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Abstract
Detailed study of Jensen’s polarization-consistent vs. Dunning’s correlation-consistent basis set families performance on the
extrapolation of raw and counterpoise-corrected interaction energies of water dimer using coupled cluster with single, double,
and perturbative correction for connected triple excitations (CCSD(T)) in the complete basis set (CBS) limit are reported. Both 3-
parameter exponential and 2-parameter inverse-power fits vs. the cardinal number of basis set, as well as the number of basis
functions were analyzed and compared with one of the most extensive CCSD(T) results reported recently. The obtained results
for both Jensen- and Dunning-type basis sets underestimate raw interaction energy by less than 0.136 kcal/mol with respect to the
reference value of − 4.98065 kcal/mol. The use of counterpoise correction further improves (closer to the reference value)
interaction energy. Asymptotic convergence of 3-parameter fitted interaction energy with respect to both cardinal number of
basis set and the number of basis functions are closer to the reference value at the CBS limit than other fitting approaches
considered here. Separate fits of Hartree-Fock and correlation interaction energy with 3-parameter formula additionally improved
the results, and the smallest CBS deviation from the reference value is about 0.001 kcal/mol (underestimated) for CCSD(T)/aug-
cc-pVXZ calculations. However, Jensen’s basis set underestimates such value to 0.012 kcal/mol. No improvement was observed
for using the number of basis functions instead of cardinal number for fitting.
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Introduction

Rapid development in computer efficiency and progress in
theoretical methods in 1980s of the previous century resulted
in accurate calculation of atomic and molecular energies of
small-size compounds [1–5]. This opened a road for

thermochemical studies within chemical accuracy [6] (±
1 kcal/mol) about three decades ago. However, both electron
correlation and incompleteness of one-electron wave function
were recognized as the main sources of errors in theoretical
calculations [2, 7–10]. It was also assumed that the accuracy
of the predicted results improved in calculations involving
more complete and flexible basis sets. Thus, the main tool in
these studies was related to simple extrapolation techniques
using results of correlated calculations combined with regu-
larly constructed correlation-consisted basis sets of Dunning
and coworkers [2, 11–13].

The first mathematical formula for extrapolation of energy
toward the complete basis set limit (CBS) was based on three-
parameter exponential expression proposed by Dunning and
coworkers [9, 12, 14–17]. Thus, the results of atomic and
molecular energies, calculated with a series of cc-pVXZ (or
their extended aug-cc-pVXZ versions, additionally augment-
ed with diffuse functions), where X =D, T, Q, 5, and 6 were
used in single-exponential non-linear fits (1):

Y Xð Þ ¼ Y ∞ð Þ þ B� exp −C=Xð Þ ð1Þ
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This crude approximation worked particularly well for
Hartree-Fock (HF) energies. Later, Helgaker and coworkers
[18] proposed a slower converging two-parameter formula, in
particular for fitting correlation energy (2):

Y Xð Þ ¼ Y ∞ð Þ þ B=X 3 ð2Þ

In these formulas Y(∞), B and C are fitting parameters and
X is the cardinal number of basis set used (the largest angular
momentum). Equation (2) was similar to a theoretical expres-
sion proposed by Schwarz [19] for helium atom and later
elaborated by Kutzelnig and Morgan [20].

Later on, numerous molecular systems were studied and
several fitting formulas proposed for isolated, as well as for
weakly interacting systems [21–26]. However, it seems that
the results obtained in such extrapolations are comparable.
Recently, a web-oriented application proposed 15 different
formulas for such approximation [27].

Independently another hierarchy of basis sets, the so-called
Jensen’s polarization consistent ones, pc-n and aug-pc-n,
where n is 0, 1, 2, 3, and 4 have gained popularity [28–31].
These basis sets are also tailored to calculate accurately nucle-
ar magnetic shielding tensor [32] (aug-pcS-n), as well as indi-
rect spin-spin coupling constants [33] (aug-pcJ-n). Jensen’s
basis sets were developed for Hartree-Fock and DFT calcula-
tions. However, their use was also successful in CBS studies at
MP2 and coupled cluster (CC) levels of theory [23, 25].

The use of polarization-consistent basis sets for extrapola-
tion of Hartree-Fock and Kohn-Sham, as well as correlation
energy and energy-related parameters at MP2, CCSD, and
coupled cluster with single, double, and perturbative correc-
tion for connected triple excitations (CCSD(T)) levels for iso-
lated molecules has been reported [22–24]. Elsohly and
Tschumper [22] compared a performance of correlation-
consistent and polarization-consistent basis sets combined
with MP2 method for calculation of interaction energy of sev-
eral non-covalent systems, including water dimer. They ob-
served regular and smooth convergence of MP2-calculated
interaction energy vs. the cardinal number of the studied
(HF)2, (HF)3, (H2O)2, (H2O)3, and (C2H2)2 complexes toward
the CBS limit [22]. The obtained raw CBS interaction ener-
gies were smaller in case of Dunning-type basis sets.
However, in comparison with raw values, the counterpoise-
corrected interaction energies obtained with both families of
basis sets were not improved.

Moreover, it was observed in many studies on small mole-
cules including H2, H2O, F2, F2O, and trans-N-methylacetamide
that the fitting lines obtained in such extrapolations of parameters
calculated with Dunning and/or Jensen basis sets converge in
principle to the same CBS limit [21, 23, 34, 35].

In case of weakly interacting systems, calculations with
smaller basis sets produce inaccurate results due to basis set
superposition error [36–39] (BSSE). Moreover, as mentioned

by Klopper and coworkers [40], “non-removal of BSSE results
in an unsystematic, non-monotonic convergence of the correla-
tion contribution to the interaction energy with increasing basis
set size.” In order to alleviate this problem, Boys and Bernardi
[41] proposed the so-called counterpoise approach (CP). In
general, raw interaction energy (without CP correction)
overestimated the accurate value in calculations combined with
incomplete basis sets and converged to the CBS limit from
below. However, in some cases in the current studies, we no-
ticed a reverse situation for the limiting value (the CBS-
extrapolated raw energy was less attractive than the CP
corrected). A similar and unrealistic raw (− 4.95 kcal/mol)
and CP-corrected energy (− 5.02 kcal/mol) ordering also report-
ed Xantheas [42].

It is also important to mention that apart from CBS fitting
the results obtained with limited size basis sets in popular
supermolecular (SM) studies [15], in the literature are other
approaches leading to improved accuracy in calculations of
interaction energy in case of weakly interacting non-bonded
systems. These include the use of n-tuply augmented diffuse
basis sets [43] which are responsible for long-distance attrac-
tion forces, as well as the use of so-called mid-bond functions
[44–46], better describing electron density between the atoms,
as well as symmetry-adapted perturbation theory [47–50]
(SAPT). Morokuma and Kitaura [51] also proposed energy
decomposition analysis of molecular interactions. Another ap-
proach leading to higher accuracy is achieved by using direct-
ly correlated wave functions in methods applying resolution
of identity [52–54] (RI), for example in MP2-RI and
CCSD(T)-RI. These methods produce faster converging re-
sults which are free from BSSE. The advantage of SM ap-
proach is its simplicity and availability in user-friendly pro-
grams like Gaussian. On the other hand, the other methods
mentioned above are free from BSSE and are able to produce
individual, physically justified interaction components includ-
ing electrostatic, repulsion, charge transfer, correlation, etc.

However, to our best knowledge, in the available literature
no detailed studies on convergence of interaction energy of
hydrogen bonded systems, for example in water dimer, calcu-
lated at the CCSD(T) level of theory using both Jensen’s and
Dunning’s basis set families exist. In addition, little is known
about the magnitude of BSSE, correlation energy and their
convergence toward CBS in calculations using the
polarization-consistent basis sets. It is still not clear which
approach is better—CBS fitting vs. the cardinal number or
vs. the number of basis functions. Finally, there is an unan-
swered question about the efficiency of fitting formulas in
convergence studies of non-covalent systems.

The basis set requirements for efficient recovery of weak
interactions and forces acting far from nuclei in non-covalent
molecular systems depend heavily on the presence of diffuse
functions in the basis sets applied. In fact, the more complete
and flexible basis set is used the more efficiently electrostatic
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and dispersion forces are reproduced. On the other hand, in
many cases, diffuse functions on hydrogen atoms could be
omitted with only negligible loss of performance (so-called
heavy atom augmented basis sets, haug-cc-pVXZ [55]).
Therefore, both Dunning and Jensen basis sets are suitable
for studying H-bonded systems.

In the current study, using a popular supermolecular ap-
proach, we want to address the above problems using water
dimer as model. In particular, we want to assess the applica-
bility of polarization-consistent basis sets for accurate predic-
tion of water dimer interaction energy at frozen-core (FC)
CCSD(T) level of theory. To avoid an additional impact of
geometry in all calculations, we will use a well-known and
very accurate water dimer CCSD(T)/cc-pVQZ structure, re-
cently reported by Hobza and co-workers [56] in his bench-
mark studies on 66 selected non-covalent systems. The use of
single, well-defined optimized or experimental geometry of
weakly bonded molecules was often used since the geometry
relaxation has a very small impact on interaction energy [15,
57]. For example, in case of water dimer, Feller et al. [58]
mentioned about 0.03 kcal/mol difference.

Thus, in the current study, we want to asses two ways of
determining water dimer interaction energy extrapolation to-
ward the complete basis set limit (CBS) using Dunning- and
Jensen-type basis set families and two fitting formulas (1) and
(2): 3- and 2-parameter ones vs. the cardinal number and the
number of basis functions at FC-CCSD(T) level of theory.
Since we are not aiming at another benchmark work on water
dimer interaction energy, we will concentrate on relative per-
formance of Dunning and Jensen-type basis sets in predicting
the convergence of this important parameter.

We will use a recently reported value of − 4.98065 kcal/
mol, obtained from CBS extrapolation of frozen core
CCSD(T)-F12 calculations with aug-cc-pVQZ and aug-cc-
pV5Z basis sets as reference of interaction energy of water
dimer [59]. Due to their popularity, both Eqs. (1) and (2) will
be used for fitting of our results.

Methods

Interaction energy for water dimer was calculated at Hartree-
Fock and coupled cluster with single, double, and non-
iterative triples, CCSD(T) levels of theory, using Gaussian
09 revision E.01 program package [60]. All calculations pro-
duced raw (uncorrected) and counterpoise-corrected interac-
tion energies of water dimer at geometry reported by Hobza
and coworkers [56] in their systematic benchmark studies on
66 non-covalent molecular systems. For completeness, their
dimer structure is listed in the supplementary data (Table S1).
All calculations were performed using augmented
polarization-consistent basis sets (aug-pc-n [28–31]) with in-
dex “n” changing from 1 to 4 and the augmented correlation-

consistent basis sets aug-cc-pVXZ [2, 11–13]. The cardinal
numbers used with the latter basis sets were D, T, Q, 5, and
6. For fitting purposes [23], we used the following values of
X = 2, 3, 4, 5, and 6.

Since Jensen’s pc-1 basis set is already of double-zeta qual-
ity, following an earlier study by Tschumper [22], for fitting
purposes, we will change the corresponding index: X = n + 1.
In addition, it is possible to use the number of basis function
(Bf) instead of the cardinal number for studying the conver-
gence toward the CBS limit. Therefore, we will perform fittings
both with respect to cardinal number X and to Bf. Both fitting
Eqs. (1) and (2) were used for fitting of CCSD(T), HF, and
correlation energy. The latter was calculated as follows:
Ecor = ECCSD(T) – EHF. For convenience, the following abbrevi-
ations for basis sets will be used in this paper: apcn for aug-pc-n
and aXZ for aug-cc-pVX. The three-parameter CBS fits using
three last data will be abbreviated as 3-par CBS(2–4) and 3-par
CBS(Q-6) for Jensen and Dunning basis sets, respectively.
Similarly, fits with two-parameter formula will be indicated
by 2-par CBS(3,4) and 2-par CBS(5,6) notations. In case of
separate fittings of HF and correlation energy with three param-
eter function, we will use (3 + 3) notation or (3 + 2a) and (3 +
2b) in case of correlation energy fitted with two-parameter for-
mula using three or two last points, respectively.

The largest basis sets aug-cc-pV6Z for water dimer
contained 886 basis functions (1386 primitive Gaussians and
1316 Cartesians) and the aug-pc-4 basis was significantly
smaller (642 basis functions, 930 primitive Gaussians, and
856 Cartesian basis functions). In addition, in all calculations,
only the spherical components of the polarization (Cartesian
Gaussians) functions were used, e. g., 5D, 7F, and so on.

Finally, in agreement with some earlier studies [39], we
improve our estimated interaction energies by using the aver-
age values for raw and CP-corrected energies in the complete
basis set limit: (E(Raw) − E(CP))/2. Final comparison be-
tween our results and the reference energy will be expressed
as deviation Ecalc – Eref, where Eref = − 4.98065 kcal/mol, and
is also marked in figures as “LANE [59]”.

Results and discussion

Convergence patterns of water dimer energy,
interaction energy, and basis set superposition error
calculated with polarization-consistent
and correlation-consistent basis set series

The performance of different basis set hierarchies, e. g.,
correlation-consistent and polarization-consistent ones in total
energy and interaction energy recovery could be related to
their construction, including the number of primitive
Gaussian and Cartesian functions, as well as the total number
of basis functions [61]. Thus, we start our analysis by
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checking the convergence patterns of counterpoise-corrected
energy of water dimer produced by Jensen’s and Dunning’s
basis sets. In particular, we want to see which basis set family,
correlation-consistent of polarization-consistent produce
faster converging CP-corrected SCF and CCSD(T) energies.

A fairly regular convergence of both Hartree-Fock and
CCSD(T) counterpoise-corrected energy of water dimer is
apparent from Fig. 1a, b. Obviously, the results obtained with
aug-pc-n and aug-cc-pVXZ basis sets converge to essentially
the same complete basis set limit, i. a. to about − 152.1402 and
− 152.7530 au for HF and CCSD(T), respectively. On the
other hand, for X = 2, the total HF energy, calculated with
Jensen-type basis sets (− 152.0299 au) is significantly less
negative than that calculated with aug-cc-pVDZ basis set (−
152.0882 au). However, for X = 3, 4, and 5, the energies pro-
duced by Jensen-type basis sets are slightly lower than those
calculated with aug-cc-pVXZ basis sets. This indicates some-
how faster convergence of HF energy calculated using
polarization-consistent instead of correlation-consistent basis
sets for water dimer (Fig. 1a). The above picture is not so clear
for CCSD(T) calculated energy of water dimer (Fig. 1b) but

still the aug-pc-1 and aug-pc-2 predict somehow larger (less
negative) energies than aug-cc-pVDZ, aug-cc-pVTZ, and
aug-cc-pVQZ basis sets.

However, looking at Fig. 1c, d, it is easier to understand
that the differences in performance of both basis set families
are partly due to the different magnitude of basis set superpo-
sition errors calculated with HF and CCSD(T) methods. Thus,
for X = 2, the HF/aug-pc-1-calculated BSSE is about three
times the size of the corresponding value produced by aug-
cc-pVDZ basis set (about 0.80 vs. 0.25 kcal/mol). Obviously,
at the CCSD(T) level of theory, the BSSE magnitude is larger
than in the case of non-correlated calculations; however, the
ratio of BSSE values obtained for two studied basis set fam-
ilies decreases and the corresponding values are about 1.7 and
0.9 kcal/mol. For the next cardinal number (X = 3), the Jensen-
type basis set performs comparable with Dunning’s one and is
marginally better for X = 5.

The magnitude of water dimer interaction energy was sub-
ject of numerous accurate theoretical calculations [15, 59, 62,
63]. Since CCSD(T) method is considered a gold standard in
terms of accuracy and computation cost for small-size

Fig. 1 Convergence of counterpoise-corrected energy (au) of water dimer calculated with Jensen- and Dunning-type basis sets with a HF and b
CCSD(T) methods and c and d the decrease of the corresponding basis set superposition errors (kcal/mol)
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molecular systems in Table 1, we gather such results pub-
lished in recent years. It is apparent from Table 1 that all the
theoretical values oscillate around − 5 kcal/mol and strongly
depend on the size of basis set used for calculations. The best
value, obtained at CCSD(T)-F12 level of theory and extrapo-
lated to complete basis set limit using results calculated with
aug-cc-pVQZ and aug-cc-pV5Z basis set is − 4.98065 kcal/
mol [59]. A little smaller value (− 5.02 kcal/mol) was reported
by Hobza as result of his composite approach [56, 64]. The
most accurate result was reported by Lane [59] (− 5.017 kcal/
mol). He called it the “best” one. However, he used very
advanced CCSDTQ method for both geometry optimization
and for energy, additionally improved by inclusion of core-
valence and relativistic contributions. These accurate theoret-
ical values of water dimer interaction energy [65–67] fall
within the error bars of the experimentally determined values
(− 5.44 ± 0.7 kcal/mol [68] or − 5.4 ± 0.2 [69–71]). The latter
values were determined using additional terms including zero-
point vibrational and temperature corrections. Turning back to
our results, in Table S2, in the supplementary material, all raw
and CP-corrected interaction energies of water dimer are gath-
ered, calculated with aug-pc-n and aug-cc-pVXZ basis sets at
Hartree-Fock and CCSD(T) levels of theory.

It is apparent from Figs. 2a–f that both raw and CP-
corrected interaction energies saturate somehow close to the
value, represented by our reference (“Lane [59]”).

The picture is very similar for energy converging along
with improved basis set size and flexibility (Fig. 2a, c, e),
represented by X and n + 1, as well as by increasing the total
number of basis functions Bf (Fig. 2b, d, f). However, it is
obvious that raw energy converges from below and the CP-
corrected one from above. The results of individual fitting are
shown in the figures and solid lines represent convergence of
raw energies while dashed lines correspond to CP-corrected
ones. Obviously, points obtained with smaller basis sets (X = 2
and 3) are less accurate and deviate from the fits.

An interesting feature of fits in Fig. 2c deserves a short
comment. Raw data, corrupted by BSSE overestimate the di-
mer interaction energy calculated with aug-pc-1, aug-pc-2,
aug-pc-3, and aug-pc-4 (the corresponding CP energies are
more positive) but the lines of the corresponding fits are cross-
ing. As result, in the complete basis set limit, the CP-corrected
energy seems to be lower than the one extrapolated for raw
energy. This situation is only visible in graphs plotted against
the cardinal number. One should be aware that in the complete
basis set limit ERaw = ECP. However, we cannot expect the

Table 1 The water dimer
interaction energy (in kcal/mol)
and O…O distance calculated by
CCSD(T) method

Basis set Interaction energy
(kcal/mol)

Raw CP corrected O…O dist. (A) Ref.

aug-c-pVTZ − 5.0 2.90 [72]

CBS − 4.96 [73]

(FC)/IO275 − 4.94 2.912 ± 0.05 [74]

(FULL)/IO275 − 4.96 [74]

TZ2P(f,d) + dif − 5.02 2.9089 [75]

aug-cc-pVTZ − 5.22 − 4.75 2.93 [76, 77]

aug-cc-pVDZ − 5.29 − 4.398 2.926 [42, 78]

aug-cc-pVTZ − 5.217 − 4.747 [42]

aug-cc-pVQZ − 5.101 − 4.907 [42]

aug-cc-pV5Z − 5.034 − 4.944 [42]

CBS − 4.95 − 5.02 (?) [42]

aug-cc-pCVDZ − 5.07 − 4.29 2.92 [79]

aug-cc-pCVTZ − 5.10 − 4.69 [79]

(F12)/aug-cc-pCVDZ − 5.01 − 4.76 2.98 [79]

(F12)/aug-cc-pCVTZ − 5.04 − 4.78 [79]

CBS − 4.966 [80]

ha5Z − 4.989 2.9127 [81]

haQZ − 5.009 [81]

CBS (“Hobza”) − 5.02 [56, 64]

(F12b) CBS(aug-cc-pVQZ, aug-cc-pV5Z) (“LANE”) − 4.98065 2.913 [59]

CBS + CV+ rel (“BEST”) − 5.017 [59]

Exp. − 5.44 ± 0.7 [68]

Exp. −5.4 ± 0.2 [69–71]
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magnitude of BSSE behaving exactly in the same (regular)
fashion as energy (see Fig. 1c, d). As an alternative, we plotted
the same values of energy vs. the number of basis functions,

and this way of presentation seems to alleviate the problem of
crossing both fitted lines (see Fig. 2d). Similar situation is
presented in Fig. 2e, f.

Fig. 2 Convergence of CCSD(T)-calculated water dimer interaction
energy using Jensen’s and Dunning’s basis sets fitted with 3-parameter
function and three last points with respect to a X and n + 1, b number of
basis sets; fitted with 2-parameter function and three last points with

respect to c X and n + 1, d number of basis sets; and fitted with 2-
parameter function and two last points with respect to (e) X and n + 1
and (f) number of basis sets
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Splitting of interaction energy into two components
(HF and correlation energy) and separate CBS fitting
is often used to obtain more precise information about
non-covalent interactions [40, 73]. The limiting values
of Hartree-Fock, as well as correlation interaction ener-
gy (Ecor), extrapolated toward CBS with Eqs. (1) and
(2) are gathered in Table 2. As expected, the numbers
are fairly similar for different combinations of fitting
schemes but differences on second decimal point are
apparent, in particular for results fitted with Eq. (2).

In Table 3 are gathered CBS-extrapolated interaction
energies obtained from fits of CCSD(T) energy, as well
as from separate fits of Hartree-Fock energy and corre-
lation energy with Eqs. (1) and (2). Moreover, we cal-
culated a simple average value of separation between
raw and CP-corrected interaction energies in the basis
set limit (CPcorrection). This value will be later used to
improve on the CP energy. However, in this case only
positive value indicating a correct behavior of fitting
lines will be used to improve on the CP energy.

The performance of Jensen-type basis sets is not so
obvious from data gathered in Tables 2 and 3 and
Figs. 1 and 2 and therefore in Table S3, in the supple-
mentary material, we gathered deviations of raw and
CP-corrected interaction energy [39] calculated with
CCSD(T) method, as well as from separate fits of HF
energy and correlation energy added together. Moreover,
in Table S4, are the same deviations with CP energies
additionally improved by ad hoc corrections, shown in
Table 3. However, in case of the confusing negative
corrections (see the crossing lines in Fig. 1c), we kept
the original deviations.

Performance of aug-pc-n vs. aug-cc-pVXZ basis sets
in prediction of water dimer interaction energy

At the final stage of our studies, we checked the magnitudes of
CBS-extrapolated CCSD(T)/aug-pc-n and CCSD(T)/aug-cc-
pVXZ water dimer interaction energy deviations from the
reference, reported recently by Lane [59] (− 4.98065 kcal/
mol). In Fig. 3, we presented deviations from the reference
for both raw and CP-corrected energies, extrapolated toward
CBS limit with both Eqs. (1) and (2) vs. X, n + 1, as well as the
number of basis functions (Bf). In addition, we considered
both the deviations of total CCSD(T) interaction energies
(Fig. 3a) and a sum of separate fits of Hartree-Fock and cor-
relation energy (Fig. 3c). In the latter case, the HF energy was
fitted with exponential formula and the correlation one with
Eq. (1) using three last points or with formula (2) using the
results obtained with three (2a) or two (2b) largest basis sets
(Fig. 3). Each panel in Fig. 3 is clearly separated into two
parts, each containing three groups of bars for aug-pc-n on
the left side and for aug-cc-pVXZ basis sets on the right side.

Looking closer at the results presented in Fig. 3a, c, it is
apparent that CBS extrapolations produce fairly accurate
CCSD(T)/aug-pc-n interaction energies of water dimer with
raw values deviating only by 0.136 kcal/mol from our refer-
ence value [59] in case of using the total energy for fitting
three last points with 2-parameter function (Fig. 3a). This error
decreases to about 0.092 kcal/mol in case of separate fits of
HF and correlation energy (Fig. 3c). Significantly more accu-
rate results are produced using 3-parameter fits (CCSD(T)/
aug-pc-n deviations from about 0.007 to 0.008 kcal/mol are
visible from the same figures). Interestingly, CBS fits of
CCSD(T)/aug-pc-n counterpoise-corrected interaction

Table 2 CBS estimated valuesa of HF and Ecor interaction energies (in kcal/mol) of water dimer calculated using polarization-consistent and
correlation-consistent basis set hierarchies (CSD(T)/aug-cc-pVQZ structure reported by Hobza et al. used)

CBS fit HF Ecor

vs. X and n + 1 vs. no .of basis functions vs. X and n + 1 vs. no. of basis functions

Raw CP Raw CP Raw CP Raw CP

aug-pc-n

3-par CBS
(2–4)

− 3.58592 − 3.58448 − 3.58669 − 3.58459 − 1.387 − 1.37947 − 1.39147 − 1.35834

2-par CBS
(2–4)

− 3.54172 − 3.57359 − 3.58395 − 3.58359 − 1.30303 − 1.41869 − 1.39492 − 1.32391

2-par CBS (3,4) − 3.57544 − 3.58251 − 3.58429 − 3.58413 − 1.35423 − 1.41686 − 1.38483 − 1.35919
aug-cc-pVXZ

3-par CBS
(Q-6)

− 3.58504 − 3.58488 − 3.58533 − 3.58488 − 1.39692 − 1.39213 − 1.41528 − 1.38582

2-par CBS
(Q-6)

− 3.56984 − 3.58466 − 3.58286 − 3.58483 − 1.40512 − 1.40539 − 1.43102 − 1.38042

2-par CBS (5,6) − 3.58091 − 3.58513 − 3.58428 − 3.58500 − 1.39783 − 1.40360 − 1.42019 − 1.38676

a Fittings are performed with 3-parameter formula using 3 last points and with 2-parameter formula using 3 and 2 last points
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energies vs. the number of basis functions are less accurate
and the corresponding deviations are from 0.019 to
0.020 kcal/mol. On the overall, Eq. (2) seems to work better
than the two-point fitting in case of CCSD(T) interaction en-
ergies of water dimer, calculated with polarization-consistent
basis sets. Besides, the common assumption [40, 82] that CP-
corrected energies are more accurate is not evident from the
calculations performed with Jensen-type basis sets. However,
this seems to be true in case of results obtained with
correlation-consistent basis sets (see Fig. 3a and c). In addi-
tion, the deviations produced with Dunning-type basis sets
seem to be 2–3 times smaller than those obtained with
Jensen’s basis sets.

An additional ad hoc correction of CP interaction energies
(see Table 3) seems to decrease these deviations quite signif-
icantly. Thus, the largest deviations produced with CP-
corrected interaction energies calculated using aug-pc-n and
aug-cc-pVXZ basis sets are now below 0.03 and 0.01 kcal/
mol, respectively (see Fig. 3b, d).

The general conclusion from Fig. 3 is that for both
CCSD(T)/aug-pc-n and CCSD(T)/aug-cc-pVXZ calculations
extrapolations to the complete basis set limit are capable to
predict interaction energy of water dimer within about 0.14
(raw data) to 0.04 kcal/mol in case of applying counterpoise
correction. However, in general, the results produced with
Dunning-type basis sets are closer to the reference. No gain

in accuracy is observed for CBS fits vs. the number of basis
functions. In addition, if possible, it is better to use 3-
parameter fittings leading to deviations below 0.01 kcal/mol.
In fact, deviations for CCSD(T)/aug-pc-n and CCSD(T)/aug-
cc-pVXZ interaction energies fitted with 3-parameter function
are the smallest ones and are nearly similar. Additional cor-
rection of CP energies is also beneficial (compare Fig. 3a, b, as
well as Fig. 3c, d).

In order to better compare the performance of CBS inter-
action energies of water dimer using polarization-consistent
and correlation-consistent in Table S5 in the supplementary
material are gathered relative deviations (in %deviation
with respect to Lane value). These data clearly show that
in case of CBS fitting with respect to cardinal number of
Dunning’s basis set (X) and n + 1 for Jensen’s ones, the
uncorrected deviations are − 0.14 to 0.33% and − 0.11 to
− 2.73%, respectively. The CP-corrected deviations are
smaller (0.13 to − 0.18% and 0.2 to 0.4%). In the case of
CBS fitting with respect to the number of basis function and
applying CP correction, somehow worse results are pro-
duced (about 0.16 to − 0.37% for Dunning’s and 0.15 to −
0.75% for Jensen’s basis sets). Finally, the only advantage
in using separate fits for HF and correlation energies was
observed for correlation-consisted basis sets estimated to-
ward the CBS limit using the three-parameter fitting formu-
la (deviation of − 0.02 vs. 0.13%).

Table 3 CBS estimated values of
CCSD(T) interaction energy and
a sum of separate fits of HF and
Ecor energies for water dimera

CCSD(T)

CBS fit vs. X and n + 1 vs. no of basis functions

Raw CP CPcorrection Raw CP CPcorrection

aug-pc-n

3-par CBS(2–4) − 4.97345 − 4.97026 0.001595 − 4.97842 − 4.94574 0.01634

2-par CBS(2–4) − 4.84475 − 4.99227 − 0.07376 − 4.97888 − 4.9075 0.03569

2-par CBS(3,4) − 4.92966 − 4.99935 − 0.034845 − 4.96912 − 4.94331 0.012905

aug-cc-pVXZ

3-par CBS(Q-6) − 4.99706 − 4.97759 0.009735 − 5.00626 − 4.97099 0.017635

2-par CBS(Q-6) − 4.97496 − 4.99005 − 0.007545 − 5.01388 − 4.96525 0.024315

2-par CBS(5,6) − 4.97874 − 4.98873 − 0.004995 − 5.00446 − 4.97176 0.01635

CCSD(T) from separate fits of HF and Ecor

aug-pc-n

3-par CBS(2–4) − 4.97292 − 4.96395 0.004485 − 4.97816 − 4.94293 0.017615

2-par CBS(2–4) − 4.88895 − 5.00317 − 0.05711 − 4.98161 − 4.90850 0.036555

2-par CBS(3,4) − 4.94015 − 5.00134 −0.030595 − 4.97152 − 4.94378 0.01387

aug-cc-pVXZ

3-par CBS(Q-6) − 4.98196 − 4.97701 0.002475 − 5.00061 − 4.97070 0.014955

2-par CBS(Q-6) − 4.99016 − 4.99027 − 5.5E-05 − 5.01635 −4.96530 0.025525

2-par CBS(5,6) − 4.98287 − 4.98848 − 0.002805 − 5.00552 − 4.97164 0.01694

aAll raw and CP-corrected energies calculated with polarization-consistent and correlation-consistent basis set
hierarchies. Additional ad hoc corrections for CP values obtained from a simple formula [39]:E(CP) –CPcorrection,
where CPcorrection = [(E(CP) – E(Raw))/2]
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Following the reviewer suggestion, in the supplementary
material, we also show fits of interaction energy calculated for
all available basis sets, including results for double-zeta ones
and the corresponding figures illustrating the convergence
(Table S6 and Fig. S1). In three cases, fits which omitted
results for the smallest basis sets resulted in closer agreement
with the reference value (only 2-parameter fit of Dunning’s
basis sets produced worse results).

Timing of central processor unit (cpu) is yet another
important issue of very expensive CCSD(T) calculations.
For a reasonable comparison, we will look here at total
cpu needed for CP-calculated energies of water dimer for
both series of basis sets. As expected, calculations
employing the largest Dunning’s basis set (aug-cc-pV6Z)
need almost five times more cpu time than the ones using
Jensen aug-pc-4 basis set. Obviously, this is due to differ-
ent sizes of both basis sets: The largest aug-cc-pV6Z basis
sets for water dimer contains 886 basis functions and the
aug-pc-4 basis is significantly smaller (only 642).
Besides, only in case of the largest Jensen basis set, ad-
ditionally 5 basis functions were dropped due to their
linear dependencies.

Conclusions

Comparison of Jensen’s polarization-consistent basis set per-
formance with the widely used Dunning’s correlation-
consistent basis set on predicting interaction energy in water
dimer at the CCSD(T), as well as at HF levels, and their
convergence to CBS limit are reported in the present study.
The CCSD(T)/CBS predicted non-corrected interaction ener-
gy of (H2O)2 using polarization-consistent and correlation-
consistent basis sets agrees within 0.136 and 0.002 kcal/mol,
respectively, with the reference value of − 4.98065 kcal/mol
reported by Lane. As expected, the counterpoise procedure
decreases this error by a factor of two to three. The CBS
values extrapolated with 3-parameter formula produce results
close to the reference value, both for Jensen- and Dunning-
type basis sets. The accuracy of CCSD(T)/CBS water dimer
interaction energy obtained with Dunning families of basis
sets are generally 2–3 times better than obtained using
polarization-consistent ones, initially designed for HF and
DFT calculations.

Compared to the total CCSD(T)/CBS fitting, separate esti-
mates of HF and correlation energies toward the CBS limit

Fig. 3 Deviations of a (top left) total CCSD(T)/aug-pc-n and CCSD(T)/
aug-cc-pVXZ interaction energy (in kcal/mol) of water dimer estimated
in the complete basis set limit using Eqs. (1) and (2) and (bottom left)

separate HF and correlation energy fits, as well as ad hoc corrected (top
right) total and (bottom right) composite CCSD(T) energy from “Lane”
reference value [59]
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with the three-parameter fitting formula produce smaller inter-
action energy deviation from the reference value (deviation of
− 0.007 vs. − 0.001 kcal/mol) in case of Dunning basis set
series. For Jensen’s basis sets, separate 3-parameter fits of
HF and correlation energy produce lesser accurate results (de-
viations of − 0.009 vs. − 0.012 kcal/mol.

Application of polarization-consistent basis sets for estima-
tion of CBS interaction energy of water dimer produced some-
how less accurate results in comparison to correlation-
consistent basis sets but such calculations may be computa-
tionally more efficient. We hope that our detailed studies, lim-
ited to one non-covalent molecular system, could inspire fu-
ture works on other H-bond complexes.

Acknowledgments T. K., M. A. B., and A. B. were supported by the
Faculty of Chemistry, Opole University. All the calculations were per-
formed at Wrocław Supercomputing Center (WCSS). We would like to
thank our two anonymous reviewers for their numerous very helpful
questions and suggestions leading to significant improvement of the ini-
tial manuscript.

Open Access This article is distributed under the terms of the Creative
Commons At t r ibut ion 4 .0 In te rna t ional License (h t tp : / /
creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a link
to the Creative Commons license, and indicate if changes were made.

References

1. Boyd DB (1990) Aspects of molecular modeling. In: Lipkowitz
KB, Boyd DB (eds) In reviews in computational chemistry, vol 1.
Wiley, Hoboken. https://doi.org/10.1002/9780470125786.ch9

2. Dunning Jr TH (1989) Gaussian basis sets for use in correlated
molecular calculations. I. The atoms boron through neon and hy-
drogen. J Chem Phys 90:1007–1023

3. Hehre WJ, Radom L, Schleyer PR, Pople JA (1986) Ab initio
molecular orbital theory. Wiley, New York

4. Curtiss LA, Raghavachari K, Redfern PC, Pople JA (1997)
Assessment of Gaussian-2 and density functional theories for the
computation of enthalpies of formation. J. Chem. Phys. 106(3):
1063–1079. https://doi.org/10.1063/1.473182

5. Pople JA, Head-Gordon M, Fox DJ, Raghavachari K, Curtiss LA
(1989) Gaussian-1 theory: a general procedure for prediction of
molecular energies. J. Chem. Phys. 90(10):5622–5629. https://doi.
org/10.1063/1.456415

6. Langhoff S (2012) Quantum mechanical electronic structure calcu-
lations with chemical accuracy. Springer Netherlands, Dordrecht

7. Woon DE, Dunning Jr TH (1993) Benchmark calculations with
correlated molecular wave functions. I. Multireference configura-
tion interaction calculations for the second row diatomic hydrides. J
Chem Phys 99:1914

8. Peterson KA, Kendall RA, Dunning Jr TH (1993) Benchmark cal-
culations with correlated molecular wave functions. II.
Configuration interaction calculations on first row diatomic hy-
drides. J Chem Phys 99:1930–1944

9. Peterson KA, Kendall RA, Dunning TH, Jr. (1993) Benchmark
calculations with correlated molecular wave functions. III.

Configuration interaction calculations on first row homonuclear
diatomics. J Chem Phys 99:9790–9805

10. Peterson KA, Dunning TH (1995) Intrinsic errors in several ab
initio methods. The dissociation energy of N2. J. Phys. Chem. 99:
3898–3901

11. Wilson A, vanMourik T, Dunning Jr TH (1996) Gaussian basis sets
for use in correlated molecular calculations. VI. Sextuple zeta cor-
relation consistent basis sets for boron through neon. J. Mol. Struct.
(THEOCHEM) 388(1–3):339–349

12. Woon DE, Dunning Jr TH (1993) Gaussian basis sets for use in
correlated molecular calculations. III. The atoms aluminum through
argon. J Chem Phys 98:1358–1371

13. Peterson KA, Woon DE, Dunning Jr TH (1994) Benchmark calcu-
lations with correlated molecular wave functions. IV. The classical
barrier height of the H+H2→H2+H reaction. J. Chem. Phys. 100:
7410–7415

14. Dunning Jr TH (2000) A road map for the calculation of molecular
binding energies. J. Phys. Chem. A 104:9062–9080

15. Feller D (1992) Application of systematic sequences of wave func-
tions to the water dimer. J. Chem. Phys. 96(8):6104–6114

16. Feller D (1993) The use of systematic sequences of wave functions
for estimating the complete basis set, full configuration interaction
limit in water. J. Chem. Phys. 98(9):7059–7071

17. Peterson KA, Dunning Jr TH (1997) The CO molecule: the role of
basis set and correlation treatment in the calculation of molecular
properties. J. Mol. Struct. (THEOCHEM) 400:93–117

18. Helgaker T, Klopper W, Koch H, Noga J (1997) Basis-set conver-
gence of correlated calculations on water. J. Chem. Phys. 106(23):
9639–9646

19. Schwarz C (1962) Importance of angular correlations between
atomic electrons. Phys. Rev. 126:1015–1019

20. Kutzelnigg W, Morgan JD (1992) Rates of convergence of the
partial-wave expansions of atomic correlation energies. J. Chem.
Phys. 96(6):4484–4508. https://doi.org/10.1063/1.462811

21. Moon S, Case DA (2006) A comparison of quantim chemical
models for calculating NMR shielding parameters in peptides:
mixed basis sets and ONIOM method combined with a complete
basis set extrapolation. J. Comput. Chem. 27(7):825–836

22. Elsohly AM, Tschumper GS (2009) Comparison of polarization
consistent and correlation consistent basis sets for noncovalent in-
teractions. I J Quant Chem 109:91–96

23. Kupka T, Lim C (2007) Polarization-consistent vs correlation-
consistent basis sets in predicting molecular and spectroscopic
properties. J. Phys. Chem. A 111:1927–1932

24. Kupka T, Ruscic B, Botto RE (2002) Toward Hartree-Fock- and
density functional complete basis-set predicted NMR parameters. J.
Phys. Chem. A 106:10396–10407

25. Kupka T, Stachow M, Nieradka M, Kaminsky J, Pluta T (2010)
Convergence of nuclear magnetic Shieldings in the Kohn-Sham
limit for several small molecules. J. Chem. Theory Comput. 6(5):
1580–1589. https://doi.org/10.1021/ct100109j

26. Jensen F (2005) The effect of different density functional methods
on basis set parameters. Chem. Phys. Lett. 402(4–6):510–513

27. Vasilyev V (2017) Online complete basis set limit extrapolation
calculator. Comput Theor Chem 1115:1–3. https://doi.org/10.
1016/j.comptc.2017.06.001

28. Jensen F (1999) The basis set convergence of the Hartree-Fock
energy for H2. J. Chem. Phys. 110(14):6601–6605

29. Jensen F (2001) Polarization consistent basis sets: principles. J.
Chem. Phys. 115(20):9113–9125

30. Jensen F (2002) Polarization consistent basis sets. II. Estimating the
Kohn-Sham basis set limit. J Chem Phys 116(17):7372–7379

31. Jensen F (2002) Polarization consistent basis sets. III. The impor-
tance of diffuse functions. J Chem Phys 117:9234–9240

Page 10 of 12 J Mol Model (2019) 25: 313313

https://doi.org/10.1002/9780470125786.ch9
https://doi.org/10.1063/1.473182
https://doi.org/10.1063/1.456415
https://doi.org/10.1063/1.456415
https://doi.org/10.1063/1.462811
https://doi.org/10.1021/ct100109j
https://doi.org/10.1016/j.comptc.2017.06.001
https://doi.org/10.1016/j.comptc.2017.06.001


32. Jensen F (2008) Basis set convergence of nuclear magnetic
shielding constants calculated by density functional methods. J
Chem Theor Comput 4:719–727

33. Jensen F (2006) The basis set convergence of spin-spin coupling
constants calculated by density functional methods. J. Chem.
Theory Comput. 2(5):1360–1369

34. Kupka T (2009) Prediction of water's isotropic nuclear shieldings
and indirect nuclear spin-spin coupling constants (SSCCs) using
correlation-consistent and polarization-consistent basis sets in the
Kohn-Sham basis set limit. Magn. Reson. Chem. 47:210–221

35. Kupka T (2009) Convergence of H2O, H2, HF, F2 and F2O nuclear
magnetic shielding constants and indirect nuclear spin-spin cou-
pling constants (SSCCs) using segmented contracted basis sets
XZP, polarization-consistent pcS-n and pcJ-n basis sets and
BHandH hybrid density functional. Magn. Reson. Chem. 47:959–
970

36. Kestner NR (1968) He–He interaction in the SCF–MO approxima-
tion. J. Chem. Phys. 48(1):252–257. https://doi.org/10.1063/1.
1667911

37. Liu B, McLean AD (1973) Accurate calculation of the attractive
interaction of two ground state helium atoms. J. Chem. Phys. 59(8):
4557–4558. https://doi.org/10.1063/1.1680654

38. Burns LA, Marshall MS, Sherrill CD (2014) Comparing counter-
poise-corrected, uncorrected, and averaged binding energies for
benchmarking noncovalent interactions. J. Chem. Theory
Comput. 10(1):49–57. https://doi.org/10.1021/ct400149j

39. Mackie ID, DiLabio GA (2011) Approximations to complete basis
set-extrapolated, highly correlated non-covalent interaction ener-
gies. J. Chem. Phys. 135(13):134318. https://doi.org/10.1063/1.
3643839

40. Boese AD, Jansen G, Torheyden M, Höfener S, Klopper W (2011)
Effects of counterpoise correction and basis set extrapolation on the
MP2 geometries of hydrogen bonded dimers of ammonia, water,
and hydrogen fluoride. Phys. Chem. Chem. Phys. 13(3):1230–
1238. https://doi.org/10.1039/c0cp01493a

41. Boys SF, Bernardi F (1970) The calculation of small molecular
interactions by the differences of separate total energies. Some pro-
cedures with reduced errors. Mol. Phys. 19:553–566

42. Miliordos E, Xantheas SS (2015) An accurate and efficient compu-
tational protocol for obtaining the complete basis set limits of the
binding energies of water clusters at the MP2 and CCSD(T) levels
of theory: application to (H2O)m, m = 2-6, 8, 11, 16, and 17. J.
Chem. Phys. 142(23):234303. https://doi.org/10.1063/1.4922262

43. Zhong S, Barnes EC, Petersson GA (2008) Uniformly convergent
n-tuple-ζ augmented polarized (nZaP) basis sets for complete basis
set extrapolations. I. Self-consistent field energies. J Chem Phys
129(18):184116. https://doi.org/10.1063/1.3009651

44. Tao FM, Pan YK (1992) Moller–Plesset perturbation investigation
of the He2 potential and the role of midbond basis functions. J.
Chem. Phys. 97(7):4989–4995. https://doi.org/10.1063/1.463852

45. Sládek V, Ilčin M, Lukeš V (2011) The role of mid-bond basis set
functions on the interaction energy and equilibrium structure of He
and Hg vdW dimers; a revised view. Acta Chim. Slov. 4:46–54

46. Rybak S, Jeziorski B, Szalewicz K (1991) Many-body symmetry-
adapted perturbation theory of intermolecular interactions - H2O
and HF dimers. J Chem Phys 95:6579–6601

47. Eisenschitz R, London F (1930) About the relationship of the van
der Waals forces to the covalent bonding forces. Z. Phys. 60:491–
527

48. Szalewicz K, Jeziorski B (1979) Symmetry-adapted double-pertur-
bation analysis of intramolecular correlation effects in weak inter-
molecular interactions. Mol. Phys. 38:191–208

49. Korona T, Williams HL, Bukowski R, Jeziorski B, Szalewicz K
(1997) Helium dimer potential from symmetry-adapted perturba-
tion theory calculations using large Gaussian geminal and orbital
basis sets. J. Chem. Phys. 106:5109–5122

50. Szalewicz K (2012) Symmetry-adapted perturbation theory of in-
termolecular forces. WIREs Comput Mol Sci 2:254–272

51. Kitaura K, Morokuma K (1976) A new energy decomposition
scheme for molecular interactions within the Hartree-Fock approx-
imation. 10:325 (1976). Int J Quantum Chem 10:325

52. Feyereisen M, Fitzgerald G, Komornicki A (1993) Use of approx-
imate integrals in ab initio theory. An application in MP2 energy
calculations. Chem. Phys. Lett. 208(5):359–363. https://doi.org/10.
1016/0009-2614(93)87156-W

53. Vahtras O, Almlöf J, Feyereisen MW (1993) Integral approxima-
tions for LCAO-SCF calculations. Chem. Phys. Lett. 213(5):514–
518. https://doi.org/10.1016/0009-2614(93)89151-7

54. Bernholdt DE, Harrison RJ (1996) Large-scale correlated electronic
structure calculations: the RI-MP2 method on parallel computers.
Chem. Phys. Lett. 250(5):477–484. https://doi.org/10.1016/0009-
2614(96)00054-1

55. Howard JC, Tschumper GS (2015) Benchmark structures and har-
monic vibrational frequencies near the CCSD(T) complete basis set
limit for small water clusters: (H2O)n, n = 2, 3, 4, 5, 6. J. Chem.
Theory Comput. 11(5):2126–2136. https://doi.org/10.1021/acs.jctc.
5b00225

56. Řezáč J, Riley KE, Hobza P (2011) Extensions of the S66 data set:
more accurate interaction energies and angular-displaced nonequi-
librium geometries. J Chem Theor Comput 7(11):3466–3470.
https://doi.org/10.1021/ct200523a

57. Frisch MJ, Del Bene JE, Binkley JS, Schaefer III HF (1986)
Extensive theoretical studies of the hydrogen-bonded complexes
(H2O)2, (H2O)2H

+, (HF)2, (HF)2H
+, F2H

−, and (NH3)2. J. Chem.
Phys. 84:2279–2289

58. Feyereisen MW, Feller D, Dixon DA (1996) Hydrogen bond ener-
gy of the water dimer. J. Phys. Chem. 100:2993–2997

59. Lane JR (2013) CCSDTQ optimized geometry of water dimer. J.
Chem. Theory Comput. 9(1):316–323. https://doi.org/10.1021/
ct300832f

60. Frisch MJ, Trucks GW, Schlegel HB, Scuseria GE, Robb MA,
Cheeseman JR, Scalmani G, Barone V, Mennucci B, Petersson
GA, Nakatsuji H, Caricato M, Li X, Hratchian HP, Izmaylov AF,
Bloino J, Zheng G, Sonnenberg JL, Hada M, Ehara M, Toyota K,
Fukuda R, Hasegawa J, Ishida M, Nakajima T, Honda Y, Kitao O,
Nakai H, Vreven T, Montgomery Jr JA, Peralta JE, Ogliaro F,
Bearpark M, Heyd JJ, Brothers E, Kudin KN, Staroverov VN,
Keith T, Kobayashi R, Normand J, Raghavachari K, Rendell A,
Burant JC, Iyengar SS, Tomasi J, Cossi M, Rega N, Millam JM,
Klene M, Knox JE, Cross JB, Bakken V, Adamo C, Jaramillo J,
Gomperts R, Stratmann RE, Yazyev O, Austin AJ, Cammi R,
Pomelli C, Ochterski JW, Martin RL, Morokuma K, Zakrzewski
VG, Voth GA, Salvador P, Dannenberg JJ, Dapprich S, Daniels AD,
Farkas O, Foresman JB, Ortiz JV, Cioslowski J, Fox DJ (2013)
Gaussian 09, Revision E.01, Gaussian 09, Revision E.01.
Gaussian, Inc., Wallingford

61. Foresman JB, Frisch A (1996) Exploring chemistry with electronic
structure methods2nd edn. Gaussian Inc, Pittsburg

62. Jurečka P, Šponer J,Černýa J, Hobza P (2006) Benchmark database
of accurate (MP2 and CCSD(T) complete basis set limit) interaction
energies of small model complexes, DNA base pairs, and amino
acid pairs. Phys. Chem. Chem. Phys. 8:1985–1993

63. Hobza P, Bludský O, Suhai S (1999) Reliable theoretical treatment
of molecular clusters: counterpoise- corrected potential energy sur-
face and anharmonic vibrational frequencies of the water dimer.
Phys. Chem. Chem. Phys. 1(13):3073–3078. https://doi.org/10.
1039/a902109d

64. Řezáč J, Riley KE, Hobza P (2011) S66: a well-balanced database
of benchmark interaction energies relevant to biomolecular struc-
tures. J. Chem. Theory Comput. 7(8):2427–2438. https://doi.org/
10.1021/ct2002946

Page 11 of 12J Mol Model (2019) 25: 313 313

https://doi.org/10.1063/1.1667911
https://doi.org/10.1063/1.1667911
https://doi.org/10.1063/1.1680654
https://doi.org/10.1021/ct400149j
https://doi.org/10.1063/1.3643839
https://doi.org/10.1063/1.3643839
https://doi.org/10.1039/c0cp01493a
https://doi.org/10.1063/1.4922262
https://doi.org/10.1063/1.3009651
https://doi.org/10.1063/1.463852
https://doi.org/10.1016/0009-2614(93)87156-W
https://doi.org/10.1016/0009-2614(93)87156-W
https://doi.org/10.1016/0009-2614(93)89151-7
https://doi.org/10.1016/0009-2614(96)00054-1
https://doi.org/10.1016/0009-2614(96)00054-1
https://doi.org/10.1021/acs.jctc.5b00225
https://doi.org/10.1021/acs.jctc.5b00225
https://doi.org/10.1021/ct200523a
https://doi.org/10.1021/ct300832f
https://doi.org/10.1021/ct300832f
https://doi.org/10.1039/a902109d
https://doi.org/10.1039/a902109d
https://doi.org/10.1021/ct2002946
https://doi.org/10.1021/ct2002946


65. Schütz M, Brdarski S, Widmark P-O, Lindh R, Karlström G (1997)
The water dimer interaction energy: convergence to the basis set
limit at the correlated level. J. Chem. Phys. 107(12):4597–4605.
https://doi.org/10.1063/1.474820

66. Nakayama T, Fukuda H, Kamikawa T, Sakamoto Y, Sugita A,
Kawasaki M, Amano T, Sato H, Sakaki S, Morino I, Inoue G
(2007) Effective interaction energy of water dimer at room temper-
ature: an experimental and theoretical study. J. Chem. Phys.
127(13):134302. https://doi.org/10.1063/1.2773726

67. Fiadzomor PAY, Keen AM, Grant RB, Orr-Ewing AJ (2008)
Interaction energy of water dimers from pressure broadening of
near-IR absorption lines. Chem. Phys. Lett. 462(4):188–191.
https://doi.org/10.1016/j.cplett.2008.08.023

68. Curtiss LA, Frurip DJ, Blander M (1979) Studies of molecular
association in H2O and D2O vapors by measurement of thermal
conductivity. J. Chem. Phys. 71(6):2703–2711. https://doi.org/10.
1063/1.438628

69. Reimers JR, Watts RO, Klein ML (1982) Intermolecular potential
functions and the properties of water. Chem. Phys. 64(1):95–114.
https://doi.org/10.1016/0301-0104(82)85006-4

70. Dyke TR, Mack KM, Muenter JS (1976) The structure of water
dimer from molecular beam electric resonance spectroscopy. J.
Chem. Phys. 71(2):498–510

71. Dyke TR, Mack KM, Muenter JS (1977) The structure of water
dimer from molecular beam electric resonance spectroscopy. J.
Chem. Phys. 66(2):498–510. https://doi.org/10.1063/1.433969

72. Halkier A, Koch H, Jørgensen P, Christiansen O, Beck Nielsen IM,
Helgaker T (1997) A systematic ab initio study of the water dimer in
hierarchies of basis sets and correlation models. Theor. Chem.
Accounts 97(1–4):150–157

73. Halkier A, Klopper W, Helgaker T, Jørgensen P, Taylor PR (1999)
Basis set convergence of the interaction energy of hydrogen-
bonded complexes. J. Chem. Phys. 111(20):9157–9167. https://
doi.org/10.1063/1.479830

74. Klopper W, van Duijneveldt-van de Rijdt JGCM, van Duijneveldt
FB (2000) Computational determination of equilibrium geometry
and dissociation energy of the water dimer. Phys. Chem. Chem.
Phys. 2(10):2227–2234. https://doi.org/10.1039/A910312K

75. Tschumper GS, Leininger ML, Hoffman BC, Valeev EF, Schaefer
HF, Quack M (2001) Anchoring the water dimer potential energy
surfacewith explicitly correlated computations and focal point anal-
yses. J. Chem. Phys. 116(2):690–701. https://doi.org/10.1063/1.
1408302

76. Huang X, Braams BJ, Bowman JM (2006) Ab initio potential en-
ergy and dipole moment surfaces of (H2O)2. J. Phys. Chem. A
110(2):445–451. https://doi.org/10.1021/jp053583d

77. Shank A, Wang Y, Kaledin A, Braams BJ, Bowman JM (2009)
Accurate ab initio and “hybrid” potential energy surfaces, intramo-
lecular vibrational energies, and classical ir spectrum of the water
dimer. J. Chem. Phys. 130(14):144314. https://doi.org/10.1063/1.
3112403

78. Miliordos E, Aprà E, Xantheas SS (2013) Optimal geometries and
harmonic vibrational frequencies of the global minima of water
clusters (H2O)n, n = 2-6, and several hexamer local minima at the
CCSD(T) level of theory. J. Chem. Phys. 139(11). https://doi.org/
10.1063/1.4820448

79. Belikov VV, Bokhan DA, Trubnikov DN (2014) Estimating the
basis set superposition error in the CCSD(T)(F12) explicitly corre-
lated method using the example of a water dimer. Russ. J. Phys.
Chem. A 88 (4 ) : 629–633 . h t t p s : / / do i . o rg / 10 .1134 /
S0036024414040037

80. Řezáč J, Hobza P (2016) Benchmark calculations of interaction
energies in noncovalent complexes and their applications. Chem.
Rev. 116(9):5038–5071. https://doi.org/10.1021/acs.chemrev.
5b00526

81. Howard JC, Gray JL, Hardwick AJ, Nguyen LT, Tschumper GS
(2014) Getting down to the fundamentals of hydrogen bonding:
anharmonic vibrational frequencies of (HF)2 and (H2O)2 from ab
initio electronic structure computations. J. Chem. Theory Comput.
10(12):5426–5435. https://doi.org/10.1021/ct500860v

82. van Duijneveldt FB, Van Duijneveldt-Van De Rijdt JGCM, Van
Lenthe JH (1994) State of the art in counterpoise theory. Chem.
Rev. 94:1873–1885

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Page 12 of 12 J Mol Model (2019) 25: 313313

https://doi.org/10.1063/1.474820
https://doi.org/10.1063/1.2773726
https://doi.org/10.1016/j.cplett.2008.08.023
https://doi.org/10.1063/1.438628
https://doi.org/10.1063/1.438628
https://doi.org/10.1016/0301-0104(82)85006-4
https://doi.org/10.1063/1.433969
https://doi.org/10.1063/1.479830
https://doi.org/10.1063/1.479830
https://doi.org/10.1039/A910312K
https://doi.org/10.1063/1.1408302
https://doi.org/10.1063/1.1408302
https://doi.org/10.1021/jp053583d
https://doi.org/10.1063/1.3112403
https://doi.org/10.1063/1.3112403
https://doi.org/10.1063/1.4820448
https://doi.org/10.1063/1.4820448
https://doi.org/10.1134/S0036024414040037
https://doi.org/10.1134/S0036024414040037
https://doi.org/10.1021/acs.chemrev.5b00526
https://doi.org/10.1021/acs.chemrev.5b00526
https://doi.org/10.1021/ct500860v

	Performance...
	Abstract
	Introduction
	Methods
	Results and discussion
	Convergence patterns of water dimer energy, interaction energy, and basis set superposition error calculated with polarization-consistent and correlation-consistent basis set series
	Performance of aug-pc-n vs. aug-cc-pVXZ basis sets in prediction of water dimer interaction energy

	Conclusions
	References




