 20.14 20.80 19.37 -0.73 —-0.77 20.62 19.11 -0.91 —-1.08
6-31++G** 19.72 18.26 18.90 17.49 -0.82 -0.77 18.82 17.42 -0.90 -0.84
6-311G** 21.43 19.97 20.10 18.61 —-1.33 —-1.36 20.14 18.63 -1.29 -1.34
6-311++G** 19.56 18.06 18.88 17.42 —-0.69 —-0.64 18.86 17.40 —-0.71 —-0.66
D95** 20.53 19.12 20.17 18.75 —0.36 0.37 19.89 18.53 —-0.65 —0.59
D95++** 19.63 18.18 1895 17.52 —-0.67 —0.66 18.95 17.32 —-0.68 —0.86
6-311++G(3df,2pd) 18.32 16.93 18.13 16.73 —0.19 0.39 18.15 16.74 -0.17 —0.19
MP2
6-31G 28.51 26.87 26.89 25.20 -1.62 —1.67 26.82 25.21 -1.69 —1.66
6-31G** 2433 23.17 2252 21.27 -1.81 —-1.90 22.47 21.26 -1.85 —-1.91
6-31++G** 21.85 20.55 19.79 18.52 —-2.06 —2.03 19.71 18.43 -2.14 =212
6-311G** 24.46  23.27 21.61 20.27 —2.84 —3.00 21.75 20.45 -271 —3.82
6-311++G** 21.70 20.44 19.81 18.47 —1.89 —-1.97 19.77 18.45 —1.93 —1.99
D95** 23.08 2191 21.83 20.58 -125 —-1.33 21.42 20.31 —-1.66 —1.60
D95++** 21.85 20.58 19.91 18.61 —1.94 —1.97 19.91 18.64 —1.95 —1.94
6-311++G(3df,2pd) 20.88 19.96 19.93 18.99 -0.95 —0.97 20.11 18.94 -0.77 —1.02

QCISD/6-31H#+G**2a  20.62 17.82
CCD/6-311+G** 2 19.31 17.51
experiment 1994

N0 O+H N-H N0 O+H N-H N-O O+H N-H N-:O O+H N-H N--O O+H N-H

HF
6-31G 2675 1.629 1046 2.686 1.641 1050 0.011 0.012 0004 2.686 1.636 1.045 0.011 -6M00L
6-31G** 2.754 1719 1035 2764 1.730 1.034 0.010 0.08D.000 2.764 1.729 1.034 0.011 0.016-0.001
6-31++G** 2789 1759 1031 2811 1.779 1030 0.022 0.0260.000 2.809 1.781 1.030 0.019 0.022:0.001
6-311G** 2756 1.723 1.034 2781 1.751 1032 0.025 0.02€.002 2.782 1.749 1.032 0.026 0.026:0.002
6-311++G** 2.782 1751 1031 2797 1.767 1030 0.015 0.0160.001 2.797 1.767 1.030 0.015 0.016:0.001
D95** 2762 1729 1.034 2772 1.738 1.033 0.010 0.009.000 2.771 1.739 1.033 0.008 0.016-0.001
D95+ 2.780 1.748 1032 2793 1.761 1032 0.013 0.0130.001 2.792 1762 1.031 0.012 0.0140.001

6-311++G(3df,2pd) 2.777 1.748 1.030 2.782 1.754 1.029 0.005 0.066.000 2.782 1.752 1.029 0.005 0.004-0.001
MP2

6-31G 2.675 1603 1.073 2.698 1.629 1.070 0.023 0.026.003 2.698 1.616 1.082 0.023 0.013 0.010
6-31G** 2.674 1616 1.058 2.702 1.648 1.055 0.028 0.0320.004 2.700 1.636 1.064 0.026 0.020  0.006
6-31++G** 2722 1672 1.050 2.764 1.718 1.047 0.042 0.0460.003 2.769 1.714 1.055 0.047 0.042 0.005
6-311G** 2.668 1.607 1.060 2.728 1.675 1.053 0.060 0.06®.007 2.725 1.666 1.059 0.057 0.059-0.001

6-311++G** 2701 1.647 1.054 2748 1.698 1.050 0.047 0.0510.004 2.750 1.695 1.056 0.049 0.048 0.001
D95** 2.690 1.632 1.058 2.714 1.660 1.055 0.025 0.0280.003 2.717 1.652 1.065 0.027 0.020 0.007
D95++** 2716 1664 1.053 2.749 1.700 1.050 0.033 0.0360.003 2.752 1.693 1.058 0.035 0.029 0.006

6-311++G(3df,2pd) 2.688 1.635 1.053 2.712 1.662 1.051 0.024 0.020.003 2.711 1.656 1.055 0.023 0.021  0.001
B3LYP/6-31+G* 2.728
MP2/6-3HG* 2.7668

aReference 25a.

Discussion significant improvements in calculated interactions energies as
ejudged by comparison to our largest basis set and reported
experimental results. Because both methods provide similar
levels of correction, we can conclude that choosing a CP3
procedure when optimizing a structure that can potentially
achieve a symmetric structure should not introduce any signifi-

energy and enthalpy between the normally optimized and CP- cant error. Therefore, we recommend the CP3 approach for such
optimized structures for these species. calculations.

The CP3 procedure usually produces a larger CP correction The calculation of the zero-point vibrations and enthalpies
than CP2. Thus, the total energies of the CP3 calculations arefor relatively flat surfaces using the harmonic approximation
generally higher than those for the corresponding CP2 calcula-for the low frequency modes can introduce errors in these
tions. The two-fragment CP calculation that one must perform calculated values. These errors generally cancel when comparing
on the separated fragment that contains the¢dg., NH™ for similar structures. However, when low barriers occur on these
hydrated ammonium) compensates for this when one comparessurfaces, comparison of the enthalpies of the minima and
interaction energies. We find no general trend to indicate that transition states can be particularly problematic. We have
either the CP3 or CP2 gives larger interaction energies. discussed this problem before in two different contékis/hen

Within the 6-31G family of basis sets, both CP2 and CP3 in a shallow well, the harmonic approximation will give a
give decreasing CP corrections as the basis set becomes morgibration that is too strong for the mode that traverses the low
extensive. Thus, both seem to converge toward the limiting basisbarrier. On the other hand, at the transition state (TS) for this
set value. We found a similar trend for the only two basis sets barrier, this mode is imaginary as if it is not bound. In the case
in the D95 family that we considered. Both procedures lead to of a 6-fold torsional rotational barrier such as in NiH,0,

The BSSEs for the ion/molecule complexes studied here ar
rather larger than for molecule/molecule interactions, as might
be expected. Reasonably large BSSEs<B.5 kcal/mol) persist
even for the largest basis set used, 6-8315(3df,2pd), for
hydrated OH and HO™ as indicated by the differences in
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treating the vibration at the TS as not bound is a reasonable(c) Saebg, W.; Pulay, R.. Chem. Phys1988 88, 1884 and references

i ; i i i i cited. (d) Mayer, I.; Valiron, PJ. Chem. Phys1998 109, 3360-3373. (d)
approximation as the torS|_onaI rotatlc_)n is free. Hoyvever, m_other Famulari, A Specchio, R.: Sirom. M.: Raimondi. B.Chem. Phy<098
cases, such as the bending mode in HCGIYHhis mode is 105 3296-3303.
not free. In such cases, treating the frequency as imaginary leads  (2) (a) Boys, S. F.; Bernardi, Mol. Phys.1970 19, 553. (b) Meunier,
to an underestimation of the zero-point energy for this mode. A.; Levy, B.; Berthier, G.Theor. Chim. Actel973 29, 49. (c) Jansen, H.

Comparing the enthalpies of minima and TSs requires B Ross, PChem. Phys. Letl969 3, 40.

summations involving KT in addition to the problem mentioned 110(2?:1) Simon, S.; Duran, M.; Dannenberg, JJJChem. PhysL996 105

above for the zero-point vibrations. Thus, an additional differ- (4) (a) Schwenke, D. W.; Truhlar, D. G. Chem. Phys1984 82,
ence of KT must be taken into account when comparing a TS 2418. (b) Frisch, M. J.; Del Bene, J. E.; Binkley, J. S.; Schaefer, H. F., IIl.
structure for a freely rotating torsional mode. For NHH,O, J. Chem. Phys1986 2279. (c) Szalewicz, K.; Cole, S. J.; Kolos, W.;

; P Bartlett, R. JJ. Chem. Physl988 89, 3662. (d) Turi, L.; Dannenberg, J.
where the rotational barrier is about*tkcal/mol and the low J.J. Phys. Cheml993 97, 2488. (e) van Duijneveldivan Ridt, J. G. C.

freqU?nCieS are abod_ilo C”_Tl_ (depending upon whether the  w.: van Duijneveldt, F. B. InAb Initio Methods in Quantum Chemistry
optimized structure is a minimum or a TS), the calculated Lawley, K. P., Ed.; John Wiley & Sons: New York, 1987; Vol. Il. (f)

i il di i Gutowski, M.; van Duijneveldt-van de Rijdt, J. G. C. M.; van Duijneveldt,
enthalpzlgs WI:: differ by apzrc;xmatel?/ KIT .(0'59hkca|/m0| at d F. B.J. Chem. Phy4993 98, 4728. (g) Cook, D. B.; Sordo, J. A.; Sordo,
298 K)#° We have corrected those calculations that converged 1| "|nt 3. Quant. Chem1993 48, 375. (h) van Duijneveldt, F. B.: van

to a TS by this amount so that they can be compared with thoseDuijneveldt-van Rijdt, J. G. C. M.; van Lenthe, J. i€hem. Re. 1994
that converged to a minimum. Only the enthalpies (not the 94 1873. () Van Duijneveldt, F. B. IMolecular Interactions Scheiner,

R . . . . . . . S., Ed.; Wiley: Chichester, U.K., 1997; p 8104.
energies) of interaction require this correction. We applied this (5) (@) Turi, L.: Dannenberg, J. J. Phys. Chem1993 97, 2488. (b)

procedure only to the calculations on N#H:0, where the Leclercg, J. M.; Allavena, M.; Bouteiller, Yi. Chem. Phys1983 78, 4606.
surfaces are too flat to reliably converge to minima. For the (c) Emsley, J.; Hoyte, O. P. A.; Overill, R. B. Am. Chem. Sod97§
other systems, the rotational barrier and torsional vibrations, 100 3303. _

while small, are significantly higher than for NEH,0. (6) (a) White, J. C.; Davidson, E. R. Chem. Phys199Q 93, 8029.

. . (b) Valiron, P.; Mayer, 1.Chem. Phys. Lettl997, 275, 46.
One should note that there are four equivalent minima on (7) (a) Bouteiller, Y.: Behrouz, HJ. Chem. Phys1992 96, 6033. (b)

the potential energy surface corresponding to the water H pelBene, J. E.; Mettee, H. 0. Phys. Chen991, 95, 5387. (c) Leclercq,
bonded to each of the equivalent H's of iH Six equivalent J. M.; Allavena, M.; Bouteiller, Y.J. Chem. Phys1983 78, 4606.
transition states exist for conversion between them. Thus, the  (8) (a) Daza, M. C.; Dobado, J. A.; Molina, J. M.; Salvador, P.; Duran,

; ; - ; M.; Villaveces, J. LJ. Chem. Phys1999 110, 11806-11813. (b) Simon,
potential surface might resemble that for a 6-fold rotational S.. Duran, M. Dannenberg, J.01.Phys. Chem. 4999 103, 1640-1643.

barrier, in that the activation energies must necessarily be small.(c) van Mourik, T.; Price, S. L.; Clary, D. Gl. Phys. Chem. A999 103
In such a situation the system might sample all of these minima 1611-1618. (d) Hobza, P.; Havlas, Zheor. Chem. Accl998 99, 372

_DOi ; PR iti ; 377. (e) Novoa, J. J.; Planas, i@hem. Phys. Lett1998 285 186-197.
even at the zero-point vibration in addition to essentially free () Schuetz. M. Rauhut, G.: Werner. H-J. Phys. Chem. A998 102

rotation about the 3-fold rotational barrier about the--B 5997-6003. (g) Paizs, B.; Suhai, S. Comput. Chem1998 19, 575-
H-bond discussed in the methods section above. Perrin hasss4.

shown that NH' rotates in aqueous solution with rapid (9) Kobko, N.; Dannenberg, J. J. Phys. Chem. 2001, 105 1944.
exchange of the H-bonding donors and acceptors. (10) Feyereisen, M. W.; Feller, D.; Dixon, D. Phys Chen.996 100,

: : 993.
Because the purpose of this paper is to compare the CP2 and . ) i
CP3 approaches to CP correction rather than provide state-of- (1) Reimers, J; Watts, R.; Kiein, NChem. Phys1982 64, 95.
. . . (12) Simon, S.; Duran, M.; Dannenberg, JJJPhys. Chem. AL999
the-art calculations on the species studied, we have not corrected g3 1640.
the enthalpies for the effects of low frequency torsional  (13) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
vibrations other than those mentioned above. In principle, thesel\s/l. A, Che%selr;aré. J. R-;JZékrzE)ewsk!, I:/.SG-;Ml_\I/IIOntgtjml\slrbe- A.I, J/&;
imi 2 H tratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
modes shoyld be eliminated for the calculation of enthalpies aS 5 udin, K. N.: Strain, M. C.. Farkas, O.. Tomasi. J.. Barone, V.. COssi,
they are virtually free of constraint at 298 K. Other low- ' cammi, R Mennucci, B.: Pomellii, C.: Adamo, C.: Clifford, S.:
frequency modes, such as those that exchange the H-bondingdchterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,

and other H's in NH™/H-0, might also be properly eliminated D. K Rabuck, A. D.; Ragha_vachari,' K.; Foresman', J. B.; Cioslowski, J
Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi,

from the enthalpy calculations. I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A;
C lusi Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M.
onclusions W.; Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,

We ha\/e Shown that using a three_fragment Counterpoise M.; Replogle| E. S.; Pople, J. MGaussian 98revision A.10; Gaussian,

correction (CP3) for ion/molecule complexes can provide a ¢ Pitisburgh, PA, 1998.
. . . . (14) A copy of the program to perform counterpoise-corrected optimiza-
viable approach to calculating potentially symmetric complexes iions is available at http://iqc.udg.egperico.

without the bias toward unsymmetrical structures inherentin a  (15) Meot-Ner (Mautner), M; Speller, C. \. Phys. Chem1986 90,
two fragment (CP2) correction. On the other hand, the CP3 6616.
approach does not necessarily improve the calculated interaction (16) Payzant, J. D.; Yamdagni, P.; Kebarle(n. J. Chem1971, 49,
energies over CP2. In fact, we observed no significant differ- 33((’57) Xantheus, S. SI. Am. Chem. Sod995 117, 10373
ences in the calculated interaction energies. Thus, the potential (18) Grimm, A, R.: Bacskay, G. B.. Haymet, A. D. Mol Phys1995
problem related to how the charges are distributed among thegg 369,
fragments that we mentioned in the Introduction seems to be  (19) wei, D.; Proynov, E. I.; Milet, A.; Salahub, D. R. Phys. Chem.
of minor significance. A 200Q 104, 2384.

] ) (20) Pudzianowski, A. TJ. Chem. Phys1995 100, 4781;1996 102,
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