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An accurate determination of interaction energies in weaklyelectron correlation and internuclear distance of the complex
bound van der Waals complexes such as rare gas dimers adolecular geometry). We chooseHes our model system.
trimers is not an easy task. Due to highly diffusive nature ofThough simple, this system provides an ideal venue to exam-
dispersion attraction which holds the monomers together ifne the effects of various factors such as basiarskelectron
the complex, one usually has to employ a sophisticated theaorrelation on calculated interaction energies of van der
retical model which incorporates high level electron correla-Waals complexes to the full extent as the high lalehitio
tion treatment with large and flexible basis set to properlycalculations can be performed relatively easily and highly
describe the long range electronic motion in the complex. It isiccurate experimental (@b initio) energies are available
well known that one of the major obstacles in obtaining thefor comparison.
accurate binding energies of weakly bound complexes such asThe theoretical model employed in this study is Moller-
van der Waals molecules and hydrogen-bonded complexes Blesset perturbation theory at second order up to the fourth
so-called basis set superposition error (BSSBBSE is  order (MP2,MP3,MP4§-20 with the augmented correlation-
unphysical (and relative) lowering of complex energy com-consistent basis set aug-cc-pVxZ (x=D,T,@,%nd 6-
pared to the energies of the monomers which is caused by t1811++G type basis sets with multiple polarization and diffuse
"extra basis functions" other than the basis functions of théunctions?> The correlation-consistent basis sets were
given monomer in the calculation of complex energy. Indesigned to properly account for the electron correlation
another respect, it is the consequence of finite (truncatedffect in atoms and molecules and, coupled with highly corre-
basis set in the calculation of energies of monomers and contated methods, they were found highly successful in describ-
plex. As a result, the introduction of BSSE could increase théng the interaction energies of weakly bound molectiég?23
interaction energy compared to actual (experimental) valu®©ne of the most important aspects of the correlation-consis-
and its magnitude is known to be nonnegligible enough tdent basis sets is that they enable one to estimate the complete
prevent the accurate determination of interaction energies anghsis set (CBS) limit through extrapolation of energies in a
potential energy surfaces of van der Waals moleéules.simple exponential mann&?® Since the effect of CPC on
Accordingly, there have been numerous attempts and correthe binding energy could depend on internuclear separation
tion schemes to eliminate the BSSE in the calcul&tibhhe (Rue-n9, We calculated the binding (interaction) energies for
most commonly and widely used method to correct for BSSHHe, at three different internuclear distances: (a) at equilib-
is the function counterpoise (FCP) method originally pro-rium; R(He-He) = 3.0 A (experimental 2.969 A) (b) shorter
posed by Boys and Bernafdin FCP scheme, the same basis than equilibrium (R(He-He) = 2.7 A) (c) longer than equilib-
functions are used in the calculation of monomer energies asum (R(He-He) = 4.0 A). The interaction energies(E) in the
in the calculation of the complex energies. Although theresupermolecular approach are computed as the difference
have been several studies and arguments questioning thetween the energies of complex and monomers. In the FCP
validity of FCP method in the calculation of interaction ener-scheme, the interaction energy is calculated as follows;
gies of the comple¥¢-13it is generally considered that coun- _ .
terpoise correction (CPC) is necessary for accurate AE = E(He) - 2E(He)
determination of interaction energies of weakly bound com-Here, E' represents the energy of He atom calculated with
plexes and CP corrected interaction energies would be closéine dimer basis set.
to the experimental energies than uncorrected ¥rnEsiow- In Table 1 interaction energies for Heith and without
ever, there appear to be little systematic studies which coul@PC are presented along with estimated CBS limiting values
provide a general information on the validity of CPC as theat three internuclear distances. Here, the interaction energies
basis set and electron correlation change in the calculation @it the CBS limit were estimated from the total electronic ener-
interaction energies of the various complexes. This is undergies at the CBS limit (Egs) which were obtained by using the
standable considering it is often very difficult to obtain anformula Egs= E(X) - AeBx where E(x) is the energy with
accurate well depth from experimental data or estimate thaug-cc-pvVxZ (x=T, Q, 5) basis set (A and B are fitting
basis set limit of interaction energies for very weakly boundparameters). In the last column interaction energies ef He
complexes with full correlation treatment. In this paper, webased on the HFD-B3-FCI1 potential oftéee also given for
examine the variation of magnitude of CPC with basis setcomparisor?® This potential was obtained by fitting the
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Table 1 He-He interaction energies (in microhartrees) with and without counterpoise correction

R(He-He) 6-311++G(d,p) 6-311++G(3df,3pd) aug-cc-pVDZ aug-cc-pVTZ aug-cc-pVQZ aug-cc-pV522 CBory/Expt
MP2 58.6(72.4) 18.8(36.4) 4.6(43.4) 9.3(20.9)  8.8(14.8) 8.5(11.3) 8.3

27K MP3 57.7(72.1) 10.4(27.0) -4.4(34.4) -1.5(8.5) -2.3(1.9)  -3.5(-1.9) -4.9 -14.5
MP4 58.3(72.9) 7.7(24.1) -7.2(31.2) -6.0(4.0) -6.9(-2.7) -8.4(-6.6) -10.1
MP2 0.9(11.1) -24.9(8.7) -35.8(-6.8)  -21.5(-16.3) -22.0(-18.6) -21.7(-19.9) -21.0

3.0 MP3 -0.4(10.2) -30.3(-14.3) -40.2(-12.4)  -27.6(-23.2) -28.3(-25.9) -28.6(-27.4) -28.8 -34.6
MP4 -0.4(10.6) -32.1(-16.1) -41.5(-14.3) -30.1(-25.7) -30.9(-28.5) -31.4(-30.0) -31.8
MP2 -6.0(-2.4) -11.4(-5.8) -10.4(-5.8) -8.7(-6.5) -7.6(-6.6) -7.1(-6.9) -6.8

404 MP3 -6.4(-2.8) -12.6(-7.0) -10.8(-7.0) -9.9(-7.7) -87(-81) -8.4(-8.2) -8.4 9.3
MP4 -6.5(-2.9) -13.0(-7.2) -10.9(-7.3) -10.4(-8.2)  -9.1(-8.5)  -9.0(-8.6) -9.2

aTotal electronic energies with aug-cc-pVxZ(x=T,Q,5) basis sets were extrapolated to estimate CBS limit for exponentialttehaction energies
were then calculated by the differences of the total electronic energies of dimer and mohdhaiees in this column represent the values of HFD-B
potential of Azizet al. (ref. 26) at respective internuclear separatidalues in parentheses are counterpoise corrected interaction energies.

highly accurateab initio points including full configuration compared to the estimated CBS limit appears to be more
interaction (FCI) points in the intermediate region and foundnoticeable for the calculations with smaller basis sets such as
to be the most accurate one than any other (experimental eug-cc-pvVDZ set (except 6-311++G(d,p)). This can be
theoretical) He-He potentials present at this tifMéappears  understood considering that the basis sets in such cases are
that the convergent behavior of interaction energies with basistill far from converged and contributions to the total energy
set andhe effect of CPC on them vary according to electronfrom the basis functions centered on the other monomer
correlation and molecular geometry, though the correlatiorwould be relatively larger compared to the case with larger
change from MP2 to MP4 does not significantly change th€more converged) basis sets. However, as shown in the case
general converging behavior of the interaction energies. Iof 6-311++G(d,p) set, if the basis set does not include appro-
Fig. 1 the interaction energies with basis set at MP4 level arpriate polarization functions (and diffuse functions), other
plotted for three internuclear separations. One of the moddeficiencies rather than BSSE appear to be a dominant factor
interesting results in Table 1 and Figure 1 is that the uncorin the calculation of interaction energies. This also appears
rected interaction energies are closer to the estimated CB® be related to the relative effectiveness of CP method at
limits (and "true" energies) than the CP corrected interactioiR(He-He) = 4.0 A. At large internuclear distance, though the
energies in most cases, regardless of the type of basis sahsolute magnitude of BSSE would be smaller than at
especially for R(He-He) = 2.7 and 3.0 A. This is especiallyshorter internuclear distances, the calculated energy of the
true for MP4 electron correlation treatment with the basiscomplex (Hg) could be much closer to the CBS energy than
sets larger than aug-cc-pVDZ (in the case of correlation-conat shorter distance as the basis set could be well suited for
sistent basis sets). On the contrary, the effect of CPC on thmolecular configurations near dissociation. This could
interaction energies appears to become more effective as tivecrease the interaction energies and make CPC more effec-
internuclear distance increases, especially for MP2 and MPBve in correcting for BSSE. The increase of the electron cor-
level. The poor performance of CP corrected interactiorrelation from MP2 to MP4 appears to reduce the BSSE,
energies compared to uncorrected ones should be the dirdbiereby causing the interaction energies even at R(He-
consequence of surprising results in Table 1 and Figure He) = 4.0 A to be less than the estimated CBS interaction
that the magnitude of interaction energies at equilibrium oenergies in some cases. Therefore it would be essential to
shorter internuclear distances are often less than the esBmploy a proper electron correlation method to estimate the
mated CBS limiting values. In such cases, of course, CP@ffect of BSSE and the validity of CP method in correcting
would make interaction energies farther apart from the estifor BSSE in the determination of the interaction energy of
mated CBS limit. This is very interesting because in usuathe weakly bound complex.

supermolecular approach one generally could expect larger As an intermediate conclusion, we can summarize our
interaction energies by BSSE compared to actual (BSSEesults as follows; the use of CP procedure in correcting for
free) interaction energies. Our results clearly show that th8SSE for the calculation of accurate interaction energy
interaction energy could be more strongly affected by theequires a careful investigation on the dependence of BSSE
intrinsic property of the basis set (such as optimization proupon basis set, electron correlation and molecular geometry.
cedure) rather than BSSE. This may be related to the fa& simple CPC on interaction energies could yield more
that the basis functions are usually optimized for atomsrrorneous results than the uncorrected interaction energies
rather than molecules. The optimized basis sets for atomsith respect to actual (experimental) energies. This could
may not describe the complex state as well as it does the disecome more evident as the internuclear separations
sociated (atomic) state. In this respect it is interesting to notdecrease. This implies that the intrinsic property of basis set
that the enlargement of the interaction energies by BSSHriginating from optimization procedure rather than BSSE
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80~ other weakly bound systems is under way to explore the
° @ generality of our conclusions.
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