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Abstract The MP2 and CCSD(T) basis set limit binding
energies of various hydrogen-bonded clusters were estimated
via basis set extrapolation employing the correlation consis-
tent aug-cc-pVDZ and modified aug-cc-pVDZ set containing
extra polarization functions from cc-pVTZ set. By adopt-
ing the optimal interval for the difference between the cardi-
nal numbers (X) corresponding to two basis sets in the X−3

type extrapolation scheme the estimated binding energies for
(H2O)n and (HF)n (n = 3 − 5) are shown to be close to the
reference basis set limit values within the error bounds in
many cases, manifesting the significance of these basis sets
in studying the structures and binding of large hydrogen-
bonded clusters.

1 Introduction

In an effort to reduce the size of a basis set without sacrificing
the accuracy in an ab initio correlated calculation using
correlation consistent (aug-)cc-pVXZ(X =D(2),T(3),Q(4),5)
basis set [1–6], Huh and Lee [7] recently devised a basis set
extrapolation formula of (X+γ )−3 where γ is varied to accu-
rately estimate the basis set limit of the correlation energy
according to correlation treatment and quality of the basis
sets employed. Among their various extrapolation formulas
suggested for specific basis set sequence, the most useful
formula practically applicable to large clusters would be the
formula corresponding to the smallest basis set sequence of
cc-pVDZ and cc-pVTZ. However, even in this case, since one
must perform ab initio correlated calculations using the basis
sets up to cc-pVTZ set (which is composed of [4s3p2d1f] for
the second row elements), the computational task would still
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be very demanding as the system becomes larger and even-
tually limits the size of the molecular systems which can be
studied by the ab inito method. It would be highly desirable
if one could develop a basis set smaller than cc-pVTZ, yet
effective enough to be used for extrapolation with cc-pVDZ
set to yield the reliable CBS (complete basis set) limit cor-
relation energy. In this article, we explore the possibility of
reducing the size of the basis sets required for extrapola-
tion to the basis set limit in ab initio correlated calculations
further, which would provide an effective path for studying
the accurate structures and energetics of large molecular clus-
ters. In the next section we explain how one can construct a
new basis set suitable for extrapolation to the basis set limit
with cc-pVDZ set as well as extrapolation procedure. The
results and discussion for the application of this extrapola-
tion method to various hydrogen-bonded clusters are given
in Sect. 3. The concluding remarks are in sect. 4.

2 Extrapolation scheme and basis sets

We start from the MP2 [8] and CCSD(T) [9] level extrapo-
lation formula for cc-pVDZ and cc-pVTZ basis sets by Huh
and Lee [7],

Ecorr(∞) = Ecorr(X) + A/(X + γ )3 (1)

Here, Ecorr(X) and Ecorr(∞) represent the correlation energy
with the cc-pVXZ(X = D,T) and complete basis set, respec-
tively, with correlation dependent parameter γ equal to 1 at
the MP2 and 1/2 at the CCSD(T) level. The cardinal num-
ber X varies from 2 for cc-pVDZ to 3 for cc-pVTZ set, so
the interval between the cardinal numbers for DZ and TZ
set corresponds to 1.0 in this case. For two-point extrap-
olation employing the correlation energies with cc-pVDZ
and cc-pVTZ sets, we can use, it is true, alternative formu-
las such as X−β (with optimized β) [10] or extrapolation
scheme exploiting the similar basis set convergence behav-
ior of monomer and cluster correlation energies [11]. We
nevertheless adopted the extrapolation formula of Eq. 1 in
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Table 1 CBS limit binding energy estimatesa from extrapolations with aug-cc-pVDZ and aug-cc-pVTZ basis sets

MP2 CCSD(T)

Clusterb �E1(∞)c �E2(∞)d �E3(∞)e �E4(∞)f �Eref (∞)g �E1(∞)c �E2(∞)d �E3(∞)e �E4(∞)f �Eref (∞)g

He2 18.5(47.7) 21.5(50.7) 22.6(51.8) 19.5(48.7) 21.4(50.6)h 30.8(60.0) 32.7(61.9) 35.2(64.4) 30.8(60.0) 33.8(63.0)i

(H2O)2 7.67(2.05) 7.83(2.21) 7.90(2.28) 7.79(2.17) 7.82(2.20)j 7.79(2.17) 7.89(2.27) 8.03(2.41) 7.86(2.24) 7.87(2.25)k

(HF)2 6.87(0.94) 7.01(1.08) 7.06(1.13) 6.99(1.06) 7.04(1.11)j 7.10(1.17) 7.18(1.25) 7.30(1.37) 7.19(1.26) 7.22(1.29)l

aAll CBS limit binding energy estimates including reference values are the sum of correlation part (values in parentheses) and Hartree-Fock part
which were taken as the CP corrected Hartree-Fock binding energies with aug-cc-pV5Z basis set. Binding energies are in units of mEh except
He2 which is in units of µEh
bHe-He distance is 5.6 a.u.. The geometries of (H2O)2 and (HF)2 are from Ref. [14]
cThe correlation part of �E1(∞) is obtained by X−3 extrapolation of the CP corrected correlation contributions to the binding energies with
aug-cc-pVDZ and aug-cc-pVTZ sets
dThe correlation part of �E2(∞) is obtained by extrapolating the CP corrected correlation contributions to the binding energies with aug-cc-pVDZ
and aug-cc-pVTZ sets according to Eq. (1) in the text
eThe correlation part of �E3(∞) is obtained by X−β extrapolation of the CP corrected correlation contributions to the binding energies with
aug-cc-pVDZ and aug-cc-pVTZ sets where optimized β values from Ref. [10] were adopted
fThe correlation part of �E4(∞) is obtained by the extrapolation scheme assuming the same basis set convergence behavior of the correlation
energies for the monomer and dimer in Ref. [11]
gReference CBS limit binding energies
hRef. [15]
iRef. [16]
jCP corrected MP2-R12 results in Ref. [17]
kRef. [18]
lX−3 extrapolated result of CP corrected correlation contributions to binding energies with aug-cc-pVQZ and aug-cc-pV5Z sets in Ref. [14]

this study for simplicity and accuracy as well as its asymp-
totic behavior of ∼ X−3 for large X [12–14]. This is well
manifested in Table 1 where the performances of various
extrapolation methods such as X−3, X−β and (X+γ )−3 for-
mulas as well as the extrapolation scheme assuming the same
convergence behavior of monomer and cluster correlation
energies with basis set (aug-cc-pVDZ and aug-cc-pVTZ sets
in this case) are compared. Generally, the use of (X + γ )−3

extrapolation formula appears to yield the more stable and
reliable results compared to the other extrapolation formulas
(or method).

Since it was shown that despite simplicity the (X + γ )−3

type extrapolation formula with cc-pVDZ and cc-pVTZ basis
sets could reproduce the basis set limit correlation energies
and binding energies of various weakly bound systems
accurately [7], one could conjecture that the substitution of
the cc-pVTZ basis set by a basis set smaller than cc-pVTZ
(but larger than cc-pVDZ) coupled with appropriate change
in the extrapolation scheme might yield the similar accuracy
exhibited for cc-pVTZ basis set. The appropriate change here
would be to adopt the optimum value for the cardinal number
for the new basis set.

Although several attempts have been made to construct
a basis set which can recover the correlation energy effec-
tively with a minimum number of functions and replace the
cc-pVTZ set in Eq. 1, we have found that a basis set including
the extra polarization functions to the cc-pVDZ set can accu-
rately reproduce the basis set limit correlation energy through
extrapolation with cc-pVDZ set if the change in the displace-
ment of X can be made such as X = 2 to X = 2 + α where
α conceptually represents the contribution of extra polari-
zation functions to the correlation energy. Among the vari-
ous polarization functions which can be added to cc-pVDZ

set (which is composed of [3s2p1d] for the second row ele-
ments), the f-type (d-type in case of H and He) functions were
found to make the most significant contribution to the corre-
lation energy. This could be expected considering the f-type
functions are the next highest polarization functions avail-
able other than d-type functions which are already included
in the cc-pVDZ set. Therefore, the desired basis set which
can replace cc-pVTZ set in the above extrapolation formula
(Eq. 1) has been constructed by adding f-type (d-type in case
of H and He) functions from cc-pVTZ set to the original
cc-pVDZ set as the variation and reoptimization of the expo-
nents of the f-type functions little affected the correlation
energy. Although addition of only f-type functions (without
other s.p.d-type functions) to the (aug-)cc-pVDZ set is not in
accord with the general principle of constructing the corre-
lation consistent basis sets, it will be shown that the basis set
thus obtained could be effectively used along with (aug-)cc-
pVDZ set for extrapolation to predict the accurate binding
energies close to the basis set limits in case of hydrogen-
bonded clusters. Table 2 shows the contributions of the extra f
type functions in the modified aug-cc-pVDZ basis set (which
will be denoted aug-cc-pVDZ* hereafter) to the total corre-
lation energies for some sample systems. Except for He (in
which d type functions from cc-pVTZ set are added to the
aug-cc-pVDZ set), the correlation energies recovered by the
additional f-type functions from the cc-pVTZ set appears to
be roughly close to the average between the correlation ener-
gies of aug-cc-pVDZ and aug-cc-pVTZ sets at both the MP2
and CCSD(T) levels. This is a relatively large recovery ratio
by these functions considering that the number of basis func-
tions of aug-cc-pVDZ, aug-cc-pVDZ*, and aug-cc-pVTZ set
are 23, 30, and 46, respectively, for the second row elements.
The remaining task would be to find the optimal value for α
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Table 2 Variation of correlation energies (in Eh) with basis set

Basis set He Ne CH2 HF H2O CO N2 F2

MP2 aug-cc-pVDZ −0.026963 −0.206874 −0.115400 −0.222200 −0.219348 −0.299378 −0.317325 −0.427926
aug-cc-pVDZ∗a −0.029136 −0.230200 −0.128365 −0.245994 −0.243279 −0.325933 −0.343943 −0.468957
aug-cc-pVTZ −0.033621 −0.272519 −0.141033 −0.279729 −0.268361 −0.360831 −0.379586 −0.535987

CCSD(T) aug-cc-pVDZ −0.033844 −0.212945 −0.146745 −0.230050 −0.232323 −0.318686 −0.333336 −0.448145
aug-cc-pVDZ∗a −0.035467 −0.238538 −0.159653 −0.256035 −0.257927 −0.347052 −0.361522 −0.493220
aug-cc-pVTZ −0.039415 −0.279375 −0.171202 −0.288426 −0.281691 −0.380720 −0.396144 −0.558760

aAug-cc-pVDZ set added by f (d in case of H and He) type functions from cc-pVTZ basis set

which can be generally applied to yield the accurate binding
energies of clusters via Eq. 1.

To derive the optimal value for α which can yield the
accurate basis set limit correlation energy through extrapola-
tion of correlation energies with (aug-)cc-pVDZ and (aug-)
cc-pVDZ* set, we have chosen the same sample systems used
to derive Eq. 1 for which highly accurate R12 correlation
energies are available [19,20]. Table 3 shows the optimized
values for α at the MP2 and CCSD(T) levels which can repro-
duce the R12 reference correlation energies through extrapo-
lation via Eq. 1 with the aug-cc-pVDZ and aug-cc-pVDZ* set
which contains f type (d type in case of H and He) functions
from cc-pVTZ set in addition to aug-cc-pVDZ set. All calcu-
lations in this study were performed using Gaussian program
package [21] and only Gaussian functions with spherical har-
monics for the angular functions were employed throughout.
As clearly seen in Table 3, most of the optimized α values for
extrapolation with aug-cc-pVDZ and aug-cc-pVDZ* basis
sets lie between 0.2 and 0.4, giving average values of 0.3 for
both the MP2 and CCSD(T) levels. This suggests that one
may effectively use the extrapolation formula of Eq. 1 with
(aug-)cc-pVDZ and (aug-)cc-pVDZ* basis set to estimate
the accurate correlation and binding energies of the clusters
if the cardinal numbers (X) corresponding to these basis sets
are assigned to 2.0 and 2.3, respectively. For homogeneous
clusters such as H2O and HF clusters, although one could con-
sider employing the interval (α value) specifically optimized
for the individual monomer instead of the averaged value,
employment of individually optimized interval was found to
have a negligible effect on the actual binding energies in case
of H2O and HF clusters.

3 Results and discussion

Table 4 shows the CBS limit binding energies of various
hydrogen-bonded clusters estimated by the extrapolation
scheme described above(�E1(∞)), which employs the cor-
relation energies of fragments and the complex with aug-cc-
pVDZ and aug-cc-pVDZ* basis set for extrapolation
according to Eq. 1 but with X value changing from X = 2.0
for aug-cc-pVDZ to X = 2.3 for aug-cc-pVDZ* set. All
energies are computed with the basis set of the complex,
so the extrapolation is performed on the counterpoise (CP)
[22] corrected correlation contribution to the binding ener-
gies in actuality. For comparison, we also present the CBS
limit binding energies estimated by X−3 and (X + γ )−3

extrapolation of correlation energies with aug-cc-pVDZ and
aug-cc-pVTZ basis sets (�E2(∞) and �E3(∞)) as well as
the CP corrected binding energies with aug-cc-pVTZ basis
set (�ECP). To be consistent with the reference CBS limit
results, the extrapolated CBS limit binding energies con-
tained the CP corrected Hartree-Fock (H-F) contributions
with aug-cc-pV5Z basis sets except (H2O)n (n=3,4,5) for
which extrapolated values with aug-cc-pVTZ, aug-cc-pVQZ,
aug-cc-pV5Z H-F results by exponential formula [27] were
employed as H-F contributions. The monomer deformation
energies computed with aug-cc-pV5Zbasis set were added
to the CBS limit estimate in case monomer geometries are
relaxed as the complex dissociates.

Remarkably, except for some cases (mostly in cases of
weakly bound dimers), the CBS limit binding energies esti-
mated with aug-cc-pVDZ and aug-cc-pVDZ* basis sets by
this scheme are similar to the original (X + γ )−3 extrap-
olated results with aug-cc-pVDZ and aug-cc-pVTZ set by
Huh and Lee [7] in accuracy and better than the correspond-
ing X−3 extrapolated results with aug-cc-pVDZ and aug-cc-
pVTZ set in most cases. For the clusters of (H2O)5 and (HF)5
for which the total binding energies amount to about 60 mEh

(∼38 kcal/mol), our estimated MP2 (or CCSD(T)) CBS limit
results with aug-cc-pVDZ and aug-cc-pVDZ* sets appear to
be close to the exact basis set limits to within 1 kcal/mol. For
the largest cluster of (H2O)6 (prism configuration) with the
binding energy of about 46 kcal/mol, the estimated MP2 basis
set limit appears to be close to the reference basis set limit
result to within 1.7 kcal/mol. This is an impressive accuracy
improvement compared to the results from density functional
theory (DFT) based methods which are known to differ from
the more accurate MP2 or CCSD(T) results by a few kcal/mol
in favorable cases for this kind of clusters [28,29].

Table 4 also confirms the previous study by Huh and Lee
[7] that use of (X + γ )−3 extrapolation formula with aug-
cc-pVDZ and aug-cc-pVTZ basis set yields a very accurate
estimate to the basis set limit binding energy in the case of
hydrogen-bonded clusters. For the water clusters of (H2O)n
(n = 2 − 6) where accurate reference basis set limits are
available, the MP2 reference basis set limits and correspond-
ing �E3(∞) values are close to each other within 0.3 mEh in
most cases. Therefore, in cases the accurate reference basis
set limit results are not available, the extrapolated estimate
by (X + γ )−3 formula with aug-cc-pVDZ and aug-cc-pVTZ
basis sets (� E3(∞)) might be used as the approximate
basis set limit results for these clusters to which other esti-
mates could be compared. In this respect it is encouraging to
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Table 3 Optimized interval values (αopt) corresponding to aug-cc-pVDZ and aug-cc-pVDZ∗ basis set to reproduce the CBS limit correlation
energy by extrapolationa

He Ne CH2 HF H2O CO N2 F2 averb

MP2
αopt 0.243 0.239 0.411 0.293 0.370 0.307 0.311 0.263 0.305

CCSD(T)
αopt 0.191 0.234 0.425 0.291 0.372 0.308 0.311 0.260 0.299
a Two-point extrapolation by Eq. (1) with X = 2(for aug-cc-pVDZ) and X = 2 + αopt (for aug-cc-pVDZ∗)
b Average values for αopt

Table 4 CBS limit binding energy estimates (�Ei(∞) i=1,2,3, in mEh) by various extrapolation schemesa

MP2 CCSD(T)

Clusterb �E1(∞)c �E2(∞)d �E3(∞)e �Ef
CP �Eref (∞)g �E1(∞)c �E2(∞)d �E3(∞)e �Ef

CP �Eref (∞)g

(H2O)2 7.83(2.21) 7.67(2.05) 7.83(2.21) 7.38(1.76) 7.82(2.20)h 7.77(2.15) 7.79(2.17) 7.89(2.27) 7.45(1.83) 7.87(2.25)i

(HF)2 6.90(0.97) 6.87(0.94) 7.01(1.08) 6.56(0.63) 7.04(1.11)h 6.96(1.03) 7.10(1.17) 7.18(1.25) 6.74(0.81) 7.22(1.29)j

(HCl)2 3.46(3.08) 3.46(3.08) 3.60(3.22) 3.21(2.83) 3.57(3.19)h 2.87(2.49) 3.05(2.67) 3.15(2.77) 2.79(2.41) 3.09(2.71)j

H2OHF 13.54(2.04) 13.17(1.67) 13.40(1.90) 12.82(1.32) 13.47(1.97)h 13.43(1.93) 13.34(1.84) 13.48(1.98) 12.91(1.41) 13.55(2.05)j

HCNHF 11.67(2.53) 11.76(2.62) 11.92(2.78) 11.57(2.43) 12.00(2.86)h 11.29(2.15) 11.52(2.38) 11.62(2.48) 11.26(2.12) 11.65(2.51)j

(H2O)3 22.91(6.89) 22.70(6.68) 23.18(7.16) 21.98(5.96) 23.1±0.3(7.08)k 22.45(6.43) 22.69(6.67) 22.97(6.95) 21.85(5.83) 22.9±0.4(6.88)k

(HF)3 23.80(7.87) 22.99(7.06) 23.61(7.68) 22.10(6.17) 23.6±0.4(7.67)k 23.80(7.87) 23.68(7.75) 24.05(8.12) 22.64(6.71) 24.1±0.5(8.17)k

(H2O)4 44.71 47.74 42.73 41.44 44.0l 43.67 42.76 43.35 41.18 –
(HF)4 44.15 42.39 43.34 41.22 – 43.71 43.10 43.68 41.70 44.0±1.2m

(H2O)5 58.76 56.18 57.45 54.49 57.8l 57.31 – – – –
(HF)5 60.60 58.06 59.29 56.63 – 59.77 58.77 59.53 57.03 60.0±1.6m

(H2O)6 75.80 71.30 73.11 69.64l 73.1l

a All CBS limit binding energy estimates including reference values are the sum of correlation contributions (values in parentheses) and converged
Hartree-Fock binding energies with aug-cc-pV5Z basis set
b The geometries of dimers are from Ref. [17] The geometries of (HF)n (n = 3, 4, 5) are from Ref. [24] The geometries of (H2O)3 and (H2O)n
(n = 4, 5, 6) are from Ref. [23] and Ref. [26], respectively
c The correlation part of �E1(∞) is obtained by extrapolation of CP corrected correlation contributions to the binding energies with aug-cc-pVDZ
and aug-cc-pVDZ∗ sets using Eq. (1) with X corresponding to 2.0 and 2.3 for aug-cc-pVDZ and aug-cc-pVDZ∗ set, respectively
d The correlation part of �E2(∞) is obtained by X−3 extrapolation of CP corrected correlation contribution to the binding energies with
aug-cc-pVDZ and aug-cc-pVTZ basis sets
e The correlation part of �E3(∞) is obtained by (X + γ )−3 extrapolation of CP corrected correlation contribution to the binding energies with
aug-cc-pVDZ and aug-cc-pVTZ basis sets, respectively, with γ defined in Eq. (1) in the text
f CP corrected binding energies with the aug-cc-pVTZ basis set
g Reference basis set limit binding energies
h CP corrected MP2-R12 results in Ref. [17]
i Ref. [18]
jX−3 extrapolated results of CP corrected correlation contributions to binding energies with aug-cc-pVQZ and aug-cc-pV5Z sets in Ref. [14]
k Ref. [24]
l Ref. [26]
m Ref. [25]

observe that �E1(∞) and �E3(∞) values for (H2O)4 at the
CCSD(T) level are only different by 0.3 mEh, which suggests
that the extrapolated CCSD(T) CBS limit binding energies
with aug-cc-pVDZ and aug-cc-pVDZ* sets for (H2O)4 and
(H2O)5 could be considered as the reliable estimates to the
exact CCSD(T) CBS limit binding energies for these systems.
(For H2O or HF monomer, the replacement of aug-cc-pVTZ
with aug-cc-pVDZ* basis set reduces the number of basis
functions from 92 to 58.) Since the computational demand
increases steeply with the number of basis functions at the
highly correlated level such as CCSD(T), our extrapolation
scheme appears to provide an effective path for obtaining the
reliable basis set limit binding energies of large hydrogen-
bonded clusters by substantially reducing the computational
task involved.

4 Concluding remarks

In this paper we have explored the idea of utilizing the basis
sets specifically oriented for extrapolation to the basis set
limit to obtain the accurate binding energies of large weakly
bound clusters which could reduce the computational demand
significantly in ab initio electronic structure calculations
without sacrificing the accuracy. As an example, we have
demonstrated the utility of (aug-)cc-pVDZ basis set and (aug-)
cc-pVDZ* basis set composed of (aug-)cc-pVDZ set and
highest polarization functions from cc-pVTZ basis sets in
the X−3 type extrapolation of correlation binding energies of
hydrogen-bonded clusters. It is very encouraging to observe
that the CBS limit binding energies estimated by this scheme
for the larger clusters than the dimers are within the error
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bound of the reference CBS limits in many cases, which is
only achievable with the basis sets larger than aug-cc-pVQZ
set in conventional calculations. Since one of the main obsta-
cles in performing the high level ab initio electronic compu-
tations of large molecular clusters is the steep dependence of
the computational demand on the number of basis functions
employed, our extrapolation procedure could save a huge
computational time in the study of large hydrogen-bonded
clusters. For example, for the largest clusters examined here,
(H2O)6, the number of basis functions for aug-cc-pVDZ*,
aug-cc-pVTZ, and aug-cc-pVQZ set increases from 348 to
552 up to 1032, which exemplifies the difficulty in perform-
ing accurate ab initio electronic computations using conven-
tional methods and the advantage to adopt the extrapolation
technique in conjunction with the “extrapolation-oriented”
basis sets such as the ones used here, especially at the highly
correlated levels of theory. Therefore, by using the extrapo-
lation scheme developed here, it is expected that one would
be able to effectively investigate the accurate structures and
binding energies of various kinds of large hydrogen-bonded
clusters. It appears quite straightforward to extend the extrap-
olation scheme suggested here by stepping up the cardinal
numbers (such as cc-pVTZ and cc-pVTZ∗ which should in-
clude the highest polarization functions from cc-pVQZ set)
to the systems where higher level accuracy than obtained
here is needed (such as van der Waals complexes). Further
reduction of basis set size may also be possible by remov-
ing some of the diffuse functions in the basis set (such as
containing the diffuse functions only for the heavy atoms) in
conjunction with reparametrization of the cardinal numbers
corresponding to basis sets. Extension and application of the
suggested extrapolation scheme to other molecular clusters
are in progress.
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