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Abstract To investigate the electron correlation effect on
the binding energies of very weakly bound complexes at
highly correlated levels, an extrapolation scheme
exploiting the convergent behavior of the binding energy
differences between two correlation levels with the cor-
relation-consistent basis set aug-cc-pVXZ was explored.
The scheme is based on extrapolating the binding energy
differences between the lower and higher correlation
levels (such as second-order Moller—Plesset perturbation
theory (MP2) and the single and double coupled-cluster
method with perturbative triple correction CCSD(T)
level), by X for relatively small basis set calculations to
estimate the corresponding basis set limit, which is then
added to the complete basis set(CBS) limit binding en-
ergy at the lower correlation level to derive the CBS limit
binding energy at the higher level. Test results on rare-
gas dimers Rg, (Rg is He, Ne, Ar) show that the
CCSD(T) CBS limit binding energies estimated by this
scheme with aug-cc-pVXZ and aug-cc-pV(X + 1)Z basis
sets are more accurate than the CBS limit estimated by
direct extrapolation of correlation energies by X with
aug-cc-pV(X+1)Z and aug-cc-pV(X +2)Z basis sets in
most cases, which signifies the utility of the proposed
extrapolation scheme as the level of electron correlation
treatment increases. The nonnegligible discrepancy in
the well depth near equilibrium between the experi-
mental and the full connected single, double, and triple
coupled-cluster method (CCSDT) CBS Ilimit estimate
obtained by this procedure in the case of Ar, suggests
that the previous semiempirical potential may be too
attractive near equilibrium compared with the actual
one.
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1 Introduction

Rare-gas clusters are among the most difficult systems to
study theoretically. A proper description of weak dis-
persion interaction between the closed-shell rare-gas
atoms requires a high level of electron correlation
treatment and this becomes an even more difficult task
owing to the fact that a very large one-electron basis set
is needed to expand the wavefunction of the system at
high-level ab initio theory. As a result, an appropriate
expansion of the wavefunction in such systems requires
various excited configurations, including single, double
and often triple excitations (as well as quadruple and
higher-order excitations in some cases) and a basis set
containing high angular momentum polarization func-
tions and diffuse functions.

The hierarchical structure of the ab initio molecular
orbital theory is now well known. Starting from the
Hartree—Fock level, which is roughly an Ng computa-
tional procedure (where N is the number of basis func-
tions), the computational demand with electron
correlation treatment increases to approximately N° at
the second-order Mpller—Plesset perturbation theory
(MP2) level [1, 2, 3, 4] and approximately N® and
approximately N’ at the single and double excitation
coupled cluster (CCSD) level [5, 6, 7, 8] and the single
and double excitation coupled cluster method with
noniterative triples corrections [CCSD(T)] level [9],
respectively. This suggests that the computational
demand rapidly increases with electron correlation
treatment, especially as the basis set becomes larger and
it is much easier to compute the energies near the CBS
(complete basis set) limit at the lower correlation level
(such as MP2) than at the higher correlation level [such
as CCSD(T)]. Therefore, if there exists systematic con-
vergent behavior for the energy differences between two
correlation levels with basis set and one can identify the
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appropriate extrapolation formula which can provide a
reliable estimate of the energy difference between two
correlation levels at the CBS limit, one could estimate
the CBS limit energy at the higher correlation level from
the corresponding CBS limit result at the lower level
(along with the estimated CBS limit energy difference
between two correlation levels) without actual compu-
tation at the higher correlation level with a huge basis set
close to the basis set limit. Ever since the advent of
correlation-consistent basis sets by Dunning and
coworkers [10, 11, 12, 13, 14, 15] more than a decade
ago, for which systematically convergent behavior of
correlation energy has been observed, although there
have been numerous studies and suggestions about
basis-set extrapolation formulas for atomic or molecular
correlation (or total) energy at the specific correlation
level [16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27], study
of the basis set convergence of energy differences be-
tween two correlation levels appears scarce. Therefore,
we focus here on exploring the basis set convergence
behavior of energy differences between two correlation
levels, especially differences in binding energies of rare-
gas complexes, rather than basis set convergence of
correlation energies themselves, although the conver-
gence behavior of the former would be certainly related
to the convergence behavior of the latter.

Among various theoretical methods developed to
investigate the electron correlation effect on atomic and
molecular properties, one of the most effective and
accurate theoretical methods for the study of van der
Waals systems is the CCSD(T) method [9]. By effec-
tively incorporating the triple contributions to CCSD
method in a perturbative manner, this method not only
reduces the computational time scale to approximately
the N’ from approximately the N® scale at the full
CCSDT level [28, 29] but an accurate result is also
obtained when a proper basis set is employed, in good
agreement with experimental results in most cases.
However, for the obvious reason, the higher-order
correlation effect beyond the CCSD(T) level, which
could be critical in understanding the finer details of the
potential energy surface of very weakly bound clusters
such as rare-gas dimers, is in general less well known.
The purpose of this article is to develop an effective
scheme to facilitate the accurate computation of
molecular properties at such a highly correlated level as
CCSD(T) or CCSDT level and, as a model case,
investigate the electronic binding energies of rare-gas
dimers He,, Ne,, and Ar, at the CCSDT and higher
correlation levels, which could guide further experi-
mental investigation on these dimers in the future. Since
the use of a very large basis set is required in elucidating
the intrinsic accuracy of a given electron correlation
method, which is often not possible in practice, we here
examine the reliability of various extrapolation methods
to estimate the CBS limit binding energy and the dif-
ference between the lower correlation level (such as
MP2) and a higher correlation level [such as CCSD(T)

or CCSDT] exploiting the systematic convergent
behavior of a correlation-consistent basis set.

This paper is organized as follows. In Sect. 2 we
explain the theoretical approach and computational
procedures employed in this study. The results and dis-
cussion are presented in Sect. 3. The summary and
conclusion is in Sect. 4.

2 Theoretical approach

It is known that the asymptotic behavior of the corre-
lation energy with the correlation-consistent basis set cc-
pVXZ or aug-cc-pVXZ [where X is D(2), T(3), Q(4), 5, 6]
converges to approximately X as the basis set limit is
approached [18, 20, 21]. Although the appropriate
extrapolation formula to yield the exact basis set limit
correlation energies in the case of small basis sets such as
cc-pVDZ and cc-pVTZ could be different according to
the correlation level [22, 25, 27] it is important to rec-
ognize that the focus here is to find the CBS limit dif-
ference between the binding energies of the complex at
two correlation levels, not the binding energies them-
selves. This suggests that one would need an extrapola-
tion formula which not only yields reasonably accurate
CBS limit binding energy estimates at both correlation
levels but also could cancel out errors occurring from the
fragment and complex correlation energy estimates. To
express this point clearly, let d"*(X) represent the dif-
ference between binding energies of complex AB at
correlation level 1, AEAB (X), and level 2, AEAB(X),

. totl \ . tot2
with the aug-cc-pVXZ basis set, that is,

012 (X) = AEGH (X) — AEgp (X).
As the Hartree-Fock contributions to the binding

energies are common to both AEAB (X) and AEAE (X),
this equation can be rewritten as

51‘2<X) = AE/?O]?rl (X> - ABE(/;)]?T2(X) AB
= [Ecorrl (X) + Ecorrl (X) - Ecorrl (X)]

- [Eg)rﬁ(X) +E§orr2(X) - EQ)?Q(X)]? (1)

where AEAB (X) is the correlation energy contribution to
the binding energy at the respective correlation level
with E2 (X)) [or EB (X)] and EAB.(X) representing the
correlation energy of the fragment and complex,
respectively. If one employs the estimated basis set limit
binding energies [AEas, . (00)] in Eq. (1), the corre-
sponding equation shall be written as

51,2(()0) — AEAB

AB
est corrl,est(oo) - AEcorr2,est(oo)'

(2)

If one defines p as the difference in ¢ between the
estimated, 0);7(c0), and exact (reference), 5:‘;%(00), CBS
limit value,



p= 5est( ) 5rle%( )
{AEco?rl esl( ) AEcorrl ref(oo)}
[AE?O?rZ est(oo) AE?ol?rZ ref(oo)} ) (3)

which can be rewritten as

p = {E?orrlesl( ) Ecorrlref( )}

+ | Egprt et (00) — Edorny ref(oo):
- Ezt,‘?r, e(00) = BB (0]

corr2 esl(oo) corr2 ref(oo):
+| Egoesi(00) = Egory ref(oo):
- E?o]?d est(oo) E&?rz ref(oo):'

As clearly seen in the previous expression, p would
vanish if the differences between the estimated and ref-
erence basis set limit correlation energies for fragments
and the complex at the respective correlation level
become equal. Assuming that the exact basis set limit
correlation contribution to the binding energy at the
(lower) correlation level 1 (which is usually assigned to
the MP2 level in this study) AELY, +(00) is (or could be)
known, the major task here would be to find an
appropriate extrapolation formula which can minimize
p. For the higher correlation level (level 2), CCSD(T),
CCSDT, and full configuration interaction (FCI) (in the
case of He,) levels were employed in this study. The
basis set limit total binding energy of the complex at
correlation level 2, AEAB __(00), is then computed as

tot2,est
+ 855t (00). (4)

Although Varlous extrapolatlon methods could be used
to compute 565[( ) in Eq. (2), we focused our study on
the performance of two-point X~ extrapolation formula
[18, 20, 21] as this extrapolation method was shown to
yield an accurate estimate of the CBS limit difference
between binding energies at the MP2 and CCSD(T)
levels despite the simplicity of the formula. For com-
parison we also examined the performances of ““direct”
extrapolation schemes which fit two or three successive
correlation  energies  with  correlation-consistent
basis sets E.o(X) of fragments and the complex by
Ecor(X) = Ecorr(o0) + AX 7 [18, 20, 21, 30] 0r Ecor(X)=
Ecorr(o0) + Ae™ " [16] and Eeor(X)= Ecorr(o0) + AX "+

X~* [18, 31] in estimating the CBS limit binding ener-
gies of these dimers. The results obtained by direct
extrapolation of correlation energies using these for-
mulas will be compared with the results obtained by
extrapolating the binding energy differences between
two correlation levels and utilized to check the accuracy
of the CCSDT binding energies obtained using our
suggested procedure through Eq. (4).

AEH o (00) = Ay rr(00) +

totl ref
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A more frequently used approach to correct for the
basis set truncation error (BSTE) at the higher correla-
tion level with the specified aug-cc-pV XZ basis set is to
approximate the BSTE at the higher correlation level as
the BSTE at the lower correlation level with the same
basis set and add the latter BSTE to the computed
binding energy at the higher correlation level:

AEQ?Z esl( ) AE{?}%( ) + (BSTE)]? (5)
where
(BSTE)I - AEtotl ref( ) AEQ)?I( ) (6)

Although this “lower level correction (such as MP2
correction) term” was found useful to improve the
computed binding energies at the higher level with small
basis sets, making them closer to the basis set limit or
experimental binding energy in many cases [32, 33], it is
not clear whether this kind of substitution of BSTEs
between two correlation levels would be appropriate for
very weakly bound systems such as rare-gas dimers
where the degree of electron correlation could signifi-
cantly affect the magnitude of the computed binding
energy of the complex.

For the reference CBS limit binding energies of He, at
the lower correlation level (level 1) and the reference
CBS limit binding energy differences between two cor-
relation levels, we adopted the highly accurate MP2-R12
and CCSD(T)-R12 results of Klopper [34] and Klopper
and Noga [35] as well as the almost exact quantum
Monte Carlo result of Anderson [36] corresponding to
FCI/CBS limit. For Ne, and Ar,, the MP2 and CCSD(T)
near basis set limit binding energies of Cybulski and
Toczylowski [37] (S.M. Cybulski, private communica-
tion), who employed a very large basis set consisting of
an aug-cc-pV5Z basis set augmented by bond functions
(33221), were adopted. All computed binding energies
were corrected by the counterpoise (CP) method [38] for
basis set superposition error. Initially the core electrons
were frozen and later activated when investigating the
core-correlation effect on the computed binding energies.
AbD initio computations were performed with Gaussian98
[39] as well as with Gamess [40] and ACESII [41] pro-
gram packages. For comparison with previous studies,
the interatomic distances of He,, Ne,, and Ar, were set to
56au, 3.1 A, and 7.1 au (=3.7572 A) respectively,
which are close to the equilibrium geometries of these
dimers (the minima of semiempirical potentials of Ne,
and Ar; [42, 43] correspond to bond distances of 3.093
and 3.757 A, respectively).

3 Results and discussion

In Table 1 we first present the differences, 6(X), between
the binding energies at the MP2 and higher correlation
levels [CCSD(T), CCSDT, and FCI levels in the case of
He,] with the aug-cc-pVXZ (X'is D, T, Q, 5, 6) basis set
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Table 1. Basis set convergence of binding energy difference (6(X),
in uE;) between the MP2 and higher (CCSD(T), CCSDT, FCI)
correlation level.

3(x)°

x? CCSD(T) CCSDT FCI
He, D(2) 9.0 9.8 9.9

T(3) 11.4 (12.4)° 12.4 (13.4) 12.4 (13.5)

Q(4) 11.8 (12.1) 12.8 (13.1)

5 12.0 (12.2) 13.0 (13.2)

6 12.1 (12.3)

CBS 12.4¢ 13.4°
Ne, D(2) 17.9 18.2

T(3) 33.5 (40.1) 34.7 (41.6)

Q(4) 41.5 (47.3) 43.2 (49.4)

5 45.5 (49.7)

6 46.8 (48.6)

CBS 48.7°
Ar, D(2) -85.5 -85.2

T(3) ~73.7 (—68.7) -77.4 (-74.1)

Q(4) -71.5 (-69.9) -76.1 (-75.2)

5 -71.2 (-70.9)

CBS -70.7°

?Aug-cc-pVXZ basis set

°3(X) = AEpigher(X)~AEnpa(X) where AEnpa(X) and  AEpigher(X)
represent the binding energies at the MP2 and higher (CCSD(T),
CCSDT, FCI) levels than the MP2.

“Values in parentheses represent the extrapolated estimates of
d(X — 1) and §(X) by X3.

YFrom Ref. 34 and Ref. 35.

°From Ref. 34 and 36.

"Based on the results from Ref. 37 and from S.M. Cybulski (private
communication)

for He,, Ne,, and Ar, along with the corresponding
differences, J..f(c<), at the CBS limit. We also present the
extrapolated results of 5(X—1) and 6(X) by X [esi(c0),
in parentheses] for comparison. From the convergence
behavior of 6(X) with basis set in Table 1 it is clear that,
although (X) approaches the CBS limit value as the
basis set is increased as expected, use of large basis sets is
necessary to correctly evaluate the effect of the electron
correlation on the binding energies, especially in the case
of Ne, and Ar,_In this respect, it is interesting to observe
that the effect caused by raising the electron correlation
treatment from the CCSD(T) to the CCSDT level on the
binding energy of Ar; can only be correctly manifested
with a basis sets larger than the aug-cc-pVDZ set.
However, it is also important to note that despite the
difference in the higher-order correlation effect beyond
the MP2 level on the binding energies of the dimers, §(X)
as a whole appears to exhibit similar convergent
behavior with basis set. Therefore, if one could identify
an appropriate basis set extrapolation formula for J(X),
the basis set limit binding energy at the higher correla-
tion level could be predicted with the basis set limit
binding energy at the lower level using Eq. (4). The X~°
extrapolated results for 5(X) given as an example of such
an extrapolation scheme to estimate J.q(e0) are quite
impressive compared with the unextrapolated o(X) re-
sults. At the CCSD(T) level where the reference CBS
limits are known, it appears that the extrapolated results

with aug-cc-pVDZ-aug-cc-pVTZ (or aug-cc-pVTZ-aug-
cc-pVQZ basis set in the case of Ne,) are close to the
CBS limit within 1-2 pFEy, which correspond to about
1% of total binding energies for these dimers. This kind
of accuracy is only achievable with the aug-cc-pV5Z (or
larger) basis set for conventional calculations. Although
the accuracy of the extrapolated estimates at the
CCSDT level cannot be confirmed at this point owing to
the absence of the corresponding reference CBS limit
results, the similar basis set convergence behavior of
0(X) at the CCSD(T) and CCSDT levels shown in Ta-
ble 1 suggests that the CCSDT extrapolated estimates
may have similar accuracy as the corresponding
CCSD(T) extrapolated estimates. This will be indirectly
confirmed later by the comparison of CCSDT extrapo-
lated estimates with experimental results.

Table 2 compares the various CCSD(T) CBS limit
binding energy estimates for which different procedures
were employed to estimate the CBS limit correlation
contribution to the binding energy. While AE/(e0) and
AE>() are the CBS limit estimates obtained by direct
extrapolation of CCSD(T) correlation energies E.q.(X)
with three successive correlation—consistent basis sets(-
such as aug-cc-pVDZ, aug-cc-pVTZ, and aug-cc-pVQZ
SCtS) by Ecorr(X):Ecorr(‘X’ +Ae_BX [16] and Ecorr
(X) = Ecorr(o0)+ AX >+ BX™* extrapolation functions,
respectively, the correlation contribution to AFE3(eo) is
obtained by two-point X~ extrapolation [18, 21] of
CCSD(T) correlation energies with aug-cc-pVXZ and
aug-cc-pV(X + 1)Z basis sets. For AE4(ec), the CCSD(T)
binding energy is obtained by Eq. (4) with the X°
extrapolated estimates of the binding energy differences,
Oest(e0), between the MP2 and CCSD(T) levels and the
reference MP2 CBS limit binding energy. Finally,
AE5(e0) represents the CCSD(T) binding energy obtained
by Eq. (5), that is, in this case the CCSD(T) binding
energy with aug-cc-pVXZ is corrected by the known
BSTE at the MP2 level as shown in Eq. (6) to account
for the BSTE in CCSD(T) calculations. In all cases the
self consistent-field contribution to the binding energy
was taken as the near Hartree—Fock limit values with
aug-cc-pV5Z +(33221) basis from Ref. [37] and from
S.M. Cybulski (private communication).

From the results in Table 2 it is clear one can get a
much more reliable and accurate estimate of the
CCSD(T) CBS limit binding energy by extrapolation of
binding energy differences d(X) between the MP2 and
CCSD(T) levels compared with direct extrapolation of
correlation energies at the CCSD(T) level, especially for
small basis set extrapolation such as aug-cc-pVDZ and
aug-cc-pVTZ sets. In general, the CCSD(T) basis set
limits estimated by this method with aug-cc-pVDZ and
aug-cc-pVTZ basis sets are better than the correspond-
ing CBS limit estimate obtained with basis sets con-
taining up to aug-cc-pVQZ and aug-cc-pV5Z basis sets
by direct extrapolation of CCSD(T) correlation energies
except for Ne,, where basis set convergence is unusually
slow (the CP binding energy with the aug-cc-pVTZ basis
set in the case of Ne, only amounts to 58% of the CBS



Table 2. CCSD(T) CBS limit binding energy estimates [AE(co),
i=1-5, in uEy) by various extrapolation methods.

XY AE|(20)° AE()° AE3 () AEy(0)" AEs(0)" AE,e(c)

He, T(3) 30.8 338 328 33.88
Q4) 307 316 318 33.5 332
5 318 340 329 33.6 334
6 345 352 342 337 335
Awps 19 1.3 1.6 (1.1) 0.2(0.2) 0.6 (0.4)

Ne, T(3) 100.5 121.8 1152 130.4'
Q(4) 1241 1309 1229 129.0 123.2
51298 137.2 132.0 129.6 127.2
6 1266 129.4 130.5 130.3 128.5
Aws" 3.6 28  9.8(3.1) 2.8(0.8) 6.9 (4.1)

Ar, T(3) 380.2 4432 4382 4412
Q(4) 420.7 4459 429.0 442.0 440.4
5 4411 4642 4513 441.0 440.7
Aws" 103 139 27.8(11.2) 1.0 (0.5) 1.4 (0.7)

X represents the cardinal number of the largest aug-cc-pVXZ basis
set used in the extrapolation

"The correlation contribution to AE;(ec) is obtained by extrapola-
tion of correlation energies of fragments and complex with aug-
cc-pV(X-2)Z, aug-cc-pVQ(—l)Z, and aug-cc-pVXZ basis sets by
Ecorr(X) = Ecol‘r((x’) + Ae_B

“The correlation contribution to AE,() is obtained by extrapola-
tion of correlation energies of fragments and the complex with aug-
cc-pV(X-2)Z, aug-cc-pV(X-1)Z, and aug-cc-pVXZ basis sets by
Ecore(X) = Egoe(2) + AX+ BX™*

9The correlation contribution to AE;(ec) is obtained by extrapola-
tion of correlation energies of fragments and the complex with aug-
cc-pV(X—1)Z and aug-cc-pVXZ basis sets by E.(X)=
ECOI'I‘(OO) + AX_3
°The correlation contribution to AE(e) is obtained according to
Eq. (4) with the CBS limit binding energy difference between the
MP2 and CCSD(T) levels estimated through the extrapolation of
5(X—1) and §(X) by X and the reference CBS limit MP2 binding
energies.

"The correlation contribution to AEs(es) is obtained according to
Eq. (5) in the text. The (BSTE)yp, is computed using the reference
MP2 CBS limit binding energy in Ref. 34

fFrom Ref. 35

"Mean absolute deviation. Values in parentheses are the corre-
sponding mean absolute deviations to AE (=) and AE,(eo) with the
first data (corresponding to X=T) excluded from the data set
'Based on the results from Ref. 37

limit compared with 78% for the He, and 69% for the
Ar, cases). This demonstrates the effectiveness of the
simple X extrapolation formula to cancel the energy
differences for fragments and the complex between the
estimates and references (Eq. 3), despite the fact that the
individual CBS limit correlation energies of fragments or
the complex are not accurately estimated by X formula
when basis sets are small as shown in the results of
AE5(e<). Table 2 also shows that although the MP2 limit
correction method, AFE5(e0), could be effective in many
cases to correct for the BSTE in the CCSD(T) calcula-
tion, the method is not always reliable in yielding the
accurate CBS limit at the CCSD(T) level, especially
when the basis set employed is not sufficiently large.
Although it is obvious that direct extrapolation of
CCSD(T) correlation energies with small basis sets using
the formulas adopted here would not always yield the
accurate and reliable basis set limits, extrapolation by
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AX3+ BX™* with DTQ basis sets appears to yield the
most accurate estimates with the basis sets of a given
size. However, as the basis set becomes larger and the
basis function space becomes saturated, the correlation
energies with correlation-consistent basis sets follow
asymptotic X behavior as expected. The difference
between the estimated and reference CBS limit results at
the CCSD(T) level will be exploited to check the accu-
racy of the various extrapolated estimates at the CCSDT
level in Table 3 later.

Table 3 shows the CCSDT CBS limit estimates
corresponding to Table 2 along with the exact and
experimental (semiempirical) binding energies for these
dimers. The binding energies (and the values in the
parentheses) in the column of AEg(e) represent the
CCSDT CBS Ilimit binding energy estimates obtained
by extrapolating the energy differences between the
CCSD(T) and CCSDT levels with aug-cc-pVXZ (and
d-aug-cc-pVXZ) basis sets by X °, which were then
added to the reference CBS limit CCSD(T) binding
energies in Table 2. These values, which are generally
in very good agreement with the exact quantum Monte
Carlo (in the case of He,) or experimental results (in
the case of Ne, and Ar,), should be considered as the
closest results to the exact CCSDT CBS limit binding
energies of these dimers. The results with a doubly
augmented correlation-consistent basis set [d-aug-cc-
pVXZ (X is D, T, Q)] [12] were included to confirm the
accuracy of the extrapolated results with aug-cc-pVXZ
basis sets as these kinds of multiply augmented basis
sets were found often necessary for accurate description
of very weak molecular interactions such as the inter-
actions in rare-gas dimers [12, 44, 45]. Interestingly, the
estimated CCSDT CBS limits with aug-cc-pVXZ basis
sets are very similar to the corresponding results with
d-aug-cc-pVXZ basis sets if the CBS limits are esti-
mated according to Eq. (4); the differences between
them do not exceed 0.7 pE, at most. Therefore, the
extrapolation scheme exploiting the fast convergence of
the binding energy differences between two correlation
levels with basis set also appears to diminish the
requirement of using multiply augmented basis sets for
weak interaction. The accuracy of the estimated results
by this method (Eq. 4) can also be confirmed by
comparing these results with the other estimates in
Table 3. For AE>(e0), which exhibits close agreement of
the estimates with the reference CBS limit results for
DTQ basis set extrapolation (TQS extrapolation in case
of He,) at the CCSD(T) level, if one assumes the same
difference between the estimated and reference CBS
limit binding energies at the CCSD(T) and CCSDT
levels, one would obtain 34.8 pE, for He, (with TQS
basis sets), 132.6 pE, for Ne, (with DTQ basis sets)
and 435.9 pE, for Ar, (with DTQ basis sets), respec-
tively. Similar results could be obtained for the other
CBS limit estimates in Table 3 if the corrections for the
estimates and reference CBS limit results at the
CCSD(T) level are made to the estimated CCSDT re-
sults. Therefore, the values in the AFEg(ec) column in
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Table 3. CCSDT CBS limit binding energy estimates {AE{e),i=1-6, in LE;] by various methods.

b AE ()" AEy(s0)° IVACHN AEy(=)° AE5(<)' AEq(w0)® Exp."
He, T(3) 32.1 34.8 33.8 34.9 (34.8) 34.7

Q(4) 31.5 326 32.5 34.5 34.3 34.8 (34.8)

5 32.9 35.0 (34.8)' 34.1 34.6 34.4 34.8

Ne, T(3) _ 102.2 123.3 116.4 131.8 (132.5)

Q4) 126.4 133.1 (132.6)! 125.2 131.1 124.9 132.3 (132.6) 133.8
Ar, T(3) — ) 374.8 437.8 434.5 436.1 (436.3)

Q4) 415.6 440.6 (435.9)! 437.7 436.7 435.8 435.9 (435.5) 453.6

X represents the cardinal number of the largest aug-cc-pVXZ basis set used in the extrapolation and computation
®The correlation contribution to AE;(e) is obtained by extrapolation of correlation ene&gies of fragments and the complex with aug-cc-
pV(X=2)Z, aug-cc-pV(X—1)Z, and aug-cc-pVXZ basis sets by Eeor(X)= Ecorr(c0) + A2
“Thecorrelation contribution to AE,(e) is obtained by extrapolation of correlation energies of fragments and the complex with aug-cc-
E)V(X —2)Z, aug-cc-pV(X—1)Z, and aug-cc-pVXZ basis sets by Eeor(X) = Egore(c0) + AX >+ BX™*

The correlation contribution to AE;(ee) is obtained by extrapolation of correlation energies of fragments and the complex with aug-cc-
pV(X—1)Z and aug-cc-pV XZ basis sets by Eeor(X) = Ecorr(c0) + AX >
°AE4() is obtained according to Eq. (4) with the CBS limit binding energy difference between the MP2 and CCSDT levels estimated
through the extrapolation of d(X—1) and §(X) by X > and the reference CBS limit MP2 binding energies.

fAE5(0) is obtained according to Eq. (5)

EAEg(=0) is obtained according to Eq. (4) with the CBS limit binding energy difference between the CCSD(T) and CCSDT levels estimated
through the extrapolation of 8(X—1) and §(X) by X~> and the reference CBS limit CCSD(T) binding energies from Ref. [35](He,) and
Ref. [37](Ne,, Ary). The values in parentheses correspond to the estimated CCSDT CBS limits whend-aug-cc-pV XZ (X is D,T,Q) basis
sets were employed instead of aug-cc-pVXZ basis sets

Experimental or exact theoretical results. For He,, this value corresponds to the quantum Monte Carlo result in Ref. [36]. For Ne, and
Ar,, these values correspond to the semiempirical results in Ref. [42] and Ref. [43], respectively

'Values in parentheses represent the corrected values by the differences between the estimated and reference CBS limit binding energies at

the CCSD(T) level in Table 2

Table 3 appear to provide reliable CCSDT CBS limit
binding energies for these dimers.

One interesting finding from Table 3 is that while the
CCSDT CBS limit binding energies for He, and Ne, are
closer to the experimental results than the CCSD(T)
CBS limits, the opposite trend is observed in the case of
Ar,. Since other factors such as core-correlation and
relativistic effects as well as higher-order correlation
effects beyond CCSDT treatment on the binding ener-
gies could affect the actual magnitude of the binding
energy, it is necessary to examine the effect of these
factors to compare our theoretical results with the
experimental values. Therefore, except for He,, where
these factors could be ignored, the following investiga-
tions were performed for Ne, and Ar,. First, the core—
core and core—valence correlation effect on the binding
energy was estimated by calculating the CCSD(T)
binding energy with all electrons being correlated
employing the aug-cc-pCVQZ basis set, which contains
the tight core-correlating functions as well as the va-
lence-optimized aug-cc-pVQZ basis set. This resulted in
a 0.1 nEy decrease and a 4.2 nEy, increase of the binding
energies for Ne, and Ar,, respectively, with respect to
the frozen-core results with the aug-cc-pVQZ basis set.
These results are in good agreement with the previous
CCSD(T) estimate of a 0.2 pE}, decrease and a 3.6 pEy,
increase by Wilson and Dunning, who employed d-aug-
cc-pwCVQZ basis sets in their all-electron correlated
(LM shell-electron correlation only for Ar,) calculation
[44]. Second, the relativistic effect on the binding energy
was estimated by computing the differences in the first-
order Darwin and mass-velocity terms in the Cowan—

Griffith Hamiltonian [46] for the monomers and dimer
at the all-electron correlated CCSD(T) level with the
aug-cc-pCVTZ basis set, which resulted in 0.01 and 3.6
WE}, increases in the binding energy. Thus, combining
these corrections with the valence-electron correlated
CCSDT basis set limit binding energy of Ne, and Ary,
which were taken as the values in parentheses in the
AEg(c) column in Table 3, we obtain 132.5 and
443.3 pnEy. These results are still 1.3 and 10.3 pEy,
smaller than the semiempirical values for Ne, and Ar,,
respectively. One may be inclined to think that the
remaining difference between the theoretical and exper-
imental results is caused by the higher-order correlation
effect beyond CCSDT. Since the coupled-cluster calcu-
lation employing the full quadruple excitation operator,
CCSDTQ, is not practically possible for these dimers at
the present time, an approximate method to investigate
the effect of quadruple excitations on the binding ener-
gies of Ne, and Ar, was adopted. For this purpose, the
binding energies were computed using the CCSDT(Qy)
method [47] with the aug-cc-pVTZ basis set, which em-
ploys the noniterative factorized inclusion of connected
quadruple to the CCSDT method. The quadruple exci-
tation effect via CCSDT(Qy) on the binding energies of
Ne, and Ar, along with the core-correlation effect and
relativistic corrections are all collected in Table 4. Sur-
prisingly, the results in Table 4 suggest that further
excitation beyond CCSDT would decrease the binding
energies for Ne, and Ar, rather than increase them,
which would make the discrepancy between the theo-
retical and the experimental results slightly larger than
the value at the CCSDT Ilevel. Similar reductions of



Table 4. Core-correlation (CORE), relativistic (REL), and qua-
druple excitation (QUAD) effect on the binding energies (in mi-
crohartrees).

CORE? REL® QUAD®
Ne, -0.1 0.0 -1.7
Ar, +4.2 +3.6 -2

4The difference in binding energies between frozen-core CCSD(T)/
aug-cc-pVQZ and all-electron CCSD(T)/aug-cc-pCVQZ results
(see the text)

PRelativistic corrections were performed with the Cowan-Griffin
Hamiltonian in Ref. [46] at the CCSD(T)/aug-cc-pCVTZ level with
all electrons correlated (see the text)

“Difference in binding energies between frozen-core CCSDT and
CCSDT(Qy) levels with the aug-cc-pVTZ basis set

binding energies from the CCSD(T) result were observed
when the CCSD(TQy) approximate quadruple treatment
method was employed. Although there is a possibility
that the approximation adopted in the CCSDT(Qy)
method, such as forced factorization, could yield a
somewhat inaccurate quadruple excitation effect in this
case, considering the negligible difference in binding
energies between the CCSDT and CCSDTQ(FCI) levels
in the case of He, (Table 1), there is also a possibility
that the semiempirical well depths of Ne, and Ar, near
equilibrium in Refs. [42, 43] could be deeper than the
true well depths.

4 Summary and conclusion

In this paper, an extrapolation approach exploiting the
convergent behavior of the correlation energy differ-
ences between correlation levels with correlation-
consistent basis sets aug-cc-pVXZ has been developed to
facilitate the evaluation of the high-order excitation ef-
fect on the binding energies of very weakly bound
complexes. Compared with the individual correlation
energies of the fragments and the complex which deviate
significantly from X asymptotic formula for small
basis set extrapolation either at the MP2 level or at the
CCSD(T) level [22, 27], the binding energy difference
between the MP2 and CCSD(T) (or CCSDT) levels in
the case of rare-gas dimers (3He2, Ne,, and Ar,) is shown
to quickly converge to X~ even with small basis sets
such as aug-cc-pVDZ and aug-cc-pVTZ. This enables
one to estimate the CBS limit binding energies at the
CCSD(T) (or CCSDT) level with only the MP2 limit
results of these dimers without near basis set limit
computation with a huge basis set at the CCSD(T) (or
CCSDT) level. For small basis set calculations, the
estimated CBS limit binding energies by this procedure
are shown to be much closer to the exact CBS limit
binding energies than the corresponding results obtained
by direct extrapolation of correlation energies of the
fragments and the complex or the MP2 limit correction
method, which approximates the BSTE at the CCSD(T)
level by the corresponding BSTE at the MP2 correlation
level.
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The CCSDT CBS limit binding energy estimates of
Ne, and Ar, obtained by this procedure with d-aug-cc-
pVTZ and d-aug-cc-pVQZ basis sets, after corrections
for core-correlation and relativistic effects, amount to
132.5 (133.8) and 443.3 (453.6) uE}, respectively, with
the values in parentheses representing the experimen-
tally derived results. These results are in accord with a
recent study on Ar, [48] which found the CCSDT CBS
limit binding energy near equilibrium, after corrections
for core-correlation and relativistic effects, appears to
be still smaller than the semiempirical well depth by
1 cm™'(approximately 5 pEy). Since the employment of
an approximate treatment method for the T, cluster
operator such as CCSDT(Q;) and CCSD(TQy) [47]
points toward the negative quadruple excitation effect
on the binding energy, our study suggests a possibility
that the semiempirical well depth of Ar, [43] could be
deeper than the true well depth of this dimer near
equilibrium, although there is also a possibility that the
quadruple excitation effect by the aforementioned
approximate correlation methods may not accurately
represent the true quadruple excitation effect and the
higher-order effect beyond quadruple excitations may
be nonnegligible in this weakly bound dimer. Further
study on the Ar, dimer appears necessary in the future
to settle the issue. It would be interesting to examine
whether the concept of extrapolating the differences in
correlation energies between two correlation levels by
the simple X formula would be equally effective and
applicable to other weakly bound systems and molec-
ular properties other than the binding energy (such as
the dipole moment and the polarizability). Further
investigations of other weakly bound dimers, such as
(CO),, (NO),, and (C¢Hg),, are in progress to examine
the general applicability of the procedure developed in
this study.
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