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Abstract The effect of the inclusion of counterpoise
corrections (CP) on the accuracy of interaction energies has
been studied for different systems accounting for (1)
intermolecular interactions, (2) intramolecular interactions
and (3) chemical reactions. To minimize the error associ-
ated with the method of choice, the energy calculations
were performed using CCSD(T) in all the cases. The values
obtained using aug-cc-pVXZ basis sets are compared to
CBS-extrapolated values. It has been concluded that at
least for the tested systems CP corrections systematically
leads to results that differ from the CBS-extrapolated ones
to a larger extension than the uncorrected ones. Accord-
ingly, from a practical point of view, we do not recommend
the inclusion of such corrections in the calculation of
interaction energies, except for CBS extrapolations. The
best way of dealing with basis set superposition error
(BSSE) is not to use CP corrections, but to make a com-
putational effort for increasing the basis set. This approach
does not eliminate BSSE but significantly decreases it, and
more importantly it proportionally decreases all the errors
arising from the basis set truncation.
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1 Introduction

The term basis set superposition error (BSSE) was intro-
duced by Liu and McLean in 1973 [1], although it was first
reported in 1969 by Kestner [2] for the helium dimer and by
Jansen and Ros [3] for the protonation of carbon monoxide.
In the last decades it has been extensively studied and
reviewed [4-19]. However, it remains a controversial sub-
ject. BSSE arises when two (or more) fragments approach
to form a supermolecule and it is a consequence of the basis
set incompleteness. The description of fragment A within
the complex is improved by the basis functions of fragment
B and vice versa, while such extension is not possible in the
calculation of the isolated fragments. Therefore, the energy
of the fragments in the complex (Es(ap}, Ep(ap;) becomes
lower than in the isolated fragments (E4, Ep). Since the
interaction energy associated with the supermolecule for-
mation (El,p) is calculated as:

Elyy = EQf — EQ™ — Ep™ (1)

where the superscript Opt denotes that their geometries have
been optimized, the energy release involved in the AB for-
mation decreases due to two factors: the actual stabilization
of the system due to the interaction of the fragments and the
artificial improvement of their description. This second
effect (BSSE) is a computational artifact, which causes an
unphysical overestimation of the interaction energy.

It is important to notice that BSSE is independent of
the kind of interaction involved in the formation of the
supermolecule and that for a given basis set, it is
expected to increase as the fragments become closer. It is
often considered when studying the interaction of inter-
molecular complexes, but only at that point of the
potential energy surface (PES). Recently, Kobko and
Dannenberg [19] have pointed out the importance of
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taking BSSE into account when computing transition
states (TS) where the same problem is expected. How-
ever, when an addition reaction is studied and the energy
associated with the product formation is computed usu-
ally the BSSE is not taken into account. This is a sur-
prising fact since the magnitude of the BSSE is expected
to increase in the following order: encounter com-
plex < TS < addition product. This is the logical order
based on the very nature of the BSSE and on the pro-
ximity of the fragments at each point of the PES. BSSE
is present in any molecular quantum chemical calculation
using the LCAO approach in conjunction with finite
Gaussian basis sets, and it should be taken into account
for all energy calculations relative to isolated fragments
or for none of them. It is inconsistent to consider BSSE
only for weakly bonded complexes. In fact the impor-
tance of BSSE in strongly bound systems has been pre-
viously pointed out [20, 21].

To remove the artificial energy lowering caused by the
BSSE a positive correction (5}225]5) needs to be included in
Eq. (1):

Elyp = Egf — E™ — EP' + 535" (2)

The most widely used approach to correct BSSE is the
counterpoise correction (CP", n = number of fragments)
proposed by Boys and Bernardi [22, 23]. When the energy
of each fragment is calculated with the full basis set of the
supermolecule (but without the nuclei or electrons of the
other fragments), using so-called “ghost orbitals”, this
approach is referred to as full-counterpoise (FCP). For a
two-fragment scheme, Eq. (1) becomes:

2
ELS" = Exp — Eagap) — Epjan (3)

where the energies of the fragments are re-computed with
the {AB} basis sets, but are optimized using the fragment
geometries without the ghost orbitals. In this approach the
BSSE correction becomes:

Sy = (Ea + Eg) — (Eaqas) + Epan)) (4)

Another source of error within the CP scheme is the need
of geometry re-optimization within the CP approach.
Some researchers re-optimize the geometry with the
counterpoise correction included, and in some cases we
will also explore that option here. The equation for doing
this is
ELLGY = EgY — Egtiay — Enpay (3)
where the geometries of the fragments are re-optimized
with the {AB} basis sets.

Over the years the use of FCP approach has become a
controversial topic. It has been proposed that it overcor-
rects the BSSE (some examples can be found in 4, 5, 7-12,
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and references therein). One argument supporting this
overcorrection is based on the fact that, the basis set that is
actually available to a fragment in the supermolecule is not
the complete basis set of its partner but only the space of
the unoccupied orbitals. Accordingly, the interaction
energies, calculated using Eq. (3), become less attractive
than they should be. A different approach, known as virtual
counterpoise (VCP), was proposed by Daudey et al. [5]. In
the VCP scheme the energies of the fragments in the
supermolecule are calculated using a basis that contains the
ghost virtual orbital space but not the ghost occupied
orbitals. However, van Duijneveldt et al. [14] argued that
the full CP scheme is conceptually correct and does not
overcorrect BSSE.

The CP approach is also affected by the number of
fragments chosen to represent the interaction. It the two-
fragment scheme is used, problems of definition arise for
open shell species interacting with neutral molecules. For
this particular problem, a three-fragment approach has also
been tested [16-19]. However, the CP correction values
increases with the number of fragments, increasing the
uncertainty on the reliability of this kind of corrections.
Other ambiguity issues, within the two-fragment CP
schemes, have also been reported. For the HF trimer, for
instance, different BSSE corrections are obtained depend-
ing on the definition of the fragments, i.e. the correction to
the H---F interaction calculated for HF---(HF---HF) is dif-
ferent than that for (HF---HF)---HF [24].

Recently, a new CP approach that eliminates the frag-
ment-definition issues has been proposed by us [25]. It is
known as “atom-by-atom” scheme (CP**). Within the CP**
scheme the intramolecular BSSE of all the involved species
are computed considering every atom as a fragment. Then
the BSSE correction associated with the supermolecule
formation is obtained by subtracting the intramolecular

BSSE of the fragments from the BSSE of the
supermolecule:
San " (CP*) = CPyy, — CPY — CPy! (6)

This approach not only eliminates the fragment-definition
problems but also significantly decreases the reported
counterpoise overcorrection of the A-B interaction, even
though it includes all the ghost orbitals, and not only the
unoccupied ones.

In addition to the issues discussed above, about CP
corrections of BSSE, it is important to notice that the
corrections are intended to “improve” the interaction
energy between two fragments, i.e. to make theoretical
descriptions better reproducing the actual phenomena.
However, BSSE is not the only error arising from the basis
set incompleteness. At Hartree—Fock level the truncation of
the basis set introduces errors in the total energy of any
modeled system. Accordingly, these errors are present in
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the calculation of the energies of A, B and AB, and nec-
essarily lead to an error in the interaction energy at any
level of theory. However, the sign of this error is not
necessarily known. Additionally, when A and B approach
the electrons of A correlate their movement with the
electrons of B, which causes the London dispersion forces.
These forces are attractive but with truncated basis sets,
and limited configuration interaction methods, these inter-
action energies are underestimated. By analogy with BSSE
we are naming this error basis set correlation error (BSCE).
BSCE and BSSE have opposite sign. However, while
correcting BSSE has become a common practice, correc-
tion for the BSCE is not included into the interaction
energy estimations. Accordingly, the BSSE “overcorrec-
tion” also arises from correcting only one of two errors of
opposite sign. Accordingly, it seems worthwhile to wonder
if including BSSE corrections is the best approach for
practical purposes, i.e. for reproducing the actual behavior
of the studied systems. At this point it seems that the
controversy about BSSE has overcome the CP overcor-
rection issue and discussion should be focused on whether
the inclusion of BSSE corrections improves or doesn’t
improve the interaction energies.

From a pragmatic point of view it has been reported
that sometimes the use of CP correction does not lead to
improved interaction energies [6, 7]. Therefore it has
been proposed not to use CP corrections, but instead to
make a computational effort for increasing the basis set.
This approach does not eliminate BSSE but significantly
decreases it, and most importantly it proportionally
decreases all the errors arising from the basis set trun-
cation. Surprisingly, this theoretically sound suggestion
has been generally ignored and the CP correction is
extensively used. At the time these suggestions were
made it was not possible to get reliable BSSE-free
energies and to prove that the CP corrections do not
improve the interaction energies with respect to its
magnitude at infinite basis set. Nowadays it is possible to
do that using extrapolations to complete basis set (CBS)
for relatively small systems and comparing these results,
which are BSSE-free, with those obtained by “correct-
ing” with the CP scheme. Direct comparisons with
experiment are not an alternative procedure since the
calculated energies are always affected by the intrinsic
errors of the chosen method and not only by the
incompleteness of the basis set.

In a very interesting paper by Dunning [26] he stated:
“It is quite possible and even probable that the binding
energies computed without the counterpoise correction, are
closer to the complete basis set limit than the corrected
values. This frustrating (or lucky) situation (depending on
your proclivities) is due to the fact that the BSSE and the
basis set convergence error are often of opposite signs”. On

the other hand the CP scheme is widely used with the
purpose of increasing the accuracy of calculations. There-
fore, the main goal of this work is to test if the inclusion of
CP corrections actually improves the computed data, for
commonly used basis sets, taking CBS approaches as ref-
erence. Obviously this test must be performed on a limited
set of systems, thus they were selected to include interac-
tions of different nature.

2 Computational details

All the calculations were performed with the Gaussian 03
packages of programs [27]. Different systems in which
BSSE could be important have been considered. They
correspond to three different kinds: (1) intermolecular
interactions, (2) intramolecular interactions and (3) chemi-
cal reactions. The dimers of argon, HF and HCI have been
chosen as representative of the first kind. In the Ar dimer
the attractive interaction is purely due to correlation energy
and the choice of the number of fragments is unambiguous.
Moreover, these systems are of special importance because
the interaction energies are very small and therefore the
geometry is very sensitive to the level of the calculation.
Even though both HF and HCI dimers are formed through
hydrogen bonding, they are different in nature. While HF
dimer constitutes a classical hydrogen-bonded system, HCI
dimer is a system bound mainly by dipole forces. The F,
molecule has been chosen for studying intramolecular
interactions. In addition the H abstraction from formalde-
hyde by OH radical and the OH addition to acetylene have
been modeled as examples of chemical reactions.

To minimize the error associated with the method of
choice, the energy calculations were performed using
CCSD(T) in all the cases. Geometry optimizations were
performed at the same level when possible. When such
procedure became computationally unfeasible, the geo-
metries have been obtained using other strategies that are
clarified in the section corresponding to each particular
case. For systems with more than two atoms we have
tested conventional and atom-by-atom CP approaches.
Within the CP** approach the atomic fragments were
modeled in their ground state, i.e. H, F, Cl: charge O,
multiplicity 2; C, O: charge 0, multiplicity 3; Ar: charge
0, multiplicity 1.

Extrapolations to complete basis set, with and without
CP corrections, have been performed using the aug-cc-
pVXZ (X =2, 3,4, 5) or (X =2, 3, 4) correlation con-
sistent basis sets [28]. The extrapolations were performed
using the Klopper type [29] expression:

a b

+ 27 (7)

f(X) = fens ttxa
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Theoretically both ways of CBS extrapolation (with and
without including CP corrections) should converge to the
same value. Any disagreement between them could be
attributed to several problems, such as extrapolation pro-
cedure, chosen method, basis set quality, etc. This subject
has been recently addressed by Varandas [30], and it was
found that extrapolation without CP is an excellent choice.
In the present work both extrapolations are reported but all
the errors are calculated with respect to the CP-corrected
extrapolated values.

3 Results and discussion
3.1 The Ar dimer

In this case we have used aug-cc-pV(X+d)Z basis sets,
since they have been proven to better describe molecules
containing second row atoms [31]. The binding energies
(BE = E, + Ey — E,p) with (BE?) and without (BE) CP
corrections are reported in Table 1, for the Ar dimer. The
deviations of BEY and BE from the value obtained by
CBS (BE®®%) extrapolation are also reported in this table.

It was found that the general trend of the uncorrected
binding energies is to increase with the basis set size. It
was found that the CP-corrected BE values are system-
atically worse than the uncorrected ones. Even for the
smallest tested basis set the deviation of the BE uncor-
rected value is 0.059 kcal/mol, while the deviation of the
corrected value is 0.157 kcal/mol. The same trend was
obtained for all the other tested basis sets. Accordingly,

Table 1 Binding energies with and without CP corrections, and their
deviations from the value obtained by CBS extrapolation (all in kcal/
mol) for argon dimer

BE BEY BE®BS — BE BEBS — BE®P

Using uncorrected geometries

aug-cc-pV(D+d)Z 0.223 0.124  0.059 0.158
aug-cc-pV(T+d)Z 0.272 0.200  0.010 0.082
aug-cc-pV(Q+d)Z 0.271 0.237  0.011 0.045
aug-cc-pV(5+d)Z 0.285 0.259 —0.003 0.023
aug-cc-pV(6+d)Z 0.278 0.268  0.004 0.014
CBS-extrapol. 0.280 0.282
Using CP-corrected geometries

aug-cc-pV(D+d)Z 0.125 0.157
aug-cc-pV(T+d)Z 0.201 0.081
aug-cc-pV(Q+d)Z 0.237 0.045
aug-cc-pV(5+d)Z 0.259 0.023
aug-cc-pV(6+d)Z 0.268 0.014
CBS-extrapol. 0.282
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Fig. 1 Plot of binding energies (BE, in kcal/mol) obtained with and
without CP-corrections with different basis sets, compared to that
obtained at CBS limit

correcting only the BSSE would certainly worsen the BE
values compared to CBS limit. However, as the basis set
increases the error of the CP-corrected values decreases,
while the error of the uncorrected BE values shows a
slight zig-zag behavior. This leads to a smother conver-
gence for the former ones. The uncorrected CBS extrap-
olated and the CP-corrected CBS-extrapolated values
found for the Ar, system are identical, as theoretically
expected, and in agreement with the previous report by
Varandas for similar system [30]. It should be noticed that
the zig-zag pattern for the uncorrected values arises from
the very small errors from the aug-cc-pV(T+d)Z basis set
up. In fact the BE error using this basis set is smaller than
the BES" error when using aug-cc-pV(6+d)Z, i.e. there is
almost a perfect cancellation of errors between BSSE and
BSCE.

The trends on the binding energies obtained with and
without CP-corrections with different basis sets are shown
in Fig. 1. In this figure it becomes evident that as the size of
the basis set increases the differences in the values of the
BE computed with and without CP-corrections vanishes,
and that they converge to the CBS limit. The figure also
shows that non-corrected values are closer to the CBS limit
for all the tested basis sets, despite the fact that the con-
vergence of the uncorrected values is less smooth (zig-zag
pattern).

Geometry optimizations of the Ar dimer were performed
with and without CP-corrected gradients (Table 2). It was
found that the Ar—Ar distance in the dimer decreases with
the increase of the basis set with both methodologies but
converging to the same value (3.780 A). For basis sets
from aug-cc-pV(D+d)Z to aug-cc-pV(5+d)Z the Ar—Ar
distance is larger when CP correction is used, which is the
expected behavior. The difference between CP-corrected
and uncorrected distances decreases with the size of the
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Table 2 Ar—Ar distance (/D\) obtained from optimizations with and
without CP-corrected gradients

d(Ar-Ar) d(Ar-Ar)¢?
aug-cc-pV(D+d)Z 3.998 4.063
aug-cc-pV(T+d)Z 3.821 3.836
aug-cc-pV(Q+d)Z 3.801 3.820
aug-cc-pV(5+d)Z 3.780 3.799
aug-cc-pV(6+d)Z 3.780 3.780

basis set, with a largest difference of 0.065 A for the aug-
cc-pV(D+d)Z. The dependence of the bond distance with
the size of basis set was found to be less marked for the
conventional optimizations. The Ar—Ar distance was found
to vary by 0.283 and 0.218 A (aug-cc-pV(D+d)Z to aug-
cc-pV(6+d)Z) for CP-corrected and uncorrected geo-
metries, respectively. The binding energies obtained when
using CP-corrected geometries are very similar to those
obtained from conventional geometry optimizations
(Table 1). However, the BES®S — BEF difference slightly
decreases, as expected, when the geometries are optimized
using the CP-corrected gradients.

The trend on the Ar—Ar distance as the size of the
basis set increases, when the optimizations are carried out
using CP-corrected gradients is compared with that
obtained from conventional geometry optimizations in
Fig. 2. This figure clearly shows that the larger difference
in the reported geometrical parameter occurs when the
smallest basis set is used, and that for aug-cc-pV(6+d)Z
they become identical. Accepting that the converged
geometry is the correct one, the conventional optimization
always leads to better geometrical description of the
Ar—Ar dimer.
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Fig. 2 Plot of Ar—Ar distance (A) obtained from optimizations with
and without CP-corrected gradients with different basis sets

Since aug-cc-pV(D+d)Z is a relatively small basis set,
the most widely accepted approach would probably be to
include CP corrections in the binding energy calculations.
Therefore, perhaps the most important comparison, in
terms of binding energies, is that between the CP-corrected
values for this basis set and the CBS-extrapolated value.
According to values in Table 1, the uncorrected binding
energy is underestimated by 0.059 kcal/mol, which repre-
sents a 21% error with respect to the CBS-extrapolated
energy, for non-CP corrected geometry. Since the uncor-
rected binding energy is already underestimated, the CP
corrections would actually worsen the result, leading to an
underestimation of 0.158 kcal/mol (56% error). This large
error might be attributed to the use of Ar, uncorrected
geometry. However, when the dimer geometry is CP-cor-
rected the error scarcely diminishes, even though the
geometry change is significant. Accordingly, it can be
stated that this basis set is not large enough to properly
describe such weak interaction and it should not be used for
that purpose. The drastic truncation of the basis set cer-
tainly cannot be corrected by including CP corrections in
the calculation of the binding energies.

The results up to this point might be enough to dem-
onstrate that the use of CP corrections do not represent a
systematic improvement in binding energies calculations,
since it is not possible to know a priori if such corrections
would actually improve the results. However, a similar
analysis needs to be performed for other systems in order to
elucidate if this case is the exception or the rule.

3.2 The F, molecule

The BSSE in a chemically bonded molecule is not a well-
studied phenomenon, but as it was pointed out previously
the BSSE is present in any system with more than one atom
[20, 21]. This is the reason for which it is recommended to
use CP correction in chemical reaction when bonds are
breaking or forming [19]. Therefore, there is no reason to
ignore it when energies of reaction are calculated. Kobko
and Dannenberg [19] proposed to use a three-fragment CP
correction for methane + CH; reaction. Within this
scheme the intramolecular BSSE of one of the C—H bonds
of methane was calculated.

Since the atoms are closer when involved in chemical
bonds than they are in intermolecular complexes, the
magnitude of the BSSE is even larger in the former case.
However, its relative importance is minor because the
energy evolution associated with the chemical reaction is
usually significantly larger than the BSSE. We have used
the F, molecule as an example for illustrating the impor-
tance of the intramolecular BSSE.

The values in Table 3 show that the trends are very
similar than those previously discussed for the Ar dimer, in
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Table 3 Binding energies with and without CP corrections, and their
deviations from the value obtained by CBS extrapolation (all in kcal/
mol) for the F, molecule

BE BE®®  BE®BS — BE BE‘BS — BEF

Using uncorrected geometries

aug-cc-pVDZ  29.859 27.254 8.438 11.042

aug-cc-pVTZ  36.388 34.856 1.909 3.441

aug-cc-pVQZ  37.601 36.811 0.696 1.486

aug-cc-pV5Z  37.991 37.768 0.306 0.529

CBS-extrapol. 38.297 38.586

Using CP-corrected geometries

aug-cc-pVDZ 27.268 - 11.029

aug-cc-pVTZ 34.864 - 3.433

aug-cc-pVQZ 36.812 - 1.485

aug-cc-pV5Z 37.768 — 0.529
38.297

spite of a dramatic change in the nature of the interaction
and in the magnitude of the binding energy. The CBS-
extrapolated value was found to be equal to 38.586 kcal/
mol. Increasing the basis set size provokes a systematic
increase in the binding energy from 29.859 kcal/mol (aug-
cc-pVDZ) to 37.991 kcal/mol (aug-cc-pV5Z), when CP
corrections are not included. There is a large discrepancy
between the DZ result and the CBS-extrapolated one
(8.727 kcal/mol). Therefore, since by definition the CP
correction diminishes the binding energy, its inclusion will
worsen the value of the interaction energy regardless of the
size of the basis set. Clearly, the largest error is obtained
when the smallest basis set is used. The discrepancy
between BESY and BECBS is 11.332 kcal/mol, when using
DZ basis set, i.e. about 2.6 kcal/mol larger than that cal-
culated without including CP corrections.

The behavior of the BE compared to the BE" is very
similar when using CP-corrected geometries, with differ-
ences no larger than 0.014 kcal/mol. The values of the F-F
distance corresponding to conventional geometry optimi-
zations and using the CP-corrected gradients are shown in
Table 4. With the exception of the values obtained with
aug-cc-pVDZ set, all the d(F-F) values are very similar. In
fact they can be considered identical from aug-cc-pVQZ

Table 4 F-F distance (/OX) obtained from optimizations with and
without CP-corrected gradients

d(F-F) d(F-F)?
aug-cc-pVDZ 1.450 1.457
aug-cc-pVTZ 1.418 1.423
aug-cc-pVQZ 1.413 1.415
aug-cc-pV5Z 1.411 1.411
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regardless of the inclusion of the CP-corrected gradients.
For the smallest of the tested basis sets (DZ), the discre-
pancy from the converged value was found to be slightly
larger if the geometry is optimized within the CP frame.
Accordingly it represents a useless increase in computa-
tional cost to optimize the geometry using CP-corrected
gradients, even for the smallest of the tested basis sets. It
should be noticed that the only difference with the Ar
dimer, discussed above, is that the convergence of the
interatomic distance is much faster for the F, molecule,
which is a logical finding due to the different nature of both
interactions.

3.3 The HF dimer

To keep the level of theory as high as possible and to
minimize the computational cost the geometrical para-
meters for this system were taken from a previous publi-
cation by Peterson and Dunning [32]. In that work the
geometries were fully optimized at CCSD(T)/aug-cc-pVTZ
while for aug-cc-pVQZ partial optimizations were per-
formed for the F-F distance. The other bond distances were
extrapolated and the aug-cc-pVTZ bond angles were used.
In the present work we have used CBS extrapolations
DZ-5Z instead of DZ-QZ, and the geometrical parameters
for aug-cc-pV5Z are those obtained for aug-cc-pVQZ. In
this case geometries were not optimized using CP correc-
tion, since it makes the computational cost almost pro-
hibiting with no significant gain in the quality of the energy
results, as demonstrated above. In this case the supermol-
ecule contains more than two atoms, i.e. the fragments
themselves are polyatomic systems. Accordingly, in addi-
tion to the conventional two-fragment CP approach (CP?),
the atom-by-atom corrections (CP*) were also used to
account for BSSE. For this and all the following systems
the CP-corrected CBS-extrapolated values used as refer-
ence for computing BE errors are those obtained from the
CP* approach. However, if the errors were computed with
respect to the conventional CP extrapolations the conclu-
sions would be the same.

The binding energies for the HF dimer do not present the
systematic behavior of the Ar, and F, systems (Table 5).
The nature of the interaction is more complex, since
hydrogen bond and dipole—dipole interactions are present.
Another difference with Ar, and F, systems is that the
attractive interaction in the HF dimer involves an H atom.

A total BSSE of 1.73 kcal/mol was obtained for the
intramolecular BSSE in the HF molecule using aug-cc-
pVTZ basis set. This value represents the sum of the energy
improvement of the F atom when computed including
the ghost orbitals of the H atom (Ey—Epyr;) and the
equivalent improvement in the description of the H atom
(Ee—Eniary):
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Table 5 Binding energies without CP corrections and with CP? and CP* corrections, and their deviations from the value obtained by CBS

extrapolation (all in kcal/mol) for the HF dimer

BE BECP? BECPaa BECBS _ BE BECBS _ BECP2 BECBS _ gECPaa
aug-cc-pVDZ 4.813 4.023 4.163 —0.232 0.558 0.417
aug-cc-pVTZ 4.829 4313 4.377 —0.248 0.268 0.204
aug-cc-pVQZ 4.724 4.486 4.512 —0.143 0.095 0.069
aug-cc-pV5Z 4.652 4.525 4.547 —0.071 0.056 0.034
CBS-extrapol. 4581 4.593 4581
OBSSE _ GBSSE y BSSE (8)  cc-pVDZ and cc-PV5z basis sets. The results were found
to be qualitatively independent of the used method and
where: show that the charge transfer is larger when using the
BSSE _ 5 smaller basis set: 0.020 and 0.012 electrons for DZ and
op  =EF Er(ury 9) 5Z basis sets, respectively, and the M05-2X functional.
51135515 = Ey — Engur) (10) The E'(2) . ene?gy, associated with the inFermolecular
delocalization is larger (12.01 kcal/mol) using the DZ
It was found that Op°5F = 1.7kcal/mol and  basis set than with the 5Z basis set (8.93 kcal/mol). This

5§SSE = 0.03 kcal/mol. Therefore, the BSSE due to the
incompleteness of the basis set for the H atom can be
considered negligible (1.76% of the total BSSE). As a
consequence, in interactions where the key role is played
by H atoms, one of the fragments is less affected by BSSE
and the total BSSE is smaller than that for those cases
where the intermolecular interaction does not involve H
atoms. For this reason intermolecular associations ruled by
interactions involving H atoms are not the best example for
generalizations about the proper use of CP corrections.
Unfortunately due to the importance of hydrogen bonds,
these interactions have been widely used as examples in the
study of BSSE. In fact the most widely studied system,
related to BSSE, is the water dimer.

The HF dimer is also a special case in the sense that
a Hartree—Fock calculation of the binding energy with a
relatively small basis set (aug-cc-pVDZ) gives a binding
energy of 3.85 kcal/mol with errors of 0.75 and
0.73 kcal/mol compared to the experimental and
CCSD(T) extrapolated values, respectively. The only
explanation for such good agreement is a fortuitous
cancellation of errors. Using CP? correction the HF/aug-
cc-pVDZ binding energy becomes equal to 3.67 kcal
mol. i.e. the BSSE error is 0.18 kcal/mol. Increasing the
basis set to aug-cc-pVQZ does not change the CP-cor-
rected binding energy, in spite of the fact that the BSSE
error diminishes to 0.05 kcal/mol which could be
attributed to the decrease of the dipole moment from
1.899 to 1.884. It also can be attributed to the decrease
of the electron sharing effects or the intermolecular
delocalization when the basis set is increased. To test
that we have performed NBO calculations of the HF
dimer using Hartree—-Fock and MO05-2X functional with

means that the covalent component of the binding energy
of the HF dimer decreases as the basis set increases. In
other words, this a case where the sing of the error due
to the basis set truncation have the same sign as the
BSSE and opposite to the error due to the incomplete CI
which is larger for the smallest basis set. This denotes
that including BSSE could actually improve or at least
not worsen the energies for this particular case and
probably for conventional H bonds. However, this
behavior cannot be extrapolated to other systems
involving a different kind of interaction. In other words,
these results are valid for H-bonded systems, and
H-bonded systems only.

Values in Table 5 show that going from aug-cc-pVDZ
to aug-cc-pVTZ the uncorrected BE increases, while it
decreases from aug-cc-pVTZ to aug-cc-pVQZ. This is a
different trend than those previously described for Ar
dimer and F, molecule. Comparing uncorrected and CP-
corrected binding energies with the CBS-extrapolated
value it can be noticed that the uncorrected BE are
overestimated and the BE"? and BE“"™ values are
underestimated. For the aug-cc-pVDZ basis set the largest
absolute value of the discrepancy was obtained within the
BECF? scheme, while the uncorrected value shows the
best agreement with the CBS extrapolation. This is a clear
example that the generalized conception that the smaller
the basis set the largest the improvement by including
BSSE is not always fulfilled, at least when using the
conventional CP? approach. For the aug-cc-pVTZ basis
set the error of the uncorrected value is of similar mag-
nitude but opposite sign than the CP-corrected ones. For
the other two basis sets the largest discrepancy with the
CBS-extrapolated value arises from uncorrected values,
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but the BSSE is almost negligible. Comparing the results
obtained by including CP? and CP* corrections, it can be
noticed that the latter are slightly closer to the CBS-
extrapolated ones.

3.4 The HCI dimer

Geometry optimizations were performed for this system at
the CCSD level using analytical gradients in conjunction
with TZ basis sets.

In contrast with the HF dimer, which is mainly
formed through electrostatic interactions and partial
covalent bonding, dispersion interactions are more
important in the formation of the HCI dimer. Accord-
ingly it seems interesting to compare the binding energy
results for both systems. It was found that, as in the case
of the HF dimer, the uncorrected BE are overestimated
and the BE“*? and BE“™ values are underestimated,
regardless of the used basis set. The underestimation
from BE“F* approach was found to be lower than that
from BE"? scheme. In this case when the aug-cc-pVDZ
basis set is used the largest absolute value of the dis-
crepancy with the CBS extrapolation was also obtained
within the BESF? approach, while it arises from uncor-
rected values for the rest of the tested basis sets
(Table 6).

Despite the difference in the relative importance of the
various kinds of forces leading to the formation of the HF
and HCI dimers, both systems behave similarly in terms of
the BSSE influence on the binding energy. In both cases the
interaction of the two fragments involves an H atom, in
contrast to the Ar, and F, examples.

3.5 The formaldehyde + OH reaction

For this system geometry optimizations were also per-
formed at the CCSD level using analytical gradients in
conjunction with TZ basis sets. Due to the size of the
system the calculations were performed only up to aug-cc-
pVQZ. In this case we will focus on the BSSE influence on
the barrier of reaction (AE = Ets — EReac). This is of
particular interest since AE is the main parameter when
comparing the viability of different reaction paths, and also
represents the energetic feature that rules kinetic
calculations.

This reaction is known to occur exclusively by H
abstraction and with small negative activation energy [33].
Accordingly the transition state structure can be thought as
a three-fragment system: HC(O)---H---OH. Thus, the CP
corrections have been performed within the CP’ and CP*
schemes. The most significant finding in this case is that
regardless of the used basis set the CP-corrected barriers
differ from the CBS extrapolation to a larger extent than
the uncorrected ones, with smaller differences for CP**
than for CP® scheme (Table 7). Even the uncorrected AE
obtained with the smallest of the tested basis set (aug-cc-
pVD?Z) is closer to the extrapolated one than those obtained
using the largest (aug-cc-pVQZ) and counterpoise correc-
tions. Accordingly, the use of CP corrections worsens the
interaction energy (AE), i.e. from a practical point of view
is a better approach to use the uncorrected values. Actually
the largest discrepancy with AES®S from the uncorrected
calculations is —0.407 kcal/mol, while the smallest dis-
crepancy from the CP? and CP*-corrected barriers are
—0.678 and —0.485 kcal/mol, respectively.

Table 6 Binding energies without CP corrections and with CP? and CP™ corrections, and their deviations from the value obtained by CBS

extrapolation (all in kcal/mol) for the HCI dimer

BE BECP2 BECPa BECBS _ BE BECBS _ BECP2 BECBS _ gECPaa
aug-cc-pVDZ 2.258 1.537 1.567 —0.280 0.441 0.411
aug-cc-pVTZ 2.152 1.781 1.828 —0.174 0.197 0.150
aug-cc-pVQZ 2.049 1.889 1.909 —0.071 0.089 0.069
aug-cc-pV5Z 2.008 - - —0.030 - -

CBS-extrapol. 1.952 1.996 1.978

Table 7 Electronic energy barriers without CP corrections and with CP* and CP* corrections, and their deviations from the value obtained by

CBS extrapolation (all in kcal/mol) for the formaldehyde + OH reaction

AE AEP? AESF®2 AE®®S — AE AESBS — AEP? AESBS — AECP
aug-cc-pVDZ —0.352 1.27 0.487 —0.407 —2.029 —1.246
aug-cc-pVTZ —0.427 0.349 0.128 —0.332 —1.108 —0.887
aug-cc-pVQZ —0.468 —0.081 —0.274 —0.291 —0.678 —0.485
CBS-extrapol. —0.665 —0.527 —0.759
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Table 8 BSSE (in kcal/mol) for electronic barriers and energies of
reaction calculated according to CP? and CP* schemes for acety-
lene + OH reaction

Barrier Energy of reaction

Cp cp* CP Ccp*
aug-cc-pVDZ 2.076 1.345 4.944 2.872
aug-cc-pVTZ 0.781 0.474 1.940 1.149
aug-cc-pVQZ 0.315 0.169 0.780 0.445

3.6 The acetylene + OH reaction

In this case geometry optimizations were also performed at
the CCSD level using analytical gradients in conjunction
with TZ basis sets and, as for the previous system, the
calculations were performed only up to aug-cc-pVQZ due
to the size of the system. In the particular case of addition
reactions it seems interesting to analyze BSSE not only for
the barrier but also for the energy of reaction, since it is
expected to increase as the fragments become closer. If this
assumption is correct, BSSE should be larger for the latter
interaction energy since the fragments are as close as
possible in the addition product, and according to the
results in Table 8 that is exactly the case. Therefore, if
BSSE corrections are going to be included in the compu-
tation of a specific reaction, there is no reason to do that in
the calculation of the interaction energies of the weak
complexes and not in the transition state where the frag-
ments are closer. Furthermore, if the studied reaction rep-
resents an addition process, then the BSSE should be
included along the whole reaction path. This would be the
only coherent way to include BSSE corrections.

The values corresponding to reaction barriers and
energies of reaction calculated within BSSE uncorrected,
CP? and CP* schemes are shown in Tables 9 and 10,
respectively.

The best agreement with the CBS-extrapolated values
was found for those calculations that do not include any CP
correction, regardless of the used basis set. With the
exception of the uncorrected result, obtained with DZ basis
set, all the other calculated barriers are higher than the
CBS-extrapolated value. Since the inclusion of CP

corrections to BSSE also increases the interaction energies,
such inclusions invariably worsen the results. Similar effect
is found for the energies of reaction, since they are all less
negative than the CBS-extrapolated ones.

3.7 Related studies

There are several publications that support the results
presented above. Gruber-Stadler et al. [34] have found that
even using the CP* approach at RHF-RCCSD(T)/aug-cc-
pVTZ level of theory, the corrected activation energy of
Cl + formaldehyde reaction is overestimated compared to
the CBS-extrapolated value. Accordingly, they concluded
that the error due to the truncation of the basis set is larger
than the BSSE, and for that reason they excluded the
correction from the kinetic calculations. In a recent work
from our group [35] we arrive to similar conclusion in the
study of isoprene and butadiene + OH reactions. The
CBS-QB3 and uncorrected MP2/6-3114++G(d,p) results
are in excellent agreement with experimental rate coeffi-
cient. However, the rate coefficient calculated using CP-
corrected MP2/6-311+4+4-G(d,p) energies disagrees with the
experimental value in several orders of magnitude which
corresponds to an overestimation of the activation energy
by almost 5 kcal/mol. Papajak et al. [36] have shown that
increasing the size of the basis set does not necessarily
decrease the CP correction. In particular they have dem-
onstrated (averaged over 18 cases) that smaller basis sets
can produce smaller counterpoise corrections than larger
basis sets. Dabkowska et al. [37] studied H-bonded and
stacked uracil dimers and found that the uncorrected
geometries with a small basis set 6-31g(d) are equivalent to
the counterpoise corrected cc-pVTZ ones. That finding also
supports the conclusions from the present work. Moreover,
from our experience calculating many atmospheric reac-
tions at high level of theory [38 and references 27, 28, 87,
122, 140, 169-171 therein; 39-44] we always get an
excellent agreement with experiment when using uncor-
rected energies, while any attempt to use CP-corrected
energies worsen the agreement with experiments. This may
be the reason why in computational kinetics the use of
counterpoise corrections is exceptional.

Table 9 Electronic energy barriers without CP corrections and with CP* and CP™ corrections, and their deviations from the value obtained by

CBS extrapolation (all in kcal/mol) for the acetylene + OH reaction

AE AECP? AECP AECBS — AE AECBS — AECP3 AECBS — AECPa
aug-cc-pVDZ 0.267 2.343 1.612 0.097 —-1.979 —1.248
aug-cc-pVTZ 0.795 1.576 1.268 —0.431 —1.212 —0.904
aug-cc-pVQZ 0.692 1.006 0.86 —0.328 —0.642 —0.496
CBS-extrapol. 0.471 0.358 0.364
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Table 10 Electronic energies of reaction without CP corrections and with CP? and CP** corrections, and their deviations from the value obtained
by CBS extrapolation (all in kcal/mol) for the acetylene + OH reaction

AE AEP? AECF AES®S — AE AECPS — AEP? AECBS — AECPe
aug-cc-pVDZ —33.985 —29.041 —31.113 —0.861 —5.805 —3.733
aug-cc-pVTZ —33.093 —31.153 —31.944 —1.753 —3.693 —2.902
aug-cc-pVQZ —33.685 —32.905 —33.24 —1.161 —1.941 —1.606
CBS-extrapol. —34.607 —34.927 —34.846
Fig. 3 Root mean square errors 6.0 4 14 -
(RMSE) with respect to CBS- (A) (B)
extrapolated values for: a all the
studied systems, b the subset of ® Uncorr m Uncorr
systems involving only weak CP CP
interactions O CPaa OCPaa
1}
1)
2 7]
m E
o

4 Concluding remarks

It is clear that using only six systems, even if they are
carefully selected to take into account as many kind of
interactions as possible, we cannot conclude that CP cor-
rections always worsen the interaction energies. However,
it is enough to prove that CP does not always improve
interaction energies as frequently assumed.

To help to visualize the results from the present work
altogether, root mean square errors (RMSE) have been
calculated with respect to the CBS-extrapolated values.
The results are shown in Fig. 3, where they have been
displayed in two different ways: including all the studied
systems (A), and including only the subset of systems that
involves weak interactions (B), i.e. excluding the F, system
and the energy of reaction for the acetylene 4+ OH reac-
tion. It is clear from Fig. 3 that the discrepancies with
CBS-extrapolated values are smaller for the CP* scheme
than for the conventional two (or three)-fragment coun-
terpoise correction. This finding also supports the hypo-
thesis that the conventional CP schemes overcorrect for
BSSE, compared to CP*,

The most relevant information from Fig. 3 is that the
inclusion of CP corrections systematically leads to results
that differ from the CBS-extrapolated ones to a larger extent
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than the uncorrected ones. Contrary to the general belief,
this effect is more significant if only weak interactions are
analyzed. Accordingly, from a practical point of view, when
relatively small basis sets are used (DZ and TZ), we do not
recommend the inclusion of such corrections in the calcu-
lation of interaction energies since it would lead to values
with larger discrepancies with the accurate ones. Accord-
ingly, the best way of dealing with BSSE, for large-sized
systems that make CBS extrapolations computationally
unfeasible, is not to use CP corrections, but instead to make
a computational effort for increasing the basis set. This
approach does not eliminate BSSE but significantly
decreases it, and more importantly it proportionally
decreases all the errors arising from the basis set truncation.
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