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ABSTRACT: Benchmark ab initio energies for BEGDB and WATER27 data
sets have been re-examined at the MP2 and CCSD(T) levels with both
conventional and explicitly correlated (F12) approaches. The basis set
convergence of both conventional and explicitly correlated methods has been
investigated in detail, both with and without counterpoise corrections. For the
MP2 and CCSD−MP2 contributions, rapid basis set convergence observed
with explicitly correlated methods is compared to conventional methods.
However, conventional, orbital-based calculations are preferred for the
calculation of the (T) term, since it does not benefit from F12. CCSD(F12*)
converges somewhat faster with the basis set than CCSD-F12b for the CCSD-
MP2 term. The performance of various DFT methods is also evaluated for the
BEGDB data set, and results show that Head-Gordon’s ωB97X-V and
ωB97M-V functionals outperform all other DFT functionals. Counterpoise-
corrected DSD-PBEP86 and raw DSD-PBEPBE-NL also perform well and are
close to MP2 results. In the WATER27 data set, the anionic (deprotonated) water clusters exhibit unacceptably slow basis set
convergence with the regular cc-pVnZ-F12 basis sets, which have only diffuse s and p functions. To overcome this, we have
constructed modified basis sets, denoted aug-cc-pVnZ-F12 or aVnZ-F12, which have been augmented with diffuse functions on
the higher angular momenta. The calculated final dissociation energies of BEGDB and WATER27 data sets are available in the
Supporting Information. Our best calculated dissociation energies can be reproduced through n-body expansion, provided one
pushes to the basis set and electron correlation limit for the two-body term; for the three-body term, post-MP2 contributions
(particularly CCSD-MP2) are important for capturing the three-body dispersion effects. Terms beyond four-body can be
adequately captured at the MP2-F12 level.

■ INTRODUCTION

Significant computational effort has been devoted to bench-
marking various noncovalently bonded systems (see, e.g., refs
1−8 for recent reviews). Very recently, the general S66x8
benchmark9,10 has been revised by our group;11 this benchmark
includes hydrogen-bonded species, π-stacking interactions,
London dispersion complexes, and mixed-influence situations.
Among hydrogen-bonded systems, water clusters have been

the subject of basic scientific interest because they dictate
water’s bulk properties. Bulk water has many anomalous
properties, such as a remarkably high boiling point, low thermal
expansion coefficient, unusual density behavior, and so on.
Thus, a great many experimental and theoretical studies have
been carried out on the structure and properties of water in
both the gas and liquid phases.12−16 Understanding the
simplest water clusters is a fundamental step toward under-
standing complex hydrogen-bonding dynamics, and ab initio
quantum mechanical wave function-based methods have
provided valuable insight into the structures and energetics of
small water clusters.17−22

During the last 2 decades, several theoretical studies have
been performed on small and medium water clusters, mostly at
the Møller−Plesset second-order (MP2) level of perturbation

theory, which generally yields good performance for hydrogen-
bonded systems (e.g., see ref 11). Some results can also be
found at the CCSD(T) level of theory. Extensive theoretical
work has been carried out on individual small water
clusters.23−31 At the turn of the millennium, the even-
numbered water clusters from (H2O)6 to (H2O)20 were
studied by Day et al.32 at the MP2 level using a double-ζ
basis set. They also reported CCSD(T) energies at MP2
geometries for six structures of the hexamer. Similar quality
MP2 binding energies were reported by Kim and co-
workers33,34 and by Maheshwary et al.35 for (H2O)2−12 and
(H2O)8−20, respectively. MP2/CBS (complete basis set)
extrapolated limits for the binding energies of the dimer
through the ring pentamer and four hexamer isomers using the
augmented correlation consistent basis sets (aug-cc-pVnZ, n =
D, T, Q, 5)36,37 were reported by Xantheas et al.,38 and
B3LYP/aug-cc-pVDZ dissociation energies for clusters up to
(H2O)22 were reported by Lenz and co-workers.39 More
recently, Shields et al.17 also reported MP2/aug-cc-pVnZ
energies for (H2O)2−10 but with MP2/6-31G* optimized
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geometries. They extended their study through extrapolation of
RI-MP2 energies to their complete basis set limit, included a
CCSD(T) correction using a smaller basis set, and added finite
temperature corrections within the rigid-rotor-harmonic-
oscillator (RRHO) model using scaled and unscaled harmonic
vibrational frequencies.40 Both MP2 and CCSD(T) binding
energies with the aug-cc-pVTZ and cc-pVTZ basis sets were
reported by Bates et al. for (H2O)3−10.

41 The first CCSD(T)
optimized geometries through the hexamer were reported by
Xantheas and co-workers.42 Very recently, Tschumper and co-
workers21 benchmarked the structures and vibrational
frequencies for (H2O)n (n = 2−6), near the CCSD(T)
complete basis set limit. Convergence of the binding energies
of water clusters with respect to the level of electron correlation
and the size of the basis set has been examined by Xantheas and
co-workers19 for (H2O)n (n = 2−6, 8) with basis sets up to
quintuple zeta quality at the MP2 and CCSD(T) levels of
electron correlation. In addition, Sahu et al. reported
CCSD(T)/CBS energies for (H2O)16−17 with MP2/aug-cc-
pVTZ optimized geometries.43

For the water dimer, Bowman and co-workers44 reported the
accurate HBB2 global potential surface obtained from (a) a fit
to almost 30 000 CCSD(T)/AVTZ calculations with counter-
poise corrections scaled (by 0.52) to fit the exact zero-point
exclusive dissociation energy De[(H2O)2] = 5.02 kcal/mol for
the intermonomer potential; (b) an earlier spectroscopically
accurate monomer force field;45 and (c) asymptotic morphing
of the potential into TTM3-F for the long-distance limit.46 The
HBB2 paper also reviews earlier work. The dissociation energy
at absolute zero, D0 = 3.15 kcal/mol, obtained44 from HBB2
through diffusion Monte Carlo,47 was later confirmed
experimentally by Reisler and co-workers.48

For the purpose of training and validation of more
approximate methods, such as DFT functionals, two bench-
mark data sets on water clusters are in use. The first is the water
cluster subset of Hobza’s BEGDB (benchmark energy and
geometry data base);49 it covers different isomers of neutral
water clusters from (H2O)2 to (H2O)10, with the geometries
and energetics having been taken from Shields and co-
workers.11

The second is the WATER27 component50 of the
GMTKN2435 and GMTKN3036 benchmark suites.
WATER27 was introduced by Bryantsev et al.;50 it consists of
10 neutral structures of (H2O)n (n = 2−8), 4 isomers of
(H2O)20, 5 protonated water clusters H3O

+(H2O)n (n = 1−3,
6), 7 hydrated hydroxide clusters OH−(H2O)n (n = 1−6), and
1 hydroxonium−hydroxide zwitterion, H3O

+(H2O)6OH
−. All

geometries were optimized at the B3LYP/6-311++G(2d,2p)
level of theory. The original benchmark calculations involved
MP2/CBS energies, corrected with CCSD(T)/aug-cc-pVDZ
high level corrections (HLC) for all isomers except (H2O)20.

50

In the present study, both the BEGDB and WATER27 data
sets have been subjected to an explicitly correlated benchmark-
ing study near the basis set limit. For comparison, conventional
CCSD(T) calculations have also been carried out. The effect of
the interaction energies (MP2 correlation, CCSD-MP2, and
(T) contributions) with and without Boys−Bernardi53−55
counterpoise corrections on the different components has
also been studied in this work. In addition, we will consider n-
body expansion schemes, analyze the various contributions in
them, and explore the requirements for such schemes to
accurately reproduce whole-cluster calculations. Furthermore,

we will evaluate the performance of DFT methods for these
archetypical H-bonded systems.

■ COMPUTATIONAL DETAILS
All conventional and explicitly correlated ab initio calculations
were carried out using MOLPRO 2015.1.56 Most DFT and
double-hybrid DFT calculations were performed using the
ORCA program package,57 with additional calculations being
performed using Q-CHEM 4.458 and MRCC.59 All calculations
were performed on the Faculty of Chemistry cluster at the
Weizmann Institute of Science.
Explicitly correlated CCSD(T)-F12b and CCSD(T)(F12*)

single-point energy calculations were performed using the cc-
pVnZ-F12 (where n = D, T, Q, 5) basis sets together with the
associated auxiliary and complementary auxiliary (CABS) basis
sets.60,61 The cc-pVnZ-F12 basis set family was specifically
developed for explicitly correlated calculations by Peterson et
al.62 As prescribed in ref 63, the geminal exponent (β) values
were set to 0.9 for cc-pVDZ-F12 and 1.0 for both the cc-pVTZ-
F12 and cc-pVQZ-F12 basis sets. For the cc-pV5Z-F12 basis
set, we used β = 1.2, as recommended in ref 64. The SCF
component was improved through the “CABS correction”.65,66

Three different corrections were considered for the (T) term
(which does not benefit from F12):

(a) the Marchetti−Werner approximation,67,68 denoted
(T*), in which the (T) contribution is scaled by the
MP2-F12/MP2 correlation energy ratio;

(b) analogues, denoted (Tb) and (Tc), in which the (T)
contribution is scaled by the respective CCSD-F12b/
CCSD and CCSD(F12*)/CCSD correlation energy
ratios; and

(c) uniform scaling of the (T) contributions, denoted (Ts),64

in which the (T) contributions are multiplied by constant
scaling factors of 1.1413 for cc-pVDZ-F12 and 1.0527 for
cc-pVTZ-F12.

(T*) and (Tb)/(Tc) are not exactly size-consistent, which
can be corrected by applying the respective dimer correlation
energy ratios to the monomers as well. This is indicated by the
notations (T*sc), (Tbsc), and (Tcsc), respectively.
MP2-F12 results were also obtained as byproducts of the

explicitly correlated coupled cluster calculations.
For conventional ab initio calculations, we used Dunning’s

correlation consistent cc-pVnZ (n = D, T, Q, 5) basis sets and
their diffuse-function augmented counterparts (aug-cc-
pVnZ).36,37,69,70 Similar to our previous work,11 we combined
regular cc-pVnZ basis sets on hydrogen with the corresponding
diffuse-function augmented basis sets on all other atoms. We
denote this haVnZ for short.
Basis set extrapolations were carried out using the two-point

formula
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α
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1
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where L is the angular momentum in the basis set and α is an
exponent specific to the level of theory and basis set pair. In the
present study, basis set extrapolation exponents (α) were taken
from the compilation in Table 2 of ref 11. For CCSD(F12*)/
cc-pV{D,T}Z, the extrapolation exponent 3.0598 was obtained
by following the procedure described in ref 63.
All DFT calculations were performed using the def2-QZVPD

basis set,71 in which diffuse functions are included to the def2-
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QZVP. Respective auxiliary basis sets72 for simultaneously
fitting Coulomb and exchange were used for DFT calculations,
and for double-hybrid DFT calculations, additionally associated
RI-MP2 auxiliary basis sets73 were used.
The DFT functionals evaluated include (grouped by rung on

the “Jacob’s Ladder” of Perdew74)

• GGAs (second rung): PBE,75 BP86,76,77 BLYP76,78

• meta-GGAs (third rung): TPSS,79 TPSS080,81

• hybrid GGAs and hybrid meta-GGAs (fourth rung):
B3LYP,78,82,83 B3PW91,82,84 PBE0,85 M06,86 M06-2X86

• double hybrid (fifth rung): B2GP-PLYP87 and the spin
component scaled double hybrids DSD-PBEP86,88 DSD-
PBEPBE,89 and DSD-PBEB9589

We have also assessed the performance of Head-Gordon’s
range-separated hybrid functionals ωB97X,90 ωB97X-D3,91

ωB97X-V,92 and ωB97M-V.93 Calculations with Head-
Gordon’s newly developed functionals ωB97X-V and
ωB97M-V were carried out using QChem 4.4.58

Further, we have considered empirical dispersion corrections
for DFT energies, particularly, Grimme’s DFT-D394,95 version
with Becke−Johnson damping, denoted by the suffix “-D3BJ”.
In addition, we have also examined the Vydrov−Van Voorhis

(VV10) “nonlocal” (NL) dispersion functional.96 The required
short-range attenuation parameters, b, were obtained from ref
97 for the conventional DFT functionals and from ref 98 for
DSD double-hybrid methods. These calculations were carried
out using its implementation in ORCA.
The dissociation energies of water clusters were investigated

with and without Boys−Bernardi54 counterpoise corrections.
The counterpoise-corrected dissociation energy Dcp of dimer
AB is defined as

= + −D E E E[A(B)] [B(A)] [AB]cp (2)

The uncorrected (“raw)” dissociation energy Draw is found as

= + −D E E E[A] [B] [AB]raw (3)

In these equations, E[A(B)] represents the total energy of
monomer A in the presence of the basis functions on monomer
B, and conversely for E[B(A)]. As Dcp tends to converge to the
basis set limit from the underbinding direction and Draw tends
to converge to the basis set limit from the overbinding
direction, the average

= +−D D D( )/2half half cp raw (4)

(i.e., so-called “half-counterpoise”5,99) suggests itself as an
alternative that exhibits more rapid basis set convergence in
both conventional5 and explicitly correlated100 calculations.
(We note that the empirical CP scaling factor of 0.52, used for
the HBB2 surface44 in order to reproduce De[(H2O)2],
effectively amounts to half-CP.)
The generalization of the counterpoise method to three- and

more-body systems is not unique;101 the most commonly
employed generalization, which we shall also apply in the
present work, appears to be the site−site function counterpoise
method of Wells and Wilson, in which, for a trimer

= + +

−

D E E E

E
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and similarly for tetramers and larger.

In a recent paper,11 we proposed the correlation spin
polarization index (CSPI) as an indicator of the type of
noncovalent bonding character.

=
−

+
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where De
(2) is the MP2 correlation component of the

dissociation energy and De,ss
(2)and De,ab

(2) are the same-spin and
opposite-spin components, respectively. Systems dominated by
dispersion have CSPI values close to zero, whereas those with
significant electrostatic and induction character will have CSPI
values significantly different from zero. Calculated values at the
MP2-F12/cc-pVDZ-F12 level can be found in Table S1. The
percentages of the dissociation energy accounted for at the
Hartree−Fock level are also given there.
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Both indices indicate that all water clusters are dominated by
electrostatic interactions rather than dispersion.

■ RESULTS AND DISCUSSION
BEGDB Data Set. Thirty-eight water clusters ranging from

water dimers (H2O)2 to water decamers (H2O)10 were
considered.40 All reference geometries (which were originally
obtained40 at the RI-MP2/aug-cc-pVDZ level) were down-
loaded from the BEGDB website and used without further
optimization; the structures are depicted in Figure 1. It should
be noted that the monomer structures in this database are the
unrelaxed structures of the monomers within the cluster; hence,
these dissociation energies do not include monomer relaxation,
and for consistency, neither do ours unless it is explicitly noted
otherwise.
For explicitly correlated calculations, due to hardware

limitations, CCSD(T)-F12b/cc-pV5Z-F12 calculations were
limited to (H2O)n≤4, CCSD-F12b/cc-pV5Z-F12 and CCSD-
(T)-F12b/cc-pVQZ-F12 calculations were limited to (H2O)n≤6,
and CCSD-F12b/cc-pVQZ-F12 calculations were limited to
(H2O)n≤8.
For conventional CCSD(T) calculations, we were unable to

compute beyond (H2O)7 for the haVQZ basis set and beyond
(H2O)6 for the haV5Z basis set. However, we were able to
perform conventional CCSD calculations for the two (H2O)8
structures with the haVQZ basis set.
Additionally, we also performed CCSD(T)(F12*) calcu-

lations for all 38 water clusters with the cc-pVDZ-F12 and cc-
pVTZ-F12 basis sets. We also considered (H2O)n≤4 at the
CCSD(F12*)/cc-pVQZ-F12 level, but we found that the
CCSD-F12b and CCSD(F12*) results are functionally
equivalent with this basis set. This is consistent with earlier
findings64,102 that the CCSD(F12*)−CCSD-F12b difference
converges rapidly with the basis set.
RMSDs (root-mean-square differences) for the dissociation

energies, by their very nature, will be dominated by the largest
species. In order to avoid skewing of this nature, we will instead
consider the RMSD on twice the cohesive energy, 2(nE[H2O]
− E[(H2O)n])/n = 2De/n, which brings everything on the same
scale as the water dimer.
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SCF and MP2 Components. First, we shall discuss the
Hartree−Fock contribution including the CABS correction.
Through (H2O)6, counterpoise-corrected HF+CABS/cc-
pVQZ-F12 yields results essentially identical to the correspond-
ing HF+CABS/cc-pV5Z-F12 values; hence, we used the former
level of theory as the reference, as results are available through
(H2O)10. With CABS corrections, basis set convergence is
much faster than in conventional HF calculations (Table S2).
Moreover, for all HF+CABS/cc-pVnZ-F12 (n = D, T, Q)
calculations, full counterpoise correction is the closest to the
basis set limit, as expected, and as also found for S66x8.11

However, conventional half-counterpoise corrected haVTZ
values are quite close to the basis set limit.
Let us next consider the MP2-F12 correlation component.

RMSD values are reported in Table 1. As the reference, we have

chosen half-counterpoise corrected cc-pV{Q,5}Z-F12, which is
available through (H2O)6. RMS deviations for cc-pV{Q,5}Z-
F12 raw and counterpoise-corrected results are just 0.004 kcal/
mol. Counterpoise-corrected and half-counterpoise corrected
MP2-F12/cc-pV{T,Q}Z-F12 results are close to the reference,
with RMSD values of 0.006 and 0.007 kcal/mol, respectively.
With half-counterpoise, even MP2-F12/cc-pVTZ-F12 performs
very well relative to our reference (RMSD = 0.002 kcal/mol).
Performance of conventional MP2/haVnZ is somewhat

disappointing: The fact that the RMSD is smallest for raw,
rather than counterpoise or half−half, can be seen100 as
indicating that one is still some distance away from basis set
convergence. Extrapolation from at least MP2/haV{T,Q}Z
results is required for acceptable performance.

Post-MP2 Corrections. The CCSD(T)−MP2 difference is
usually discussed as a single “high-level correction” (HLC). In

Figure 1. RI-MP2/aug-cc-pVDZ optimized geometries of (H2O)2−10
isomers (BEGDB data set) reported by Shields and co-workers.11

Dissociation energies (kcal/mol) with our best level [PLATINUM:
through (H2O)6; GOLD: (H2O)7; and SILVER: (H2O)n=8−10] are also
given exclusive (and, in parentheses, inclusive) of monomer relaxation
energies.

Table 1. RMS Deviations (kcal/mol) for the MP2
Correlation Component of Water Cluster (BEGDB)
Cohesive Energiesa Calculated with Various Basis Sets Using
Conventional and Explicitly Correlated Methods

aThe cohesive energy in this and the following tables is defined as
∑ −= E E( (monomer) (cluster))

n i
n

i
2

1 .
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fact, in the context of explicitly correlated calculations, it may
be advantageous to partition the HLC into two terms, HLC =
[CCSD−MP2] + (T); the former benefits directly from F12,
unlike the latter.
We will first focus on the CCSD−MP2 term. We were able

to complete CCSD-F12b/cc-pV5Z-F12 calculations with
counterpoise corrections through (H2O)4, and without
counterpoise corrections through (H2O)6. (The latter required
NFS-mounting the scratch file system of a second node over
Infiniband, as the scratch files exceeded the 6TB SSD available
on our largest nodes.) Uncorrected and counterpoise-corrected
[CCSD-F12b−MP2-F12]/cc-pV{Q,5}Z-F12 results are effec-
tively indistinguishable (RMS difference = 0.001 kcal/mol;
Table 2), so we considered raw [CCSD-F12b−MP2-F12]/cc-
pV{Q,5}Z-F12 as the reference.

As can be seen in Table 2, for [CCSD-F12b−MP2-F12], the
cc-pV{Q,5}Z-F12 and cc-pV{T,Q}Z-F12 extrapolated values
are very close to each other, differing by just 0.007 kcal/mol
RMS with full counterpoise and 0.005 kcal/mol RMS with half-
counterpoise.
CCSD(F12*)/cc-pVnZ-F12 for n = D, T cuts the RMSD in

about half compared to CCSD-F12b; particularly for cc-pVDZ-
F12, CCSD(F12*) is recommended.
Both CCSD(F12*)/cc-pV{D,T}Z-F12 and CCSD-F12b/cc-

pV{D,T}Z-F12 extrapolations come very close to the basis set
limit, especially with half-counterpoise. For cc-pVQZ-F12, the

two approximations, F12b and (F12*), yield functionally
equivalent results.
For conventional calculations with the haVTZ and haVQZ

basis sets, the raw results are slightly better than half- or full-
counterpoise corrected ones, owing to error compensation
between BSSE and IBSI (intrinsic basis set insufficiency).100

At the request of a reviewer, we investigated the performance
of an intermediate between CCSD(F12*) and CCSD-F12b.
The latter introduces two approximations over CCSD(F12*):
(a) neglect of the CABS contribution in the projector, which
occurs in the dominant CCSD-F12 coupling terms, and (b)
neglect of coupling terms that require double RI approx-
imations.
Approximation (a) can be suppressed in MOLPRO by

combining CCSD-F12b with the option IXPROJ = 1, leaving
only (b) in place. The same option can, in fact, be applied to
CCSD-F12a,65 which omits additional terms compared to
CCSD-F12b. The claim has in fact been made (see, e.g., ref 103
and references therein) that CCSD-F12a with small basis sets is
more accurate than the more rigorous CCSD-F12b or even
CCSD(F12*) (a.k.a., CCSD-F12c) models. In an attempt to
address both questions, we calculated CCSD-F12a and CCSD-
F12b dissociation energies, with IXPROJ = 1 as well as the
default of IXPROJ = 0, for (H2O)n (n = 2−10) with the cc-
pVDZ-F12 basis set, for n = 2−6 with the cc-pVTZ-F12 basis
set, and for n = 2−4 with the cc-pVQZ-F12 basis sets. The
RMS and mean signed differences in the cohesive energies are
given in Tables S3−S6.
First, the difference between IXPROJ = 1 and IXPROJ = 0

decays very rapidly with the basis set, dropping to 0.003 kcal/
mol RMS for cc-pVTZ-F12 and becoming essentially nil for cc-
pVQZ-F12. For cc-pVDZ-F12, however, the difference is fairly
significant, particularly for CCSD-F12b (RMSD 0.059 kcal/
mol). Indeed, IXPROJ = 1 bridges most of the gap between
CCSD-F12b/cc-pVDZ-F12 and CCSD(F12*)/cc-pVDZ-F12
for the present systems (RMSD 0.067 kcal/mol for IXPROJ =
0 and 0.013 kcal/mol for IXPROJ = 1). For the cc-pVTZ-F12
basis set, IXPROJ = 1 still brings the CCSD-F12b results closer
to the most rigorous CCSD(F12*) model, but the improve-
ment is an order of magnitude smaller than the residual error
(RMSD 0.006 kcal/mol for IXPROJ = 0 and 0.004 kcal/mol for
IXPROJ = 1). With the cc-pVQZ-F12 basis set, CCSD-F12b
and CCSD(F12*) yield nearly identical results in any case;
note that, even for such large basis sets, CCSD-F12a still
displays a small but (compared to the residual basis set
incompleteness error) significant difference with the two other
approaches (Table S3).
Considering the mean signed differences (MSD) from

CCSD(F12*) with the various basis sets, it can be seen that
CCSD-F12a systematically overbinds, whereas CCSD-F12b
underbinds (Table S4). For cc-pVDZ-F12, IXPROJ = 1 actually
degrades CCSD-F12a further (MSD goes from +0.056 to
+0.068 kcal/mol), whereas it largely corrects the problem for
CCSD-F12b: F12b/(IXPROJ = 0) = −0.065; F12b/(IXPROJ =
1) = −0.007 kcal/mol.
For cc-pVTZ-F12, CCSD-F12a on average overbinds and

CCSD-F12b underbinds by similar amounts (MSD = +0.037
and −0.029 kcal/mol, respectively), whereas for cc-pVQZ-F12,
as already mentioned, CCSD-F12a still overbinds (MSD =
+0.035 kcal) and CCSD-F12b becomes functionally equivalent
to CCSD(F12*).
It is thus seen that the claim that CCSD-F12a is superior for

small basis sets rests on a fortunate error compensation with

Table 2. RMS Deviations (kcal/mol) for the CCSD−MP2
Components from the Basis Set Limit Values of the Water
Cluster (BEGDB) Cohesive Energies Calculated with
Various Basis Sets
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basis set incompleteness error. While the authors acknowledge
that some reliance on error compensation (a.k.a. “Pauling
points”, a.k.a. “right answer for the wrong reason”) is a
quantum chemical fact of life, we would advocate seeking “the
right answer for the right reason” where possible.104 In fact, it
was previously noted105 that, with small basis sets, CCSD-F12a
performs better for hydrogen-bonded noncovalent interactions
and CCSD-F12b performs better for dispersion-dominant
cases; in that paper,105 a “dispersion-weighted” approach was
proposed in which the mixing coefficient is made a parametric
function of the electrostatic vs dispersive character of the
complex. Clearly, reliance on such artifices blurs the line
between ab initio and semiempirical approaches and obviates
the chief advantage of the former.
We now turn to the connected triple excitations contribution

(T). RMS deviations for conventional (T) calculations are
given in Table 3.
It is seen immediately that haV{T,Q}Z with half-counter-

poise and haV{Q,5}Z with or without counterpoise yield
essentially indistinguishable results for (H2O)2−6. The
insensitivity toward counterpoise for haV{Q,5}Z is especially

reassuring concerning the quality of the extrapolation when
considering that BSSE should vanish at the one-particle basis
set limit.
We have chosen the half-counterpoise haV{Q,5}Z data as the

reference. For raw and full-counterpoise (T)/haV{T,Q}Z, the
RMSDs are just 0.005 and 0.006 kcal/mol, respectively.
Perhaps most noteworthy among the other results is the
excellent performance of raw (T)/haV{D,T}Z (RMSD 0.003
kcal/mol), which is fairly inexpensive and can easily be carried
out for larger clusters as well. Counterpoise correction is
actually counterproductive for this contribution, at least with
smaller basis sets; for larger basis sets, its inclusion or lack
thereof does not seem to matter.
The (T) contribution does not benefit from F12 directly. A

number of scaling schemes for the connected triples have been
introduced.11,64,67 Somewhat surprisingly, owing to a felicitous
error compensation, unscaled CCSD(T)-F12b/cc-pVTZ-F12
without counterpoise yields excellent results, comparable in
quality to conventional (T)/haV{D,T}Z (Table 4). While the
cost scaling is roughly the same, (T)-F12b can be a byproduct
of the CCSD(T)-F12b calculation, rather than requiring a

Table 3. RMS Deviations (kcal/mol) for the (T) Term of Conventional CCSD(T) Calculated for Water Cluster (BEGDB)
Cohesive Energies with Various Basis Sets

Table 4. RMS Deviations (kcal/mol) for the (T) Term of Explicitly Correlated CCSD(T)-F12 Calculated for Water Cluster
(BEGDB) Cohesive Energies with Various Basis Sets

Table 5. RMS Deviations (kcal/mol) for the High-Level Corrections (HLC = [(CCSD(T)−MP2)/haVnZ)] Components of the
Water Cluster (BEGDB) Cohesive Energies

a[CCSD-F12b−MP2-F12]/cc-pV{Q,5}Z-F12 raw + [CCSD(T)−CCSD]/haV{Q,5}Z half CP: “PLATINUM”.
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separate conventional CCSD(T) calculation. The cheapest
F12-scaled alternative available appears to be raw (Ts)/cc-
pVDZ-F12, although half−half (T*)/cc-pVDZ-F12 and
(T*sc)/cc-pVDZ-F12 perform still better, at the expense of
requiring the additional “ghost” calculations (Table 4).
There is little to choose between the CCSD-F12b and

CCSD(F12*) ansaẗze for the triples. If one wishes to rely
entirely on F12 calculations rather than a separate conventional
(T) step, CCSD(F12*) may be preferable overall because of its
faster basis set convergence on the CCSD−MP2 difference.
What if we instead consider the combined CCSD(T)−MP2

difference, i.e., the HLC? Water clusters appear to be a very
good test system for this. As the reference for (H2O)n≤6, we will
combine the CCSD-F12b/cc-pV{Q,5}Z-F12 raw results for
CCSD−MP2 with the half-counterpoise corrected (T)/haV-
{Q,5}Z contribution. The results are presented in Table 5.
It would appear that in the conventional calculations, half-

counterpoise correction is better for large basis sets (haV5Z
and haVQZ). However, counterpoise correction seems
ineffective for haVTZ, whereas counterpoise-corrected haV-
{D,T}Z, which was used in the S66 paper,9 is actually worse
than its uncorrected values. In the S66x8 paper, the HLC was
obtained from [CCSD(T)-MP2]/haVDZ, which here is clearly
“weighed in the balance and found wanting”.10

Similar error compensation is also at work in the explicitly
correlated HLCs. Raw HLC(F12*) (Tcsc)/cc-pVDZ-F12, at
RMSD = 0.025 kcal/mol, yields better results (Table 6); it was
recently used11 in the re-evaluation of the S66x8 data set. (The
selection of that level was based there on comparison with cc-
pVTZ-F12 HLCs for a subset of systems.) Here, we find that
for the cc-pVTZ-F12 basis set, there is relatively little variation
between different (T) F12 scaling strategies, but the small
RMSDs for half-counterpoise and HLC(T*sc) or HLC(Tbsc)
stand out. For cc-pVQZ-F12, all counterpoise and (T) F12
scaling choices yield excellent RMSDs, with the exception of
unscaled (T) with full counterpoise. Finally, for the limited cc-
pV5Z-F12 data, even unscaled (T) can be used.
We have also considered a composite HLC strategy in which

conventional (T) is combined with CCSD−F12b or CCSD-
(F12*) for the CCSD−MP2 part. RMSDs are reported in
Table 7. The references used here are same as in Tables 5 and
6. Table 7 indicates that the RMS deviations for [CCSD-F12b−
MP2-F12]/cc-pV{D,T}Z-F12 (both half-CP and raw) and
[CCSD(F12*)−MP2-F12]/cc-pV{D,T}Z-F12 (half-CP) com-

bined with orbital-based (T)/haV{D,T}Z (raw) are close to the
best available results, and any of these combinations can be
used as a cost-effective and accurate option for HLC. However,
here we prefer CCSD(F12*) over CCSD-F12b because of the
former’s faster basis set convergence and more rigorous
character, except for the very largest basis set, cc-pV5Z-F12,
where the two approaches are expected to yield functionally
identical results and even the CCSD-F12b calculations for
(H2O)6 already exceeded the 6TB local scratch storage limits
on our largest compute nodes.
All of this suggests a hierarchy of four approaches, ordered by

decreasing computational cost:

Table 6. RMS Deviations (kcal/mol) for the High-Level Correction (HLC = [(CCSD(T)-F12−MP2-F12)/cc-pVnZ-F12)])
Components of the Water Cluster (BEGDB) Cohesive Energies

a[CCSD-F12b−MP2-F12]/cc-pV{Q,5}Z-F12 raw + [CCSD(T)−CCSD]/haV{Q,5}Z half CP: “PLATINUM”.

Table 7. RMS Deviations (kcal/mol) for the High-Level
Correction (HLC) Components from the Basis Set Limit
Values of the Water Cluster (BEGDB) Cohesive Energies
Calculated from Combining an Explicitly Correlated
(CCSD−MP2 part) with an Orbital-Based (T) Component
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• PLATINUM: CCSD-F12b/cc-pV{Q,5}Z raw combined
with conventional (T)/haV{Q,5}Z half CP (results
available through (H2O)6)

• GOLD: CCSD-F12b/cc-pV{T,Q}Z half-CP combined
with conventional (T)/haV{T,Q}Z half CP (results
available through (H2O)7)

• SILVER: MP2-F12/cc-pV{T,Q}Z-F12 half-CP com-
bined with HLC from [CCSD(F12*)−MP2-F12]/cc-
pV{D,T}Z-F12 half-CP and conventional (T)/haV-
{D,T}Z raw (results available through (H2O)10)

• BRONZE: MP2-F12/cc-pV{T,Q}Z-F12 half-CP com-
bined with HLC from CCSD(F12*)(Tcsc)/cc-pVDZ-
F12 raw; this is the proposed approximation for larger
species when n-body decomposition is impractical (see
below).

Comparison with Earlier Benchmark Studies. Here, it
would be appropriate to compare our ab initio results with the
most recent available literature values of Shields and co-
workers.40 For their dissociation energy calculations, they used
the optimum geometry of water monomer rather than the
monomer-in-cluster geometries; this means that we have to
consider monomer relaxation energies to bring everything on
the same scale. Our MP2 limit dissociation energies (MP2-
F12/cc-pV{Q,5}Z-F12 raw through (H2O)6; MP2-F12/cc-
pV{T,Q}Z-F12 half-CP for (H2O)n=7−10) differ from their
reported MP2 limits by 0.180 kcal/mol RMS; their values were
obtained from RI-MP2/aug-cc-pV{D,T,Q}Z results using an A
+ B/L4 + C/L5 extrapolation formula, without employing any
counterpoise correction. Further, their HLCs were obtained at
the conventional CCSD(T)/aug-cc-pVDZ level, whereas our
best HLCs are ([CCSD-F12b−MP2-F12]/cc-pV{Q,5}Z-F12

raw + (T)/haV{Q,5}Z half-CP through (H2O)6, [CCSD-
F12b−MP2-F12]/cc-pV{T,Q}Z-F12 half-CP + (T)/haV-
{T,Q}Z half-CP for (H2O)7, and [CCSD(F12*)−MP2-F12]/
cc-pV{D,T}Z-F12 half-CP + (T)/haV{D,T}Z raw for
(H2O)n=8−10). Their HLCs differ from ours by 0.119 kcal/
mol, which is actually slightly more than the discrepancy of
0.091 kcal/mol RMS between the dissociation energies
themselves. Another paper was published by the same
group,18 in which they have further discussed the HLCs
obtained from variants of explicitly correlated CCSD(T)-F12
with the cc-pVDZ-F12 basis set. Their reported HLC(T*)‑F12b
differs from our best HLCs by 0.033 kcal/mol RMS and the
corresponding HLC(T*)‑F12a correction differs by 0.468 kcal/
mol RMS, which clearly shows the advantage of the F12b
approximation over F12a (see above).
One might question the adequacy of the level of theory

originally used (RI-MP2/aug-cc-pVDZ) for the optimization of
water clusters. Therefore, we have reoptimized all geometries at
the RI-MP2/haVTZ level using the RI-MP2 analytical gradient
code in ORCA. All reoptimized geometries are almost similar
to the original geometries, except for 4Py, 5CAA, and 7CH3,
which converged to 4Ci, 5CAC, and 7CH2, respectively. The
RMS deviation for cohesive energies calculated with the RI-
MP2/haVTZ method is just 0.073 kcal/mol relative to the RI-
MP2/haVTZ//RI-MP2/aug-cc-pVDZ calculated values, which
suggests that conclusions concerning the basis set convergence,
n-particle convergence, or performance of DFT functionals will
not be materially affected by the use of reoptimized geometries.

Performance of DFT Functionals. We will now discuss
the performance of various density functionals. The best
available data (PLATINUM: through (H2O)6; GOLD: (H2O)7;

Table 8. RMSDs (kcal/mol) of the DFTa Cohesive Energies Relativeb to the Best Available Referencec for the (BEGDB) Water
Clusters

aThe def2-QZVPD basis set was used throughout, except for ωB97M-V and dRPA75, where the aug-cc-pVQZ and haVQZ basis sets were used,
respectively. bBy way of comparison, the statistics for MP2-F12/cc-pVQZ-F12 are raw = 0.13 kcal/mol, CP = 0.07 kcal/mol, half−half = 0.10 kcal/
mol; these errors reflect the neglect of HLC. cPLATINUM: through (H2O)6; GOLD: (H2O)7; and SILVER: (H2O)n=8−10

Journal of Chemical Theory and Computation Article

DOI: 10.1021/acs.jctc.6b01046
J. Chem. Theory Comput. 2017, 13, 3136−3152

3143

http://dx.doi.org/10.1021/acs.jctc.6b01046


and SILVER: (H2O)n=8−10) were used as reference. Statistics
are given in Table 8. For some perspective, it needs to be kept
in mind that even straight MP2 can achieve RMSD = 0.07 kcal/
mol: of the many functionals we considered, only Mardirossian
and Head-Gordon’s ωB97M-V93 outperform MP2, whereas
counterpoise corrected ωB97X-V,92 DSD-PBEP86, and raw
DSD-PBEPBE-NL at least come close. The very recent MN-15
functional,106,107 which is a range-separated hybrid meta-GGA
like ωB97M-V but does not include any explicit dispersion term
and involves a much larger number of emipirical parameters,
performs reasonably well (RMS = 0.20 kcal/mol with
counterpoise correction). It is well-known (see, e.g., Table 10
of ref 11) that hydrogen bonds are a particularly favorable usage
scenario for MP2, so one might expect this to carry over to
water clusters. The dRPA75 functional,108 which includes
dRPA correlation, also performs resonably with RMSD 0.17
kcal/mol without any counterpoise correction.
n-Body Decomposition. Further, we have analyzed the n-

body interactions. Electronic structure calculations for water
clusters provide details of their structures and energetics,
whereas decomposition of the dissociation energies of water
clusters into n-body contributions will help to understand the
importance of many-body interactions109 in water clusters,
which is essential to develop accurate analytical representations
of the water potential energy surface.38,110 Moreover, they may
offer a route to accurate energies for large water clusters where
the cost of all-atom HLCs would be prohibitive.
In a many-body expansion, the total energy of a cluster

containing n individual fragments ( f i f j.....f n) takes the form of
the equation written below.

= + + + +E f f f E E E E[ ... ] ....i j n n1 2 3
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E1 is the one-body energies, E2 is the pairwise interactions term,
E3 are the triad or three-body interactions, and so on.
This approach was previously considered in the work of

Tschumper and co-workers41,111 where they demonstrate
efficient CCSD(T) optimized geometries and harmonic
vibrational frequencies for molecular clusters with the n-
body:many-body QM:QM technique.41,111 For ring water
clusters, Xantheas also found that four-body and higher terms
were negligible112 on the accuracy scale they were considering.
MP2, CCSD-MP2, and (T) contributions to various n-body

terms for (H2O)2 through (H2O)6 are summarized in Table 9.
A number of salient points come to the fore.
First of all, five-body and higher terms are recovered well at

the MP2-F12/cc-pVTZ-F12 level; for the (H2O)6 structures,

Table 9. n-Body Dissociation Energies (kcal/mol) of Water Clusters through (H2O)6 with the Largest Basis Sets Considereda

MP2-F12 CCSD(F12*)−MP2-F12 CCSD(T)−CCSD

cc-pV5Z-F12 cc-pVQZ-F12 cc-pVQZ-F12 cc-pVQZ-F12 cc-pV5Z-F12 cc-pVQZ-F12 cc-pVTZ-F12 haV5Z haVQZ haVTZ

two-body three-body four-body five-body two-body three-body four-body two-body three-body four-body

(H2O)2
2Cs 5.072 −0.245 0.251
(H2O)3 0.000 0.000
3UUD 13.789 2.534 −0.942 −0.060 0.923 0.015
3UUU 13.386 2.325 −0.964 −0.049 0.869 0.013
(H2O)4
4S4 22.338 6.274 0.561 −1.677 −0.095 −0.003 1.446 0.038 0.022
4Ci 21.782 5.997 0.545 −1.692 −0.085 −0.004 1.436 0.038 0.022
4Py 21.029 3.848 0.059 −1.351 −0.144 −0.001 1.507 0.005 0.002
(H2O)5
5CYC 28.051 9.149 1.208 0.091 −2.236 −0.065 −0.017 1.798 0.052 0.045
5CAA 29.807 6.188 0.270 0.001 −1.947 −0.220 −0.009 2.152 0.019 0.006
5CAB 29.178 6.041 0.290 −0.015 −1.846 −0.224 −0.007 2.138 0.019 0.010
5CAC 29.494 6.639 0.458 −0.030 −1.891 −0.239 −0.007 2.150 0.013 0.018
5FRA 28.346 6.408 0.262 −0.022 −2.025 −0.170 0.002 2.054 0.047 0.008
5FRB 28.446 7.711 0.737 0.010 −1.963 −0.167 −0.016 1.946 0.031 0.030
5FRC 27.729 6.369 0.222 −0.022 −2.005 −0.148 0.005 2.016 0.046 0.008
(H2O)6
6BAG 36.196 10.423 1.095 0.019 −2.832 −0.193 −0.023 2.585 0.048 0.046
6BK1 36.970 10.439 1.022 0.038 −2.821 −0.167 −0.015 2.519 0.063 0.043
6BK2 37.054 10.171 0.958 0.015 −2.843 −0.184 −0.016 2.549 0.066 0.040
6CA 39.059 9.161 0.490 −0.011 −2.792 −0.282 −0.015 2.861 0.030 0.015
6CB1 33.454 11.317 1.582 0.156 −2.703 −0.062 −0.026 2.124 0.064 0.060
6CB2 33.322 11.349 1.563 0.157 −2.656 −0.062 −0.024 2.106 0.059 0.056
6CC 33.832 11.754 1.738 0.186 −2.688 −0.050 −0.030 2.103 0.063 0.062
6PR 39.221 9.049 0.645 −0.076 −2.595 −0.323 −0.023 2.898 0.026 0.018

aFor results with smaller basis sets please see Table S9.
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HLCs with the haVTZ basis set (see Table S7) are found to be
0.01 kcal/mol or less, whereas further basis set expansion to
MP2-F12/cc-pVQZ-F12 has an effect of 0.005 kcal/mol or less.
At the other extreme, the two-body term is exquisitely

sensitive to both basis set and electron correlation level, with
even cc-pV5Z-F12 (albeit in the absence of counterpoise
correction) still showing a nontrivial basis set increment for
MP2-F12; granted, this is compensated to a large extent by an
opposite-sign basis set increment in CCSD(F12*)−MP2-F12.
As for the (T) term, even the haV5Z basis set increment still
adds up to 0.025 kcal/mol over haVQZ. Fortunately, the
calculation of two-body terms is relatively inexpensive in terms
of resources, requiring just n(n − 1)/2 water dimer calculations.
The three-body term, which requires n(n − 1)(n − 2)/6

water trimer calculations, is of some interest. Basis set
expansion effects beyond cc-pVTZ-F12 are nontrivial in both
MP2-F12 and CCSD(F12*)−MP2-F12, but they largely
compensate; consequently, most of the three-body term is
recovered at the CCSD(F12*)/cc-pVTZ-F12 level. (For
conventional CCSD vs MP2 calculations, on the other hand,
we see a noticeable basis set increment from haVTZ to
haVQZ.) Note that for (H2O)6, for instance, the post-MP2
correction is highly structure-dependent; notably, the prism and
cage have CCSD−MP2 differences in the −0.25 kcal/mol
range, whereas those for the three ring structures are only in the
−0.05 kcal/mol range. One explanation that suggests itself are

Axilrod−Teller−Muto (ATM)113−116 terms; these three-body
dispersion terms can be attractive or repulsive and first show up
at third order in a many-body perturbation theory expansion.
Indeed, the (MP3−MP2)/haVTZ contribution (see Table S8)
has three-body terms for the (H2O)6 isomers that qualitatively
display the same pattern as the CCSD-MP2 difference.
Furthermore, we obtained approximate ATM terms using the
expressions of Grimme and co-workers as implemented in their
DFTD3 empirical dispersion model94 and again found the same
qualitative pattern of repulsive ATM terms destabilizing the
more compact structures. It stands to reason that the latter
would be disfavored, since the leading distance dependence of
ATM terms is116 R−9.
The four-body terms are fairly well described at the MP2-

F12/cc-pVTZ-F12 level, although they are reduced by up to
0.03 kcal/mol when the basis set is expanded to cc-pVQZ-F12.
CCSD-MP2 contributions here are slightly antibonding,
partially compensating for attractive (T) contributions that
can reach 0.06 kcal/mol for the (H2O)6 ring structures.
The cumulative n-body contributions, and their sums, can be

found in Table 10, together with our best computed values
without resorting to n-body decomposition. The two sets of
values are seen there to agree to within a few hundredths of a
kcal/mol, showing that a hierarchical n-body scheme indeed
permits this level of accuracy. This offers a path to benchmark

Table 10. Total Dissociation Energies (kcal/mol) from n-Body Analysis and Cumulative n-Body Contributions for Water
Cluster Isomers through (H2O)6 Computed in This Workb,c and Reported by Paesani and Co-workers13 (in Italic)a

best
value

∑ n-
body

two-
body

three-
body

four-
body

five-body and
up

best
value

∑ n-
body

two-
body

three-
body

four-
body

five-body and
up

(H2O)2 5.08 5.08 5.08 (H2O)6
(H2O)3 6BAG 47.37 47.37 35.95 10.28 1.12 0.02
3UUD 16.26 16.26 13.77 2.49 46.80 35.28 10.35 1.16 0.01
3UUU 15.58 15.58 13.29 2.29 46.98 35.39 10.43 1.13 0.02
(H2O)4 6BK1 48.10 48.10 36.67 10.34 1.05 0.04
4S4 28.90 28.90 22.11 6.22 0.58 47.52 36.02 10.38 1.08 0.04

28.81 22.05 6.17 0.59 47.63 36.10 10.43 1.06 0.05
4Ci 28.04 28.04 21.53 5.95 0.56 6BK2 47.83 47.82 36.76 10.05 0.98 0.02

27.94 21.47 5.91 0.56 47.26 36.13 10.11 1.00 0.02
4Py 24.96 24.95 21.19 3.71 0.06 47.42 36.24 10.17 0.99 0.02

24.88 21.13 3.68 0.07 6CA 48.53 48.52 39.13 8.91 0.49 0.00
(H2O)5 47.96 38.47 8.97 0.53 −0.01
5CYC 38.08 38.08 27.61 9.14 1.24 0.09 48.13 38.58 9.06 0.49 0.00

37.93 27.53 9.07 1.24 0.09 6CB1 45.98 45.98 32.88 11.32 1.62 0.17
5CAA 36.28 36.27 30.01 5.99 0.27 0.00 45.44 32.30 11.34 1.63 0.17

36.17 29.94 5.94 0.29 0.00 45.62 32.40 11.43 1.62 0.17
5CAB 35.59 35.59 29.47 5.84 0.29 −0.01 6CB2 45.88 45.88 32.77 11.35 1.60 0.17

35.49 29.39 5.78 0.31 0.01 45.36 32.24 11.34 1.61 0.17
5CAC 36.62 36.61 29.75 6.41 0.47 −0.03 45.55 32.34 11.44 1.60 0.17

36.54 29.67 6.35 0.49 0.03 6CC 46.98 46.98 33.25 11.77 1.77 0.20
5FRA 34.90 34.91 28.37 6.28 0.27 −0.02 46.47 32.71 11.78 1.78 0.20

34.83 28.30 6.23 0.28 0.02 46.65 32.81 11.87 1.78 0.20
5FRB 36.77 36.77 28.43 7.57 0.75 0.01 6PR 48.88 48.86 39.52 8.75 0.64 −0.06

36.64 28.35 7.52 0.76 0.01 48.24 38.94 8.70 0.66 −0.06
5FRC 34.21 34.22 27.74 6.27 0.24 −0.02 48.38 39.05 8.76 0.63 -0.06

34.14 27.67 6.20 0.25 0.02
aFor (H2O)6, our n-body results at Paesani’s reference geometriesc are underlined. Our best whole-system benchmark values are also given for
comparison to show that our n-body expansion is adequately converged. bTwo-body: CCSD(F12*)/cc-pV5Z-F12 + [CCSD(T)−CCSD]/haV5Z;
three-body: CCSD(F12*)/cc-pVQZ-F12 + [CCSD(T)−CCSD]/haVQZ; four- and five-body: MP2-F12/cc-pVQZ-F12 + [CCSD(F12*)−MP2-
F12]/cc-pVTZ-F12 + [CCSD(T)−CCSD]/haVTZ; and six-body: MP2-F12/cc-pVQZ-F12. cFor (H2O)4,5, both studies employ the BEGDB
reference geometries; for (H2O)6, Paesani and co-workers13 employed MP2/haVTZ optimized geometries (see text). Our n-body results at those
different geometries are underlined.
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data for larger clusters, provided the following particulars are
adhered to

• the two-body term needs to be calculated as accurately as
possible, using basis sets all the way through V5Z-F12
and haV5Z;

• for the three-body term, CCSD−MP2 is essential;
• post-MP2 corrections for the four-body term are

desirable;
• five-body terms and up are adequately captured at the

MP2-F12/cc-pVnZ-F12 level (n = T, or definitely for n =
Q).

From a computational cost point of view, our two-body
calculations are relatively inexpensive, whereas the three-body
calculations with cc-pVQZ-F12 and haVQZ basis sets are
somewhat costlier. Still, the cost and resource requirements of
the individual calculations are independent of cluster size,
making it practical to converge these terms to the basis set and
correlation limit.
After the original version of the present article was submitted

for publication, a paper was published13 in which a new force
field for liquid water was derived from conventional and
explicitly correlated ab initio calculations using an n-body
decomposition scheme, but considerably smaller basis sets were
used than those in the present work. For the (H2O)4,5 isomers,
the values given in the electronic Supporting Information (ESI)
of said paper agree to 0.10 kcal/mol RMS with the present
work, but for the isomers of (H2O)6, a fairly substantial
discrepancy (up to 0.6 kcal/mol) is seen. About 0.4 kcal/mol of
this difference is due to different reference geometries; it can be
verified by comparison between the ESIs of refs 117 and 118
and the ESI of ref 13 that the calculations in ref 13 were carried
out at MP2/haVTZ reference geometries just for (H2O)6,
unlike those for (H2O)4 and (H2O)5, which employed the same
RI-MP2/AVDZ reference geometries from BEGDB as the
present work. Upon recalculation of our (H2O)6 n-body data at
ref 13’s MP2/haVTZ reference geometries, the remaining
discrepancy falls in line with the two other species and scales
roughly linearly with the number of water molecules. It is
essentially concentrated in the two-body and three-body terms;
four-body and higher terms are in very good agreement. While
the levels of theory used for these latter terms in ref 13 and in
the present work are comparable, for the three-body term ref
13 employed full-CP conventional CCSD(T)/AVTZ+bond
functions, compared to CCSD(F12*)/cc-pVQZ-F12+(T)/
haVQZ here. The two-body term in ref 13 was calculated at
the CCSD(T)/AV{T,Q}Z + bond functions level (no
counterpoise correction specified), compared to CCSD-
(F12*)/cc-pV5Z-F12 + (T)/haV5Z here. Moreover, the
small residual discrepancy between, on one hand, our n-body
summations and, on the other hand, the whole-system
benchmark results presented in the preceding sections is an
order of magnitude smaller than that between either of these
and ref 13.
As an aside, we note (Table S10) that the effect of the

different reference geometries on the (H2O)6 energetics is
reduced by almost an order of magnitude if monomer
relaxation is taken into account; the RMS difference between
the dissociation energies at both sets of geometries drops from
0.40 kcal/mol without monomer relaxation to 0.05 with it.
WATER27 Data Set. The B3LYP/6-311++G(2d,2p)

reference geometries were downloaded from the GMTKN30
website52 and used without further optimization. The four

(H2O)20 structures are too large for a convergence study of the
post-MP2 corrections; the remaining subset of 23 structures
(denoted WATER23) includes 10 structures of neutral (H2O)n
(n = 2−8); 5 structures of H3O

+(H2O)n (n = 1−3, 6), 7
structures of OH−(H2O)n (n = 1−6), and 1 zwitterion,
H3O

+(H2O)6OH
−. The original study50 presented MP2/CBS

energies, corrected for WATER23 with CCSD(T)/aug-cc-
pVDZ high level corrections.50 To our knowledge, no other
systematic benchmark data have thus far been reported for
WATER23 or WATER27. However, a few extensive reports are
available on the performance of various DFT functionals for
this data set.50−52 Here, we have reported revised high-level ab
initio calculated benchmark data for WATER27. Similar to the
BEGDB data set, here we are also reporting dissociation
energies for WATER27 (Figure 2), both with and without
monomer relaxation terms. (The original WATER27 data50

were reported including monomer relaxation.) However,
cohesive energies are also provided in the Supporting
Information.
At the MP2-F12 level, we were able to perform calculations

with the cc-pV5Z-F12 basis set for WATER23; for the (H2O)20
isomers, the largest basis set with which we were able to
perform MP2-F12 calculations was cc-pVQZ-F12. For the
WATER23 subset, we have considered the counterpoise
corrected cc-pV{Q,5}Z-F12 extrapolated energies as reference
for the MP2-F12 correlation component, which agrees with raw
and half-counterpoise corrected values to 0.022 and 0.011 kcal/
mol RMSD, respectively (Table 11). The counterpoise-
corrected MP2-F12/cc-pV{T,Q}-F12 extrapolation performs
quite well with RMS deviation 0.007 kcal/mol. Unlike BEGDB,
however, raw and half-counterpoise corrected values exhibit
RMSDs an order of magnitude larger, at 0.117 and 0.061 kcal/
mol, respectively. This is almost entirely due to convergence
issues with the anionic species in WATER23 (cf. Table 11); it
should be noted that cc-pVnZ-F12 basis sets carry s and p
diffuse functions only on the heavy atoms, not for higher
angular momenta.
In order to cope with the basis set convergence problem of

anionic water clusters, we constructed modified basis sets,
denoted aug-cc-pVnZ-F12 or aVnZ-F12, which have been
augmented with diffuse functions on the higher angular
momenta. For oxygen, the additional diffuse function
exponents were obtained by minimizing the MP2-F12 energy
for oxygen anion; full details of the aug-cc-pVnZ-F12 basis sets
for the first two rows and selected heavy p-block elements will
be published elsewhere.119 Geminal exponent (β) values were
set to 0.9 for aug-cc-pVDZ-F12 and 1.0 for both aug-cc-pVTZ-
F12 and aug-cc-pVQZ-F12 basis sets. Results with aV{T,Q}Z-
F12 extrapolation seems to be converged with RMS deviations
of 0.015 (raw) and 0.006 (CP) kcal/mol. Thus, we may
eliminate counterpoise corrections by using aV{T,Q}Z-F12 for
the MP2-F12 correlation component. Further, counterpoise
corrected aVTZ-F12 performs quite well, with 0.026 kcal/mol
RMS deviation. For the deprotonated clusters, counterpoise
corrected cc-pV{T,Q}Z-F12 and aV{T,Q}Z-F12 also perform
quite well, with RMSD values 0.012 and 0.011 kcal/mol,
respectively.
For the CCSD(F12*)−MP2-F12 difference term, we have

performed the calculations up to the cc-pVTZ-F12 basis set for
WATER23. Calculations with the corresponding aug-cc-pVnZ-
F12 basis sets were also performed. Counterpoise corrected
aV{D,T}Z-F12 extrapolation closely matches raw and half-CP
results with the same basis sets, with just 0.007 and 0.004 kcal/
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mol RMSD, respectively (Table 12). Thus, we have considered
counterpoise corrected aV{D,T}Z-F12 extrapolated values as
our reference. Further, to validate the basis set convergence for
deprotonated water clusters, additional calculations were
performed with cc-pVQZ-F12 and aVQZ-F12 basis sets for
OH−(H2O)n (n = 1−4). Relative to aV{T,Q}Z-F12, perform-
ance of aV{D,T}Z-F12 is very satisfactory, with RMS deviation
less than 0.009 kcal/mol. This also clearly shows that
counterpoise-corrected cc-pV{D,T}Z-F12 performs reasonably
well for all of the systems including deprotonated water
clusters.
Similar to the BEGDB benchmark study (vide supra), for the

WATER23 data set, the (T) contributions were taken from
conventional CCSD(T) calculations. For these calculations,
haVDZ and haVTZ basis sets were used throughout.
Considering 23 systems, raw and counterpoise corrected results
with haV{D,T}Z extrapolation differ by 0.042 kcal/mol RMSD;
however, for neutral and protonated water clusters, this
difference is much smaller (0.015 kcal/mol) (Table 13). This
distinctly indicates a basis set convergence problem for (T)
contributions for deprotonated water clusters. Hence, addi-
tional calculations were performed with the haVQZ basis set for
deprotonated species only; the minute difference (0.005 kcal/

Figure 2. B3LYP/6-311++G(2d,2p) optimized geometries of the
WATER27 data set. For WATER23, dissociation energies (kcal/mol)
calculated with our best level are also given exclusive (and, in

Figure 2. continued

parentheses, inclusive) of monomer relaxation energies. For (H2O)20
isomers, the dissociation energies (kcal/mol) provided here are the
combination of our best MP2-F12 [MP2-F12/cc-pV{T,Q}Z-F12 CP]
results with the high-level correction obtained from n-body analysis.

Table 11. RMS Deviations (kcal/mol) for the MP2-F12
Correlation Component of Cohesive Energies Calculated
with Various Basis Sets for the WATER23 Data Set
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mol) between raw and counterpoise-corrected haV{T,Q}Z
suggests that the basis set is properly converged.
Thus, our final reference level to calculate the cohesive

energies for WATER23 data set (excluding (H2O)20 isomers) is
as follows:

• For neutral and protonated water clusters: MP2-F12/cc-
pV{Q,5}Z-F12 CP + [CCSD(F12*)−MP2-F12]/aV-
{D,T}Z-F12 CP + [CCSD(T)−CCSD]/haV{D,T}Z CP

• For anionic (deprotonated) water clusters: MP2-F12/cc-
pV{Q,5}Z-F12 CP + [CCSD(F12*)−MP2-F12]/aV-
{D,T}Z-F12 CP + [CCSD(T)−CCSD]/haV{T,Q}Z CP

The final dissociation energies calculated at these levels differ
from the previous reference values presented by Goddard and
co-workers50 by RMSD = 0.164 kcal/mol.
Because of their large size, (H2O)20 clusters have always been

challenging systems for higher level ab initio calculations.
Xantheas and co-workers120 reported MP2/CBS binding
energies for (H2O)20 isomers, which were further used for
the evaluation of DFT functionals by Goddard and co-
workers.50 In this study, we report MP2-F12/cc-pV{T,Q}Z-
F12 extrapolated results for (H2O)20 isomers, which differ from
previously reported MP2/CBS results120 by 6.18 kcal/mol
RMS. Since our attempts at performing CCSD(T)/haVTZ

level calculations were successful only for the edge sharing
(H2O)20 and face cube (H2O)20, we have combined MP2-F12/
cc-pV{T,Q}Z-F12 CP dissociation energies for the (H2O)20
isomers with just two-body and three-body HLC corrections,
which are the most important; the smaller four-body HLC
would already require 20!/(16!4!) = 4845 water tetramer
calculations per isomer. The two-body terms (190 dimer
calculations per isomer) were obtained at the [CCSD(F12*)−
MP2-F12]/cc-pVQZ-F12 level combined with orbital-based
(T)/haV{T,Q}Z energies, whereas the three-body terms
(entailing 1140 water trimer calculations per isomer) were
obtained at the [CCSD(F12*)−MP2-F12]/cc-pVTZ-F12 +
(T)/haV{D,T}Z level. Recently, Friedrich and co-workers121

have reported explicitly correlated MP2-F12/cc-pVQZ-F12, as
well as the incremental CCSD(T)(F12*)|MP2-F12 interaction
energies for (H2O)20 isomers. Their reported dissociation
energies121 differ from our final values by 0.51 kcal/mol RMS.
We have also performed dRPA75/haVTZ and dRPA75/

haVQZ calculations for (H2O)20, as dRPA75/haV{T,Q}Z was
suggested in a recent application by Csonka and co-workers122

of their dRPA75 methods to water clusters. Our raw dRPA75/
haV{T,Q}Z results are close to their counterpoise-corrected
dRPA75/AVTZ values,122 both overbinding by a few kcal/mol
compared to our reference level reported here.

Table 12. RMS Deviations (kcal/mol) for the CCSD(F12*)−MP2-F12 Components of Cohesive Energies Calculated with
Various Basis Sets for the WATER23 Data Set

Table 13. RMS Deviations (kcal/mol) for the (T) Term of Conventional CCSD(T) Calculated for Cohesive Energies of the
WATER23 Data Set with Various Basis Sets
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■ CONCLUSIONS
BEGDB and WATER27 data sets have been considered in this
work for the conventional and explicitly correlated ab initio
benchmark study. The cohesive energies of water clusters have
been investigated with and without Boys−Bernardi counter-
poise corrections, along with the “ half-counterpoise” method.
For the MP2 correlation component, results with conven-

tional calculations are to some extent disappointing, and basis
set convergence of the explicitly correlated methods is
considerably better for both data sets. For CCSD−MP2,
CCSD(F12*) appears to be closer to the basis set limit than
CCSD-F12b, with RMS deviations being almost halved with
the same basis set; for cc-pVQZ-F12, both yield functionally
identical results. For the calculation of the (T) term,
conventional, orbital-based calculations are preferred. The
high-level correction should preferably be assembled from
conventional (T) and explicitly correlated CCSD−MP2.
Among the DFT functionals considered, only ωB97X-V and
ωB97M-V outperform MP2, although the double-hybrid DFT
functionals DSD-PBEP86 and DSD-PBEPBE-NL also perform
reasonably well.
Our best calculated BEGDB dissociation energies can be

reproduced through n-body expansion, provided one is willing
to push to the basis set and electron correlation limit for the
two-body term; for the three-body term, post-MP2 contribu-
tions (particularly CCSD-MP2) are important for capturing the
three-body dispersion effects. Terms beyond four-body can be
adequately captured at the MP2-F12 level. In this manner,
larger water clusters can be treated fairly accurately, as we
demonstrate for (H2O)20 isomers. n-body analysis broken
down by correlation energy component also reveals that post-
MP2 correlation contributions to the cage-ring equilibrium in
(H2O)6 result primarily from three-body ATM terms.
In the WATER27 data set, the anionic clusters exhibit

unacceptably slow basis set convergence with the cc-pVnZ-F12
basis sets. Using modified basis sets, denoted aug-cc-pVnZ-F12,
in which diffuse functions are also added to the higher angular
momenta, we were able to remedy this problem.
The calculated final dissociation energies of the BEGDB and

WATER27 data sets differ nontrivially from the previous
reference values used by Shields and co-workers17 for BEGDB
and Goddard and co-workers50 for WATER23, by 0.091 and
0.164 kcal/mol RMS, respectively.
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(1) Řezać,̌ J.; Hobza, P. Benchmark Calculations of Interaction
Energies in Noncovalent Complexes and Their Applications. Chem.
Rev. 2016, 116, 5038−5071.
(2) Hobza, P. Calculations on Noncovalent Interactions and
Databases of Benchmark Interaction Energies. Acc. Chem. Res. 2012,
45, 663−672.
(3) Grimme, S. Density Functional Theory with London Dispersion
Corrections.Wiley Interdiscip. Rev. Comput. Mol. Sci. 2011, 1, 211−228.
(4) Dubecky,́ M.; Derian, R.; Jurecǩa, P.; Mitas, L.; Hobza, P.;
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Palmieri, P.; Peng, D.; Pflüger, K.; Pitzer, R. M.; Reiher, M.; Shiozaki,
T.; Stoll, H.; Stone, A. J.; Tarroni, R.; Thorsteinsson, T.; Wang, M.
MOLPRO, version 2015.1, a Package of Ab Initio Programs; University
of Cardiff Chemistry Consultants (UC3): Cardiff, Wales, UK, 2012.
(57) Neese, F. The ORCA Program System. Wiley Interdiscip. Rev.
Comput. Mol. Sci. 2012, 2, 73−78.
(58) Shao, Y.; Gan, Z.; Epifanovsky, E.; Gilbert, A. T. B.; Wormit, M.;
Kussmann, J.; Lange, A. W.; Behn, A.; Deng, J.; Feng, X.; Ghosh, D.;
Goldey, M.; Horn, P. R.; Jacobson, L. D.; Kaliman, I.; Khaliullin, R. Z.;
Kus,́ T.; Landau, A.; Liu, J.; Proynov, E. I.; Rhee, Y. M.; Richard, R. M.;
Rohrdanz, M. a.; Steele, R. P.; Sundstrom, E. J.; Woodcock, H. L.;
Zimmerman, P. M.; Zuev, D.; Albrecht, B.; Alguire, E.; Austin, B.;
Beran, G. J. O.; Bernard, Y. a.; Berquist, E.; Brandhorst, K.; Bravaya, K.
B.; Brown, S. T.; Casanova, D.; Chang, C.-M.; Chen, Y.; Chien, S. H.;
Closser, K. D.; Crittenden, D. L.; Diedenhofen, M.; DiStasio, R. A.;
Do, H.; Dutoi, A. D.; Edgar, R. G.; Fatehi, S.; Fusti-Molnar, L.;
Ghysels, A.; Golubeva-Zadorozhnaya, A.; Gomes, J.; Hanson-Heine,
M. W. D.; Harbach, P. H. P.; Hauser, A. W.; Hohenstein, E. G.;
Holden, Z. C.; Jagau, T.-C.; Ji, H.; Kaduk, B.; Khistyaev, K.; Kim, J.;
Kim, J.; King, R. a.; Klunzinger, P.; Kosenkov, D.; Kowalczyk, T.;
Krauter, C. M.; Lao, K. U.; Laurent, A. D.; Lawler, K. V.; Levchenko, S.
V.; Lin, C. Y.; Liu, F.; Livshits, E.; Lochan, R. C.; Luenser, A.;
Manohar, P.; Manzer, S. F.; Mao, S.-P.; Mardirossian, N.; Marenich, A.
V.; Maurer, S. a.; Mayhall, N. J.; Neuscamman, E.; Oana, C. M.;
Olivares-Amaya, R.; O’Neill, D. P.; Parkhill, J. a.; Perrine, T. M.;
Peverati, R.; Prociuk, A.; Rehn, D. R.; Rosta, E.; Russ, N. J.; Sharada, S.
M.; Sharma, S.; Small, D. W.; Sodt, A.; Stein, T.; Stück, D.; Su, Y.-C.;
Thom, A. J. W.; Tsuchimochi, T.; Vanovschi, V.; Vogt, L.; Vydrov, O.;
Wang, T.; Watson, M. a.; Wenzel, J.; White, A.; Williams, C. F.; Yang,
J.; Yeganeh, S.; Yost, S. R.; You, Z.-Q.; Zhang, I. Y.; Zhang, X.; Zhao,
Y.; Brooks, B. R.; Chan, G. K. L.; Chipman, D. M.; Cramer, C. J.;
Goddard, W. A.; Gordon, M. S.; Hehre, W. J.; Klamt, A.; Schaefer, H.
F.; Schmidt, M. W.; Sherrill, C. D.; Truhlar, D. G.; Warshel, A.; Xu, X.;
Aspuru-Guzik, A.; Baer, R.; Bell, A. T.; Besley, N. a.; Chai, J.-D.;
Dreuw, A.; Dunietz, B. D.; Furlani, T. R.; Gwaltney, S. R.; Hsu, C.-P.;
Jung, Y.; Kong, J.; Lambrecht, D. S.; Liang, W.; Ochsenfeld, C.;
Rassolov, V. a.; Slipchenko, L. V.; Subotnik, J. E.; Van Voorhis, T.;
Herbert, J. M.; Krylov, A. I.; Gill, P. M. W.; Head-Gordon, M.
Advances in Molecular Quantum Chemistry Contained in the Q-
Chem 4 Program Package. Mol. Phys. 2015, 113, 184−215.
(59) Rolik, Z.; Szegedy, L.; Ladjańszki, I.; Ladoćzki, B.; Kaĺlay, M. An
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