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Explicitly correlated coupled-cluster calculations of intermolecular interaction energies for the S22 benchmark
set of Jurečka, Šponer, Černý, and Hobza (Chem. Phys. Phys. Chem. 2006, 8, 1985) are presented. Results
obtained with the recently proposed CCSD(T)-F12a method and augmented double-� basis sets are found to
be in very close agreement with basis set extrapolated conventional CCSD(T) results. Furthermore, we propose
a dispersion-weighted MP2 (DW-MP2) approximation that combines the good accuracy of MP2 for complexes
with predominately electrostatic bonding and SCS-MP2 for dispersion-dominated ones. The MP2-F12 and
SCS-MP2-F12 correlation energies are weighted by a switching function that depends on the relative HF and
correlation contributions to the interaction energy. For the S22 set, this yields a mean absolute deviation of
0.2 kcal/mol from the CCSD(T)-F12a results. The method, which allows obtaining accurate results at low
cost, is also tested for a number of dimers that are not in the training set.

Introduction

Intermolecular interactions play an important role in many
chemical systems. For example, hydrogen bonding π-stacking
interactions between nucleic acid base pairs are crucial for the
folding of nucleic acids, such as DNA and RNA. The theoretical
prediction of interaction potentials between nucleic acid base
pairs and other systems has therefore been the focus of many
recent papers.1-16 A particular challenge is the accurate predic-
tion of dispersion energies, which dominate π-stacking interac-
tions. The calculation of dispersion interactions is difficult
because they are pure electron correlation effects, which cannot
be described by simple methods such as Hartree-Fock or
standard density functional theory.

The CCSD(T) method (coupled-cluster with single and double
excitations and perturbative treatment of triple excitations) is
currently considered to be the most accurate method to compute
intermolecular interaction energies. However, due to the steep
scaling of the computational cost with molecular size (the triples
contribution scales as O(N7), where N is a measure of the
molecular size), such calculations can be performed only for
systems of quite limited size. Furthermore, large orbital basis
sets are needed, in particular when dispersion interactions are
considered. An alternative possibility to accurately compute
interaction energies is the use of symmetry-adapted intermo-
lecular perturbation theory, either in its original form17,18 or in
combination with density functional theory,19-24 but also for
these methods the computational cost is rather high.

Various approximations have been proposed in the literature
to overcome this problem. One possibility is to use density
functional theory with additional empirical terms for the
dispersion interaction,25-29 but even though it has been dem-
onstrated that this works reasonably well, the accuracy is difficult
to predict and cannot be systematically improved. A more
rigorous way is to use second-order Møller-Plesset perturbation
theory (MP2) or local MP2 (LMP2).4,9,30-32 These methods are
known to work very well for most hydrogen bonded (electrostatic-

dominated) systems,2 but usually overestimate the dispersion
interaction significantly. The latter problem can be much reduced
by the spin-component-scaled variant (SCS-MP2) of Grimme,33

but unfortunately, this method underestimates the interaction
energies of hydrogen bonded systems.4,6,9,34 Attempts to reop-
timize the scaling factors in SCS-MP2 for intermolecular
interactions have also been reported,6 but the improvements were
limited, and the resulting scaling factors were physically
unreasonable. Very recently, Pitonak et al.15 have proposed using
the average of MP2 and MP3 for computing interaction energies.
This is based on the observation that MP3 underestimates
dispersion interactions about as much as MP2 overestimates
them. In fact, the accuracy of this so-called MP2.5 approach is
quite good for both dispersion- and electrostatic-dominated
systems, but the drawback is that MP3 scales as O(N6) and is
much more expensive than MP2.

In the current paper, we present two new methods for the
accurate prediction of intermolecular interactions. Recently, we
have demonstrated that the convergence of MP2 interaction
energies with respect to the basis set is dramatically improved
by using the explicitly correlated MP2-F12 method.13 Here, we
extend this to explicitly correlated coupled-cluster theory. We
will show that the recently proposed explicitly correlated
CCSD(T)-F12a approximation35,36 already yields with aug-
mented double-� basis sets interaction energies that are more
accurate than standard CCSD(T) results obtained with aug-
mented quadruple-� basis sets. This reduces the cost for a given
dimer by 2 orders of magnitude. However, it does not change
the O(N7) cost scaling of the perturbative triples correction,
which is essential to obtain accurate results.

To be able to compute reasonably accurate interaction
energies for larger systems, we propose a new variant of the
SCS-MP2 method in which the scaling factors depend on the
type of interaction: for systems with predominately electrostatic
interactions or hydrogen bonds the method reduces to MP2,
whereas for predominately dispersion-bonded systems it ap-
proaches SCS-MP2, thus combining the advantages of the two
methods. It will be shown that this method, which is denoted
dispersion-weighted MP2 (DW-MP2) yields results that are at
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least as accurate as the MP2.5 approximation15 at the cost of a
single MP2 calculation.

Methods

The CCSD(T)-F12a Method. The MP2-F12 and CCSD(T)-
F12 methods used in the present work have been described in detail
earlier.35-38 We will therefore only briefly summarize some aspects
that are relevant in the current work. The MP2-F12 and CCSD-
F12 wave functions are defined as

where T̂1 and T̂2 are defined as

with

The operator T̂1 is the same as in ordinary coupled-cluster
theory. Êai are the usual spin-summed one-particule excitation
operators from occupied valence orbitals i, j, ... (Val) to virtual
orbitals a, b, ... (Virt), and ta

i are the corresponding excitation
amplitudes. In the current work, excitations from core orbitals
are excluded. The first term in T̂2 describes the conventional
double excitations. In addition, the second term includes
functions that depend explicitly on the interelectronic distance,
r12. Here R, � run formally over a complete orthogonal space.
In the following, we assume that this contains as a subset the
occupied and virtual molecular orbitals. Q̂12 is a strong
orthogonality projector that keeps the explicitly correlated terms
orthogonal to the conventional part of the wave function (for
details, see, e.g., refs 37 and 39). The projector is approximated
using the union of the orbitals basis and a complementary
auxiliary basis set (CABS).36,37,40 All many-electron integrals
then factorize into sums of products of two-electron integrals
that can be evaluated efficiently using density fitting approxima-
tions.41

The amplitudes Tkl
ij of the explicitly correlated terms can be

determined from the wave function cusp conditions:42,43

Alternatively, they can be optimized in the MP2-F12 or
CCSD-F12 methods. Unless otherwise noted, we will in the

current paper use the fixed amplitude ansatz.36,37,43 In this case,
no additional amplitude equations need to be solved.

In the CCSD-F12a method, the CCSD-F12 equations for the
amplitudes Tab

ij are approximated by keeping only terms that
are linear in the amplitudes Tkl

ij. Furthermore, beyond second-
order perturbation theory, all contributions of the complementary
auxiliary orbital space are neglected. Extensive previous
benchmarks36,44 for atomization energies, reaction energies,
ionization potentials, electron affinities, equilibrium structures,
and vibrational frequencies have demonstrated that the
CCSD(T)-F12a method with double or triple-� basis sets already
yields results that are very close to the CCSD basis set limits.

Perturbative contributions of triple excitations can be taken
into account as in a standard CCSD(T) calculation. These do
not directly include explicitly correlated terms, and therefore,
the basis set incompleteness errors of the triples contribution is
not reduced by the F12-method. A rough estimate of the basis
set limit of the (T) contribution can be obtained by assuming
that the fraction of correlation energy obtained with the given
basis is the same for the MP2 correlation energy and the (T)
contribution. The corrected value can then be obtained by simple
scaling36

When computing counterpoise corrected interaction energies,
the ratio EMP2-F12/EMP2 is slightly different for the monomers
and the dimer, and this leads to a size consistency error. This
problem can be avoided by using the same factor for each
molecule. In the current work, we determine the ratio for the
dimer and use it for the monomers as well. This procedure is
size-consistent and, as will be shown later, leads to a significant
improvement of the computed CCSD(T)-F12 interaction ener-
gies. As indicated in eq 8, an asterisk is used to indicate that
the triples energy has been scaled; that is, the approximation is
denoted CCSD(T*)-F12.

The DW-MP2 Method. As outlined in the Introduction, the
MP2 method works well for hydrogen bonded systems, whereas
the SCS-MP2 method gives accurate results for predominately
dispersion bonded complexes. Unfortunately, neither of these
two methods works for all types of systems. This leads to the
idea to use a “dispersion-weighted” (DW) average of MP2 and
SCS-MP2,

where the weight factor, w, is system dependent. It should
approach 1 for systems in which the bonding is mainly of
electrostatic nature (including H-bonds) and 0 for purely
dispersion bonded systems. The method proposed here to
determine the weight is based on the fact that for purely
dispersion-bonded systems, the (HF) contribution is repulsive
(since dispersion is a pure electron correlation effect), but for
electrostatic interactions, including hydrogen bonded systems,
HF is attractive and qualitatively correct. Thus, the weight can
be described by the switching function

ΨMP2-F12 ) (1 + T̂2)ΦHF (1)

ΨCCSD-F12 ) exp(T̂1 + T̂2)ΦHF (2)
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where a and b are fitting parameters that determine the position
and width of the switching function, and

is the ratio of the Hartree-Fock (HF) and MP2-F12 binding
energies. For predominately dispersion-bonded systems, r < 0,
and thus, w will be small (assuming that a is small and b is
positive), whereas for electrostatic-dominated systems, the
opposite is the case. The parameters a, b are determined by a
least-squares fit of the MP2-F12 interaction energies to the
CCSD(T*)-F12a results for the S22 benchmark set of Hobza et
al. (see section entitled DW-MP2-F12 Results). We have also
tested an extended approach in which the SCS-MP2 scaling
parameters are reoptimized in both the ∆EMP2 and the
∆ESCS-MP2 contributions (leading to a total of six fitting
parameters), but this did not lead to a significant improvement
in the overall statistics. Thus, it appears that the simple two-
parameter approach is close to the optimum of what can be
achieved on the basis of MP2.

Computational Details

All calculations were carried out using the MOLPRO package
of ab initio programs.45 The counter-poise (CP) correction46 was
employed to reduce basis set superposition errors (BSSE). Even
though the explicitly correlated calculations recover a large
fraction of the correlation energy and the BSSE is therefore
significantly smaller than in standard calculations, the CP
correction is still necessary, mainly to reduce the BSSE of the
HF contribution.

To evaluate the accuracy of the CCSD(T*)-F12a calculations,
conventional CCSD(T) calculations were performed using
augmented correlation consistent valence triple-� (aug-cc-pVTZ)
and quadruple-� (aug-cc-pVQZ) basis sets.47 It was found that
omission of the diffuse functions at the hydrogen atoms has
hardly any effect on the extrapolated interaction energies.
Therefore, these functions were omitted. This not only reduces
the computational effort but also BSSE effects. These mixed
basis sets will be denoted AVTZ′ and AVQZ′.

The complete basis set (CBS) limit was estimated by
extrapolating the correlation energies using En ) ECBS + An-3,
where n is the cardinal number of the basis set, and ECBS and A
are determined by fitting to the energies for n ) 3 and n ) 4.
The HF contributions were not extrapolated, and the AVQZ′
values were used together with the extrapolated correlation
energies. The corresponding extrapolated CCSD(T) results will
be denoted CCSD(T)/CBS[34]. We note that CBS[34] extrapo-
lation is often not considered sufficient to compute highly
accurate energy differences, and the use of at least quadruple-
and quintuple-� basis sets (CBS[45]) is normally recommended.
Unfortunately, quintuple-� CCSD(T) calculations were not
feasible for the relatively large systems studied here. However,
in our previous work13 we computed both MP2/CBS[34] and
MP2/CBS[45] interaction energies and found that the differences
were very small. In addition, other authors considered CBS[34]
extrapolation sufficient for intermolecular interaction energies.2,15

The explicitly correlated calculations were performed using
the full aug-cc-pVDZ (AVDZ) and aug-cc-pVTZ (AVTZ) basis
sets. As resolution of the identity (RI) and density fitting (DF)
basis sets, we used the VTZ/JKFIT and AVTZ/MP2FIT basis
sets, respectively, for both orbital basis sets. In the AVDZ
calculations, the g-functions in these basis sets were omitted.

The CABS singles correction proposed in ref 35 (see also ref
38) was applied in all explicitly correlated calculations. This
substantially improves the accuracy of the HF contributions and
is particularly important to obtain reliable results using the
AVDZ orbital basis. As in our previous work,13 the exponent γ
in the geminal was chosen to be 1.0 a0

-1.

Results

The computed CP-corrected interaction energies for the S22
benchmark2 set are summarized in Table 1. All calculations were
performed at the original geometries for the S22 set, which can
be found in the Supporting Information of ref 2. Many of these
geometries were optimized at the MP2 level, and therefore, the
CCSD(T) binding energies at the CCSD(T) structures would
be larger. This is particularly true for dispersion-bonded systems,
such as the benzene dimer, for which MP2 significantly
overestimates the binding energy and leads to intermolecular
distances that are too short.1,3-5,13 More accurate calculations
for the benzene dimer can be found in refs 4, 5, and 13.

CCSD(T*)-F12a Results. We first consider the CCSD(T*)-
F12a values. Due to the size of the systems, CCSD(T)/CBS[34]
estimates could be obtained for only 11 of the 22 dimers, and
therefore, the following discussion is restricted to this subset.
As seen in Table 1, the CCSD(T*)-F12a interaction energies
are very close to the CCSD(T)/CBS[34] reference values. Even
for the small AVDZ basis, the mean absolute deviation (MAD)
amounts to only 0.05 kcal mol-1, and the maximum deviation
(MAX) is 0.17 kcal mol-1. With the AVTZ basis, the MAD
(MAX) values are reduced to 0.014 (0.03) kcal mol-1. Accord-
ing to previous experience,36 it is quite likely that the CCSD(T*)-
F12a/AVTZ values are more accurate than the CCSD(T)/
CBS[34] results.

The dramatic improvement in the interaction energies by the
explicit correlation treatment is illustrated in Figure 1. The figure
clearly demonstrates that the CCSD(T*)-F12a/AVDZ results are
much more accurate than the conventional CCSD(T)/AVQZ′
values, and on the scale of the figure, the CCSD(T*)-F12a/
AVTZ and CCSD(T)/CBS[34] values are virtually identical. As
already mentioned, the CABS singles correction is very
important to reach this excellent accuracy. Without it, the
accurate correlation contributions would be spoiled by large
errors of the HF contributions; the MAD (MAX) values for the
CCSD(T*)-F12a/AVDZ values without the singles correction
are 0.20 (0.854) kcal mol-1. Furthermore, we note that the
scaling correction of the triples energy reduces the MAD (MAX)
values from 0.134 (0.380) to 0.05 (0.17) kcal mol-1 (basis
AVDZ, including CABS singles correction).

In the cases where the CCSD(T*)-F12a values could be
obtained with the AVTZ basis, the corresponding AVDZ results
agree with those for AVTZ within 0.1 kcal/mol. Slightly larger
errors occur only when the interaction energies are very large
(e.g., formic acid dimer) or when the electron correlation
contributions are very large. For example, in the pyrazine dimer,
the correlation contribution amounts to about -8.5 kcal/mol.
In this case, the CCSD(T*)-F12a/AVDZ value deviates from
the AVTZ value by -0.24 kcal/mol, which might be due to the
well-known overestimation of the F12a correlation energy for
small basis sets.35,36 Even larger correlation contributions are
seen for the last three dispersion-bound systems, and most likely,
the absolute values of the AVDZ binding energies are also
slightly too large in these cases, despite the fact that they are in
very good agreement with the estimated CBS limits of Jurečka
et al.2 It should be noted that for the largest systems, the latter
have been obtained only from CCSD(T)/cc-pVDZ calculations

r )
∆EHF

∆EMP2-F12
(11)
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(without diffuse functions) plus an extrapolated basis set
correction computed at the MP2 level using the cc-pVTZ and
cc-pVQZ basis sets (again without diffuse functions).

DW-MP2-F12 Results. Figure 2 shows the total interaction
energies (upper panel) and the HF and MP2 correlation
contributions (lower panel). For dispersion-bonded systems, such
as the stacked benzene-dimer, the HF contribution is positive,
and therefore, the ratio in eq 11 is negative. The interaction
energy is then predominantely described by SCS-MP2-F12; the
opposite is true for hydrogen bonded systems, such as the formic
acid dimer, and then the weight for MP2-F12 is large.

The main purpose of the DW-MP2 method is to obtain
reasonably accurate interaction energies at the lowest possible
cost. In the previous section, we showed that the AVDZ orbital
basis is sufficient to get interaction energies with an accuracy

of 0.1-0.2 kcal mol-1. Since it is not expected that the DW-
MP2 method is more accurate (as compared to CCSD(T) or
full CI results for a given basis set), we restrict the following

TABLE 1: CCSD(T), CCSD(T*)-F12, and DW-MP2-F12 Binding Energies (in kcal/mol) for the S22 Benchmark Set from
Reference 2a

CCSD(T) CCSD(T*)-F12

dimer AVDZ′ AVTZ′ AVQZ′ CBS[34]b AVDZ AVTZ
HF

AVDZ
MP2c

AVDZ
SCS-MP2c

AVDZ
DW-MP2c

AVDZ

Hydrogen Bonded Complexes
(NH3)2 -2.420 -2.899 -3.044 -3.142 -3.109 -3.149 -1.397 -3.137 -2.712 -3.086
(H2O)2 -4.333 -4.673 -4.870 -4.992 -4.923 -4.990 -3.585 -4.929 -4.472 -4.908
formic acid dimer -15.783 -17.629 -18.350 -18.794 -18.629 -18.776 -15.294 -18.510 -16.863 -18.459
formamide dimer -13.811 -15.176 -15.747 -16.096 -15.941 -16.068 -12.189 -15.745 -14.371 -15.694
uracil dimer (C2h) (-20.65) -20.630 -20.690 -16.276 -20.341 -18.445 -20.276
2-pyridoxine ·2-amino-pyridine (-16.71) -16.974 -10.503 -17.365 -15.341 -17.225
adenine · thymine (WC) (-16.37) -16.717 -10.080 -16.585 -14.687 -16.456

Complexes with Predominant Dispersion Contribution
(CH4)2 -0.287 -0.443 -0.492 -0.528 -0.533 -0.531 0.373 -0.495 -0.313 -0.326
(C2H4)2 -0.824 -1.265 -1.392 -1.480 -1.502 -1.499 0.835 -1.578 -1.027 -1.111
benzene ·CH4 -0.955 -1.266 -1.369 -1.438 -1.473 -1.456 1.171 -1.781 -1.132 -1.197
benzene dimer (stacked) (-2.73) -2.896 -2.703 5.375 -4.918 -2.811 -2.855
pyrazine dimer (-4.42) -4.538 -4.299 4.178 -6.894 -4.615 -4.887
indole ·benzene (stacked) (-5.22) -4.914 7.066 -8.036 -4.859 -5.004
uracil dimer (C2) (-10.12) -10.157 0.046 -11.119 -8.327 -9.924
adenine · thymine (stacked) (-12.23) -12.291 3.309 -14.830 -10.634 -12.177

Mixed Complexes
ethene · ethine -1.154 -1.384 -1.455 -1.505 -1.508 -1.516 -0.434 -1.646 -1.314 -1.575
benzene ·H2O -2.624 -3.007 -3.162 -3.266 -3.229 -3.284 -0.947 -3.453 -2.831 -3.324
benzene ·NH3 -1.771 -2.099 -2.222 -2.304 -2.313 -2.326 0.177 -2.600 -1.966 -2.290
benzene ·HCN -3.650 -4.221 -4.405 -4.530 -4.487 -4.532 -2.005 -5.099 -4.206 -4.972
benzene dimer (T-shape) (-2.74) -2.783 -2.738 1.515 -3.568 -2.416 -2.661
indole ·benzene (T-shape) (-5.73) -5.721 0.285 -6.900 -5.234 -6.128
phenol dimer (-7.05) -7.148 -1.845 -7.702 -6.272 -7.375

a The CABS singles correction is included in the HF energy and in all CCSD(T*)-F12 values. Values in parentheses are estimated CBS
limits from ref 2. These were obtained with small basis sets only (see text). b CCSD(T)/CBS[34] estimates obtained from the CCSD(T)/AVTZ′
and CCSD(T)/AVQZ′ correlation energies and the AVQZ′ HF energy. The CABS singles correction is not included in the conventional
calculations. c All values explicitly correlated; that is, MP2-F12, SCS-MP2-F12, and DW-MP2-F12 have been used.

Figure 1. Errors of CCSD(T) and CCSD(T*)-F12 interaction energies
relative to the CCSD(T)/CBS[34] results for different basis sets.

Figure 2. Upper panel: total MP2-F12 interaction energies. Lower
panel: HF (open circles) and MP2-F12 (solid circles) correlation
contributions to the interaction energies. The CABS singles correction
is included in the HF values, and all values have been computed with
the AVDZ basis set.
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discussion of the DW-MP2-F12 results to the AVDZ basis set.
All calculations are explicitly correlated. The two parameters a
and b of the method, which determine the location and width
of the switching function, are determined by fitting the DW-
MP2-F12/AVDZ interaction energies of the S22 set to the
CCSD(T*)-F12a ones obtained with the same basis set. The
resulting values are a ) 0.15276, b ) 1.89952. These values
are quite insensitive to the basis set. They can also be used
with the AVTZ basis set. It should be noted, however, that the
diffuse functions in the basis sets are essential to obtain accurate
results. Without diffuse functions, the errors of the HF contribu-
tions are large, and this affects the ratio in eq 11.

Figure 3 shows the deviations of the MP2-F12, SCS-
MP2-F12, and DW-MP2-F12 interaction energies from those
of CCSD(T*)-F12a (all values for basis AVDZ). Although the
MP2-F12 method strongly overestimates the binding for the
dispersion bonded systems and SCS-MP2-F12 underestimates
the binding energies for hydrogen bonded systems, the DW-
MP2-F12 shows a much improved accuracy and uniformly small
errors for all systems.

One might argue that the good performance of the DW-MP2
method is due to the fact that the two parameters have been
optimized for the systems under consideration. We have
therefore considered 13 additional dimers (T13 set), which are
listed in Table 2. The deviations from the CCSD(T*)-F12/
AVDZ reference values are shown in Figure 4.

The same parameters as before have been used. A statistical
analysis is presented in Table 3. The improvement is similar to

that for the S22 set. In both cases, the MAD values are 0.2 kcal
mol-1, and the maximum errors are below 0.5 kcal mol-1. We
have also found that inclusion of these dimers in the training
set would not lead to significantly different results.

TABLE 2: MP2-F12, SCS-MP2-F12, and DW-MP2-F12 Interaction Energies (in kcal/mol) for the T13 Test Seta

dimer geometry CCSD(T*)-F12 HF MP2-F12 SCS-MP2-F12 DW-MP2-F12 we

GC0-3.25 C-Cis b 2.970 4.142 2.914 (-0.055) 3.060 (0.090) 2.915 (-0.055) 0.997
CG0-3.19 G-Gis b 1.141 2.368 1.139 (-0.003) 1.364 (0.223) 1.139 (-0.003) 1.000
purine ·CH4 c -2.138 0.427 -2.173 (-0.035) -1.551 (0.587) -1.795 (0.343) 0.391
cyclopentadiene · ethene d -2.487 1.403 -2.951 (-0.464) -1.965 (0.522) -2.144 (0.342) 0.182
cyclopentadiene ·benzene d -2.792 5.444 -4.566 (-1.775) -2.542 (0.250) -2.571 (0.221) 0.014
cyclopentadiene dimer d -3.285 4.098 -4.657 (-1.371) -2.775 (0.510) -2.861 (0.424) 0.046
ethine ·HF d -4.260 -2.892 -4.351 (-0.091) -3.872 (0.388) -4.324 (-0.065) 0.944
benzene ·HF d -4.281 -2.178 -4.519 (-0.238) -3.888 (0.393) -4.453 (-0.172) 0.894
(HF)2 d -4.487 -3.856 -4.442 (0.045) -4.134 (0.353) -4.434 (0.053) 0.973
purine ·CO2 c -5.897 -2.923 -5.813 (0.084) -4.925 (0.972) -5.726 (0.171) 0.902
methanol · ethanediamine d -7.477 -2.896 -7.488 (-0.012) -6.284 (1.193) -7.314 (0.163) 0.855
UUst b -7.607 0.547 -8.624 (-1.017) -6.363 (1.243) -7.530 (0.077) 0.516
2tU · · ·2tU pl b -12.427 -5.467 -12.780 (-0.353) -10.697 (1.731) -12.516 (-0.089) 0.873

a The AVDZ basis set was used. Deviations from the CCSD(T*)-F12a/AVDZ values are in parentheses. The Hartree-Fock and all F12
values include the CABS singles correction. b Geometries from the JSCH2005 set, ref 2. c Geometries optimized using RI-MP2/def2-TZVPP;
Vogiatzis and Klopper, private communication. d Geometries optimized using LMP2/AVTZ; this work. e The weight factor w in eq 9.

Figure 3. Errors of MP2-F12, SCS-MP2-F12, and DW-MP2-F12
interaction energies relative to the CCSD(T*)-F12 results for the S22
test set (basis aug-cc-pVDZ).

Figure 4. Errors of MP2-F12, SCS-MP2-F12, and DW-MP2-F12
interaction energies relative to the CCSD(T*)-F12 results for the T13
set (basis aug-cc-pVDZ).

TABLE 3: Statistical Analysis of the DW-MP2 Resultsa (in
kcal/mol; basis aug-cc-pVDZ)

S22 T13

MP2-F12
RMS 1.17 0.71
MAD 0.74 0.43
MAX -3.12 -1.77

SCS-MP2-F12
RMS 1.08 0.80
MAD 0.81 0.65
MAX 2.18 1.73

DW-MP2-F12
RMS 0.24 0.21
MAD 0.20 0.17
MAX -0.49 0.42

a Parameters optimized for all dimers from the S22 text (see
text): a ) 0.15276, b ) 1.89952. The mean absolute deviations
(MAD), maximum deviations (MAX), and root mean square
deviations (RMS) from the CCSD(T*)-F12a/AVDZ values are
given.
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Conclusions

We have shown that the explicitly correlated CCSD(T*)-F12a
method yields highly accurate dimer interaction energies already
with small basis sets. Augmented double-� basis sets are
sufficient to achieve an accuracy of better than 0.2 kcal mol-1

for all dimers in the S22 test set. This is significantly better
than standard calculations with the aug-cc-pVQZ basis set, but
at the same time 1-2 orders of magnitude less expensive (the
savings increase with system size, since the additional cost for
the explicit correlation treatment scales with O(N5), whereas
CCSD(T) scales with O(N7), where N is a measure of the system
time). This makes it possible to accurately treat larger systems
than with the standard CCSD(T) method. The current
CCSD(T*)-F12a/AVTZ values for the S22 set are likely to be
the most accurate reference values available so far. It should
be noted, however, that they have been computed using the
recommended MP2 geometries for the S22 set, which have
mostly been optimized at the MP2 level and may significantly
differ from CCSD(T) geometries, in particular for dispersion-
bonded systems. Thus, in these cases, the true binding energies
would be larger. Furthermore, monomer relaxation effects have
not been taken into account.

As a pragmatic computationally inexpensive alternative to
the CCSD(T*)-F12 method, we have proposed a dispersion-
weighted variant of the SCS-MP2-F12 method. This yields a
weighted average of the standard MP2-F12 and SCS-MP2-
F12 results in which the weights depend on the ratio of the
Hartree-Fock and MP2-F12 values of the interaction energies.
This yields much improved accuracy for both the S22 training
and for an additional set of 13 dimers, which were not used for
fitting the two parameters on which the method depends.

Despite the good performance of the DW-MP2-F12 method
for dimer binding energies, it should be noted that the DW-
MP2 method is specifically designed to compute dimer
interaction energies. It cannot be reasonably used for other
energetic quantities, such as reaction energies or reaction
barriers. Moreover, the method is not really extensive. If,
for instance, dispersion- and hydrogen bonded dimers would
be treated in one calculation, compromise values for the
weights of MP2 and SCS-MP2 would result. The same could
happen if one large system contains both dispersion and
electrostatic interactions taking place in different locations.
To achieve extensivity, it would be desirable to determine
the SCS scaling factors independently for different localized
orbital pairs. Further work is in progress along these lines.
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