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Interaction energies of dimers containing alkaline earth (Be, Mg, and Ca) metals have been investigated
using symmetry-adapted perturbation theory (SAPT) and supermolecular (SM) methods. Also, to enable broader
comparisons, some calculations have been performed on the Zn dimer and on-thig ldemer. Although

all of the investigated metallic atoms have closed electronic shells, the quasidegeneracy of the ground states
of these atoms with the lowest-lying excited states leads to convergence problems in theories based on a
single-determinant reference state. The main goal of the present work was to establish how the quality of the
interaction energies computed using various electronic-structure methods changes across the range of atoms.
We show that although the convergence problems become somewhat less severe with the increase of the
atomic number, single-determinant-based methods do not provide reliable interaction energies for any of the
investigated metallic dimers even at the level of the coupled-cluster method with single, double, and noniterative
triple excitations [CCSD(T)]. However, interaction energies accurate to within a few percent can be obtained

if CCSD(T) calculations in large basis sets are extrapolated to the complete basis set limit and followed by
full configuration interaction (FCI) calculations with a frozen-core (FC) approximation. Since the systems
considered contain only two valence electrons, FCI/FC calculations have been feasible for all of them except
for Zn,, providing the best theoretical estimates of the binding energies to date. We found that a large part
of the error of the SAPT results originates from limiting some exchange components to terms proportional
to the squares of the intermonomer orbital overlap integrals. When the neglected terms were approximately
accounted for, the accuracy improved significantly and became comparable to that of CCSD(T), allowing us
to obtain for the first time a physical interpretation of the interaction energies in metallic dimers.

I. Introduction with multideterminantal reference states. However, CC/PT
Whereas most metallic atoms have open electronic sheIIs,methOdS of this type are not well developed. Variational methods

alkaline-earth (Ae) metals are closed-shell systems. Thus, thedre available, but these are significantly more time-consuming

interatomic or atom-molecule interactions involving such metals than CC/PT approaches and suffer from size-consistency

can be investigated using closed-shell coupled cluster (CC) andproblems which are particularly notable in investigations of

perturbation theory (PT) methods based on a single-determinant'nterm()lecu'ar interactiong (since intermolecular interactions are
reference state. Another class of metals which can still be much weaker than chemical bonds). )

described by a single-determinant reference function are alkali, AS n effect of the slow convergence in the theory level, the
atoms, and closed-shell CC/PT methods have been extended tdlt€raction potentials for systems involving alkaline-earth or
such cases. Both types of metals can also be investigated byallkall atoms are significantly less accurate than for interactions
symmetry-adapted perturbation theory (SAPT) of intermolecular myolvmg rare gases or cIosed_—sheII mole_cules. Th|s_ situation
interactionst—3 However, despite this formal simplicity, all exists de;pltea!arge computational effort mvgsted in investiga-
systems containing alkaline-earth or alkali metals are difficult tions of interactions of the former systems, in particular the
cases for theories based on a single-determinant reference stat&limers of alkaline-earth and alkali atoms. (Note that we are
The reason is that the ground state determinants of such atom&liscussing here the alkali dimers in their triplet states, as the
are nearly degenerate with the lowest-energy excited determi-Singlet coupling leads to strong chemical bonds.) For example,
nants. For the hydrogen atom, theandnp orbitals are exactly ~ & 1996 paper by Rgeggen and Aliffidists a few dozen
degenerate. This degeneracy is removed in all other atoms, bug@lculations for Be However, to our knowledge, no papers have
the ns and np orbital energies are fairly close to each other in P€€n published that would examine consistently the whole set
alkaline earth and alkaline atoms. The-np energy gaps of ~ ©f Systems across the board using high-level methods. In
the metals considered are about 0.3 hartree, compared to 1.@articular, there has been no systematic study of the question
hartree for helium. Thus, ifisis the highest occupied orbital in ~ Whether the severity of the convergence problems decreases with
the ground-state determinant, the determinant witmgwbital the atomic number. There are some indications that this may
replaced by amp orbital is energetically close to the former D€ the case, since in a recent paper Bussery-Honvault®et al.
determinant. The quasidegeneracy results in a slow convergenc@Pt@ined a very good agreement between the depth at the
of PT expansions since small energy denominators are presentinimum of the Ca potential computed using SAPT and the

The best way to treat such systems would be to use methodseXPerimental one. On the other hand, tie-np energy gap
actually decreases within the group of investigated alkaline-

T Part of the “Giacinto Scoles Festschrift”. earth atoms _and is smgllest for Ca, so that this finding may be
* To whom correspondence should be addressed. counterintuitive. The aim of the present work was to examine
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the trends in the group of alkaline-earth metals. A similar study tion low, the absolute errors are not excessively large since this
for alkali metals is in preparatichWe have also included in  contribution is only a fraction of the interaction energy. In any
the present work the zinc dimer, as Zn is another example of acase, this approach gives the best estimatd3.ahat one can
closed-shell metal, with thes—np energy gap close to that of  obtain currently. For several systems, our work is the first one
Be. To see how the severity of the convergence problems that has included FCl-level calculations. Thus, although this was
changes if only one metal atom is involved, we have also not our initial goal, the present paper provides a set of high-
performed some calculations for the dimer consisting of the accuracy benchmarks fdDe, consistent across the range of
magnesium and helium atoms. For all of the investigated metalsinvestigated systems. These benchmarks will not only provide
but Zn, one can in the first approximation restrict the correlation the needed reference for our convergence studies of the CC/PT
energy calculations to the twas valence electrons. For Zn, methods but also will allow an evaluation of the contradictory
the 3 shell has to be correlated in order to obtain meaningful literature results mentioned above. One should note here that
results. Thus, the core increases from 2 electrons in Be, throughthe intermonomer distances employed in our calculations,
10 in Mg, to 18 in Ca and Zn. We have not considered still although very close to the van der Waals minima for all dimers
heavier closed-shell metals such as Sr, Ba, Cd, or Hg since forconsidered, were chosen on the basis of literature data so as to
the dimers of these metals large relativistic effects require use enable the broadest possible comparison with previous results.

of different types of electronic-structure methods than for the We did not perform any actual geometry optimizations.
lighter dimers. With the benchmark interaction energies available, we could

evaluate the performance of both the supermolecular PT based
on the Mgller-Plesset (MP) partition of the Hamiltonian in the

methods, one has to know reliable limit values of interaction
energies. Although for most of the investigated dimers a large nth order (MRY), of SAPT, and Of CC.SD' One (_joe_s not expect
tthat any of these methods will give quantitatively correct

number of computational studies have been published, in most. ; ! ) :
cases the levels of theory and basis sets applied could notnteraction energies since even CCSD(T) is not very accurate

provide quantitative accuracies (errors not larger than a few for the investigated systems. However, an understanding of the

percent) due to the difficult character of these systems. Even if patterns of convergence is relevant in view of numerous
precise calculations were performed, often the results of such applications of these methods to the quasidegenerate systems.

calculations disagree with one another. Also, the experimental Furth_ermo_re, SAPT interactiqn e_nergies are naturally split ‘”?0
binding energiesDe, are not available fo.r Hel\/]g and are not physically interpretable contributions such as the electrostatic,
e

trustworthy for Be and possibly Zp(see discussions in sections |qductlon, dllsper5|or1, and exchange energies. Thug, SAPT wil
IIILA and I11.D). Therefore, we have attempted to obtain the give some information about t.hFT' physical r.nechanllsms of the
best possible estimates of the interaction energies at the!nteracuons. Howev_er, the splitting of the Interaction energy
potentials minima using advanced electronic-structure methods,:Eigrggt?éagn;nsp\iggl 2%523- ;15 elf?nnﬁgg: e?ss vlvnh ;?: tﬁzstitglf
:?;3: Egsldstiztsé gﬁ;ﬁgg%ﬁtggégﬂgﬂgi'allrr: dpﬂgfi?el?;’ti\\’)’;interaction energy is usually reproduced to within a few percent
triple excitations [CCSD(T)]:8 At this level of theory, it was by the sum of the SAPT components,

possiblg to pgrform calculations in the largest basis sets available)| \vethods

for the investigated elements. In some cases, we have extended _

these basis sets by adding diffuse functions. We have also used We have applied the standard MP2, MP3, MP4, CCSD, and
functions centered at the midbond, which very significanty CCSD(T) methods using the MOLPRO progréfithe CCSDT
improve basis set convergence for weakly interacting systdfns. and CCSDTQ calculations used the ACESII ctdand the
The calculations were followed by extrapolations to the complete MRCC program developed by Kay.*® The FCI calculations
basis set (CBS) limits. Such an approach yields interaction Were performed using the LUCIA prograthSAPT calculations
energies of rare-gas dimers to the accuracy of a few petbéht. utlllze.d the SAPT2006 set Qf codé&sAll of the.SM interaction

In contrast, for Ae dimers, the errors of the CCSD(T)/CBS €nergies were computed using the counterpoise (CP) méttigd.
calculations can be on the order of 25%. Therefore, one cannot ! N€ SM interaction energies are defined, e.g., as

stop at this level of theory. Unfortunately, the CCSDT method, ccsp() ccsp() ccso() ccso()

including the complete triple excitations, is significantly more En™ =B —Ex —E 1)
time-consuming and, despite providing improvements, still gives

significant errors. Therefore, we have accounted for the effects whereE;“*?Mis the total energy of system X at the CCSD(T)
beyond CCSD(T) by using the full configuration interaction level. We will also consider the FCI contribution beyond
(FCI) method in the frozen-core (FC) approximation. Without CCSD(T) level of theory defined as

the FC approximation, FCI provides the exact solution of the

Schralinger equation in a given single-particle basis set, but 6EE]?' = EE]?' - Ei(,:]tCSD(T) (2)

this method can be applied only to few-electron systems using

very small basis sets. Among the systems studied in this work, The difference between the AE and FC interaction energies will
only for Be all-electron (AE) FCI calculations have been be denoted as

performed? and such calculations have to be restricted to very

small basis sets (of the augmented double-zeta size in the present OBl = E,(AE) — E,(FC) (3)
work). If the FC approximation is used, i.e., if the Ae atoms

are effectively treated as two-electron systems, the FCI methodFor definitions of the SAPT corrections, see, e.g., refs 1 and 2.
is still very time and memory consuming, and in fact we were These corrections have two indices denoting the order of
not able to perform FCI/FC calculations for Zeven with only perturbation theory in the intermonomer perturbation operator
two electrons correlated per atom. Although the FC approxima- V and in the intramonomer correlation operaddrIf only one

tion and the use of smaller basis sets than at the CCSD(T) levelindex is present, the intramonomer correlation effects are
make the relative accuracy of the post-CCSD(T) FCI contribu- summed up to the order iw which is given in parentheses

In order to analyze the convergence properties of various
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TABLE 1: Comparison of the Beryllium Dimer Interaction Energies at R = 2.44 A Obtained Using Various Methods and Basis
Sets

method AE/FC MP2 MP4 CCSD(T) CCSDT CCSDTQ FCl
aDZ AE 348 —154 93 —104 -181 -181
abZ FC 358 —146 110 —-90 ~166 -166
aDZ+(332) AE —184 -718 542 —721

aDZ+(332) FC -109 —637 —443 —625 —709 —709
aTz AE ~150 ~696 ~519 -693

aTz FC —63 —597 399 ~576 662 662
aTZ+(332) AE —246 —768 -610 771

aTZ+(332) FC -196 -715 —538 -701 —787
aTZ+(33221) AE —287 —797 —646 ~797

aTZ+(33221) FC —233 —741 571 ~726 -812
aQz AE —268 ~798 —642 ~798

aQz FC —201 —724 —548 -707 -793
aQZz+(33221) AE —338 —849 ~701

aQZz+(33221) FC —262 —766 -601 -837
a5z AE -330 —846 ~696

a5z FC —255 —764 —599

a57+(33221) AE -351 -857 ~709

a5Z+(33221) FC 276 ~776 —614

aCVTZ+(33221) AE —280 -783 -618

aCVTZ+(33221) FC —238 —745 —576

aCVQZ+(33221) AE 326 -829 —667

aCVQZ+(33221) FC —264 —768 -603

aThe symbols “AE” and “FC” denote all-electron and frozen-core results, respectively.

after the correction symbol or to infinity. The subscripts of these where CKS stands for the coupled-KS method of computing
corrections indicate one of the physical components mentionedthe response properties. For detailed definitions of the terms,
above. The SAPT interaction energy is usually calculated at see ref 35. Analogously to the SAPT method based on the HF

the second-order level description of the monomers, approximate effects beyond second
2 © © 0o o) order inV can be included by addingEly .., Esbrrine =
Esart = Eeistresf3) T Eexed CCSD)+ Ejglrespt Eing’ T EZer + OER esp The DFT calculations for the monomers
EQO +E@ 4 E@ o)y L ER) g were performed using the DALTGRlprogram. The KS orbitals
exchr-indresp * Eexch-ina T Ediee(2)  Ecuon-aip (4) of the monomers were obtained using the PBEO functi8ril
One often uses a hybrid approach with the Fermi-Amaldi—Tozer-Handy asymptotic correcticf.

The ionization potentials needed for the asymptotic correction,
(5) equal to 0.3426, 0.2809, 0.2247, 0.3452, and 0.9036 hartree for
Be, Mg, Ca, Zn, and He, respectively, were taken from
experimental values given in ref 42. For CKS calculations, the
local-density approximation (LDA) kernel was used for obtain-
SEMF  — pHF_ g9 _ g0 _ g0 _ p(0) ) ing time-dependent DFT (TDDFT) propagatéts.
intresp — int - Telst  Texch - Tindyresp - exch-ind resp Asymptotic properties (the static polarizability and tBe
dispersion coefficient) were calculated with the help of the
c. Programs of the POLCOR codes by Wormer and Hetté&ma.
The CHF-based properties were calculated at the level consistent
with the level of SAPT employed hefe.The CKS-based
properties were calculated at the level consistent with the
interaction energy in SAPT(DFT) calculations, i.e., using the
asymptotically corrected PBEO KS density generated in the
monomer-centered part of the basis set and with the LDA kernel
in the CKS propagators (see ref 35).

2 _ 2 HF
EFS,]APT#—HF - E[S,]APT + 6Eint,resp

where the second term, defined as

collects the third- and higher-order (iN) induction and
exchange-induction effects contained in the supermole
ular Hartree-Fock (HF) interaction energﬁmf. For dimers
composed of nonpolar monomer&Ei';';,esp may not provide
an accurate account of the higher-order effects, and omitting
this term, i.e., usingEZl,r as the SAPT interaction energy,
is recommendeé The convergence properties of SAPT
have been extensively studied for small systén& for a
review, see ref 2. The frozen-core approximation has re-
cently been introduced in SAPT, in a variant that neglects ||| results
excitations from core but takes into account the inter-
monomer corevalence exchange interactiofsThe accuracy A. Be,. We have first attempted to establish as accurately as
of the frozen-core approximation in SAPT is about the same possible the interaction energy of two beryllium atoms near the
as for supermolecular MP2, MP4, CCSD, and CCSD(T) minimum of the potential. The results are collected in Table 1
methods. (the energy unit is cmt in the tables and throughout the entire
The SAPT(DFT) metho~37 is based on the KohnSham paper, unless stated otherwise). The augmented Dunning-type
(KS) density functional theory (DFT) description of monomers. correlation-consistent basis sets aug-cc<gywhich will be
In this method, the interaction energy (up to the second order denoted here asXZ, have been employed. The nonaugmented

in V) is expressed &3 bases cc-pXzZ, X =D, T, Q, 5, and their augmented versions,
except forX = 5, have been developed in ref 46. All of the
ESPFT= O (KS) + EY) (KS) + EB(CKS) + literature bases for Be and other atoms have been obtained from

=(2) @ =(2) the depository described in ref 47. We have augmented the basis
Eexcn-ind(CKS) + Egist( CKS) + Egen-ais CKS) (7) set cc-pV52¢ by adding a ($1pldifiglh) set of primitive



Interactions in Diatomic Dimers J. Phys. Chem. A, Vol. 111, No. 49, 20012825

Gaussian functions with the consecutive exponents equal toexpansion for Bgis extremely slowly convergent. The small
0.01690, 0.01453, 0.06888, 0.13772, 0.17409, and 0.27403.difference between the AE and FC results constitutes an
These additional exponents were chosen such that the three mostnportant observation for our work, showing that, although the
diffuse functions of each symmetry form an even-tempered FC effects are very large in the interaction energy at the
sequence (for thh functions, the exponent ratio was assumed CCSD(T) level, the post-CCSD(T) contributions are only weakly
to be the same as for thg functions). To establish the dependent on this approximation. This observation is also
contributions due to the correlation of core electrons, we have supported by the fact that the FC contributions are almost the
used the aug-cc-pCXZ basis setsX = T and Q, developed in  same at different levels of theory: MP2, MP4, and CCSD(T),
ref 46 and optimized in AE calculations (the= 5 set is not cf. Table 1. When the FC approximation is used for,,Be
available). We will denote the augmented core-valence basesCCSDTQ is equivalent to FCI, and therefore the corresponding
as aC\XZ. The basis sets centered on atoms were extendednumbers are equal. As indicated by the results for the smallest,
with functions centered at the midbond positfdf.We have aDZ basis set presented in Table 1, the FCl and CCSDTQ results
used a (83p2d2flg) = (33221) set of midbond functions with  with all electrons correlated are also very close to each other.
exponents equal to (0.9,0.3,0.1) & (0.6,0.2) fordf, and (0.35) With the implementations available to us, we were able to
for g functions, as well as its subsetsgp2d) = (332). Anear-  obtain FCI/FC results for much larger basis sets than CCSDTQ/
van-der-Waals-minimum interatomic distance of 2.44 A has FC ones, and we will base our estimate of the post-CCSD(T)
been employed in all calculations of Table 1. This distance was effects for Be on the FCI/FC calculations alone. The largest
found as the minimum in large-scale calculations of refs 48 and basis set we could use at this level was a@Z3221). In this
49. Another recent accurate calculafidfiound a very close basis, the frozen-core post-CCSD(T) contribution is - 236%m
distance of 2.45 A. The CBS extrapolation using this result and the result in the
The largest, a5#(33221), basis set used gives the aTZ+(33221) basis gives the limit 6232 cnt! and an error
CCSD(T)/AE interaction energy of-709 cnt?, cf. Table 1. estimate of 4 cmt. We could compute FCI/AE only in the aDZ
We have utilized in this work the so-calleti extrapolation basis set. The error iAE.' due to the use of the frozen-core
based on the assumption that the difference between the CBSapproximation is only 2 crrit in this basis. As discussed above,
value of some energy contributid(c) and its approximation  the FC errors in the post-CCSD(T) triples contribution are very
E(X) computed using a basis set with the cardinal numer  small also in larger basis sets, up to aQZ. Thus, one may expect
vanishes likeAX™®, whereA is a constant! For the supermo-  that the FC effects idE-C' do not exceed a few cm. On the
lecular methods, we have extrapolated only the correlation partother hand, the FC error in CCSD(T) interaction energies
of the interaction energy and took the nonextrapolated HF part amounts to-85 cnr, and if the relative error were similar in
computed in the larger basis set. In a few cases, when we neede@dgFc! this term would have 30 cm uncertainty due to the FC
SAPT CBS results, the whole interaction energy was extrapo- approximation. Although small basis set results suggest that this
lated. TheX™ extrapolation using th& = Q and 5 CCSD(T)/ proportionality does not hold, to be on the safe side, we have

AE interaction energies gives7154 6 cm "as the CBS limit,  55qmed the error ofE"S' due to the FC approximation to be
if one simply assumes that the error is equal to the value of the 1 1. "

CBS increment.
The calculations discussed above included all electrons. The

core-valence correlation effecsE ¢, are quite substantial for

Summing up the estimates d&. >"(" and JE. ', one
obtains a value 0f-942 cnt! for the total interaction energy.

. If one calculates the square root of the sum of squares of the
1
Be, and amount te-95 cni ! at the CCSD(T) level in the largest errors estimated above (11, 4 and 10 &) the resulting

basis set. Since bases cc®/were optimized in FC calcula- uncertainty is 15 cmt or 1.6%. The relativistic correction from

tions,.their usngn AE galculatipns may regult in some inac- CCSD(T)/AE calculations with the Douglas-Kroll (DR
curacies of 0E;,. For interactions of typical closed-shell \o|ativistic Hamiltonian and a52(33221) basis set amounts to
systems)E[ is very small and its accuracy is never critical. 4.1 cnrl, We compare our result with recent literature values
However, the very large value &k found for Be requires in Table 2. (An extensive comparison of the beryllium dimer
care. Therefore, we have calculated CCSD(T) energies alsocalculations published prior to 1995 can be found in ref 4.) Our
using aug-cc-pCXZ bases. The results listed in Table 1 show resylt is in near perfect agreement with recent high-level ab
that indeed the values 6Eiff are significantly different:—64 initio calculations of Martif® and Rgeggen and Vesethwhich
cmtin the basis aug-cc-pCVQ#(33221), whereas aug-cc-  gaveD = 948+ 20 cnm ! [De = 944+ 25 cnt ! with inclusion
pVQZ+(33221) gives-100 cntt. However, if these increments  of relativistic effects] and 945 15 cnr?, respectively. The
are extrapolated, core-valence bases gi86 cn1* and valence agreement between the results of refs 48 and 50 and our value
bases—90 cntl. Thus, at the CBS limit the differences, as is in fact even better than the error bars of individual results
expected, nearly disappear. Although the p@vbasis result  would suggest, and it confirms that these three studies have
should be more reliable than the K¥-basis result with the  achieved high and consistent accuracy. A somewhat worse
sameX, the latter is obtained witlX larger by one. Therefore,  agreement is obtained with the-MR-ACPF (multireference
we have decided to adopt the average of the two results, i.e.,approximate coupled-pair functional in explicitly correlated
—85 cni'?, as the limit value oBE[. Thus, our CCSD(T)/AE linear;, basis) value oD, = 903 + 8 cnr! computed by
value at the CBS limit becomes710 + 11 cnT?, where we Gdanitz#° indicating that the error bars of ref 49 might have
have increased the error bars by 5¢no accommodate the  been too narrow. For completeness, several other recent results
additional uncertainty coming froMEf.. are listed in Table 2, but due to the limited levels of theory
Unfortunately, the errors due to the neglected levels of theory and/or basis sets, these results are substantially less accurate
are found to be much larger than 11 ©m The triples than the ones discussed above.
contribution beyond CCSD(T) is as large a456 cn1?! (AE) The result of Martif® was obtained using a similar approach
and —159 cnt! (FC) in the largest basis set used, aQZ. The to that applied by us. The differences in the two approaches
contribution of the complete quadruples, as estimated in the aDZprovide in fact an additional measure of the reliability of the
basis, is=77 cnT! (AE) or —76 cnt! (FC). Clearly, the cluster  ab initio values ofDe and therefore are worth a further
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TABLE 2: Results of Selected Literature Calculations for the Beryllium Dimer since 1995

results
year type De[cm™] Re[A] ref
Ab Initio
1996 EXRHF/(87p4d2f1g) + bond (44p4d4f2g) 841+ 18 2.45 4
1996 MR-CI/FC/(1810p5d3f1g) + bond (32pld) +ECP 893 2.45 54
1996 MR-AQCC/AE/(67p4d3f1Q) 864 2.45 55
1999 MR-CISD/AE/(54p3d2flg) 1050 2.41 56
1999 CCSD(T)/FG-FCI/FC+CAS-ACPF/AE+ CBS extr. 944+ 25 2.44 48
1999 CASr1-MR-ACPF/(1%11p6d4f3g2h) 898+ 8 2.44 49
2000 CC3/d-aug-cc-pVQEFCI 885 245 57
2005 EXRHF/(2310p8d6f3g2h) 945+ 15 2.45 50
present CCSD(HFCI/CBS 938+ 15 244
Experiment and Empirical

1984 790+ 30 58
1989 839+ 10 59
2006 923 60

a See text for explanations of most acronyms. The remaining ones are: AQCC, averaged quadratic coupled clusters and CC3, approximate
coupled clusters. Relativistic corrections included if calculatddxed value.

discussion. The main difference is due to our use of diffuse the order of 10 cm!, we can expect similar differences with
and bond functions in the basis set, whereas Martin used in thethe work of Rgeggen and Veseth due to the basis set effects.
main calculations only bases cc-K¥ with X up to 5. Not only More substantial differences may result from the levels of theory
the use of diffuse and midbond functions is essential in applied. Rgeggen and Veseth used an extended geminal model
calculations of intermolecular interactions, but also each aug- which they also call the extended restricted HartrEeck
cc-pVXZ+(33221) basis set is significantly larger than the (EXRHF) model. In the first approximation, this method
corresponding cc-p¥Z one. As a consequence, Martin’s FCI/  expands the wave function into sets of determinants resulting
FC interaction energy in the largest basis used at this level, with from replacements of some occupied pairs of spinorbitals by
X = Q, is —765 cnt! (at R = 2.45 A and without the CP  virtual orbitals. In the next approximation, applied in ref 50,
correction), whereas our result 837 cntl, much closer to similar replacements are generated for pairs of spinorbital pairs.
the best estimate of the interaction energy at the FC level Thus, at this level, EXRHF would not give an exact result even
amounting to—857 cnT?! (obtained by extrapolating our FC  in the CBS limit, as the method used by us does. Rgeggen and
results in the same way as done for the AE ones). Martin’s bestVeseth estimated that the theory-level truncation error is smaller
estimate of this quantity is-872 cnm®. This comparison also  than the basis set incompleteness error, and the good agreement
shows that the agreement to within 6 chat the AE level is with our result may indicate that this is indeed the case. On the
partly coincidental since the two FC calculations after extrapola- other hand, the previous applicatfoof the extended geminal
tions to the CBS limits differ by 15 cnt (still consistent with model gaveDe = 841 +18 cn1?, i.e., significantly underesti-

the error estimates). Apart from the type of basis sets, there aremated error bars.

several other, but probably less relevant, differences between The most often cited “experimental” depth of the;Petential

our work and that of Martin at the FC level. The differences obtained by Bondybe$2 D, = 790 + 30 cn1?, dramatically

are more substantial at the AE level. Martin computed the FC disagrees with all recent ab initio results, including ours. The
correction using the complete active space averaged coupled+eason for the large discrepancy originates probably not from
pair functional (CAS-ACPF) method and a 4/16 active space. experimental procedures but from theoretical assumptions used
This approach, due to its multireference character, takes in anin the analysis of experimental data. The use of these assump-
approximate way account of all types of excitations. This may tions is critical enough that the result of BondyBeghould

be an advantage compared to our approach where we computedeally be considered to be a semiempirical one. There also exist
the FC correction only at the CCSD(T) level (but demonstrated other semiempirical estimatesBf, obtained by tuning ab initio
that it is negligible at thé EL"' level in small bases). The final ~ potentials to reproduce experimental spectra. The older semiem-
effect of the FC approximation was calculated by Martin to pirical work listed in Table 2, by Petersson and Shiflegives
amount to—76 cnt?, smaller in magnitude than our value of a value ofDe close to that of Bondybes?, but the very recent
—85 cntl. One should take into account, however, that the one by irko° D = 923 cn1?, is very close to our result.
CAS-ACPF method with a 4/8 active space gives an FC Moreover, the latter work has chosen Gdanitz's potetitia
correction of+12 cnt?, showing a poor convergence in the the starting point, so it could be reflecting the relative smallness
size of the reference space. Therefore, it is difficult to say which of the theoreticaDe of ref 49.

value ofE[;, ours or Martin’s, is more reliable. Nevertheless, ~ Having established the limit value of the interaction energy
the differences are still consistent with the estimated uncertain- at the minimum, we can now examine the convergence of the
ties. perturbation series, shown in Table 3. A more detailed table

It is more difficult to compare our work with the work of ~ showing this convergence, as well as analogous tables for the
Roeggen and Veseth These authors used a somewhat larger other dimers, can be found in the Supporting Informatiofhis
basis set than ours: an uncontracteds{@B8d6f3g2h) set convergence is extremely slow. MP2 recovers only 37% of the
developed by them, whereas the aug-cc-pV5Z set used by ugnteraction energy at the minimum and such an advanced theory
has an uncontracted composition of §35d4f3g2h) and is as CCSD predicts the wrong sign of this energy. Only MP4
contracted to [#p5d4f3g2h]. They have not used, however, gives arather good approximation, however, the large difference
CBS extrapolations, except to estimate the uncertainties. Theybetween MP4 and CCSD(T) still points out to a very poor
have also used bond functions, but only for the estimates. Sinceconvergence. SAPT, at tHeZ).; level, gives the interaction
the basis set incompleteness error in our largest basis is only ofenergy which is twice too large in magnitude. The hybrid SAPT
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TABLE 3: Components of the SAPT and SAPT(DFT) (Denoted “SDFT”) Be and Mg; Interaction Energies as Well as
Supermolecular Interaction Energies for Different Basis Set”

Be; Mg2
a5ZM SDFT a5ZM aCVvQzM SDFT
method AE FC AE FC AE FC AE

Eciresf3)/EGL (KS) ~6174 ~6220 ~6242 ~1098 ~1002 ~1096 ~1034
ED (2) 15768 15808 2715 2641 2720
ED (CCSD)EY,, (KS) 13936 13972 13853 2415 2295 2415 2007
ECO(9-2)/ED (S72) (KS) 1780 1780 1464 77 77 77 49
2D JED (CKS) —13497 —13483 —12667 —2608 —2628 —2626 —2092
E%%md_res JE?), 14 (CKS) 8187 8173 7980 2105 2125 2123 1716
2 583 477 229 371 230
(S —353 —289 —185 —300 —186
Q) 2)/555;5 (CKS) —5178 —5129 —4944 —-1735 —1697 —1730 —-1623
E(ezxch— dis ;/E(ex)ch— aisp (CKS) 393 382 285 255 273 254 254

o e —-848 —847 —848 —216 216 —-215 —216
E[sg\m/EIsZE)F[TZ —2102 —2117 —1735 —621 —563 —618 —772
B /B e —2950 —2964 —2583 —837 —779 —833 —988
scaledE? ,/EE —~1163 1161 —~759 —506 —474 —499 —-723
MP2 —-351 —276 —374 —406 —-371
MP3 —607 538 —463 —463 —463
MP4 —857 —776 —503 483 —502
cCcsD 268 349 —99 -101 -08
CCSD(T) —~709 —614 -390 —363 —388

aThe intermonomer distances weRe= 2.44 A for Be andR = 3.9 A for Mg,. SAPT(DFT) results were obtained with the a5ZM basis set for
Be, and the aCVQZM basis set for Mg The columns marked “AE” and “FC” list all-electron and frozen-core results, respectively. For the

description of scale&[ﬁ}\PJE[SZﬂ)FT, see text. The letter “M” in a basis set symbol denotes the (33221) set of midbond functions. In the first column,
the first symbol refers to SAPT and the second one to SAPT(DFT).

result, Eé\or, e, is even less accurate. Adding the leading 'ECq, g and ES), 4o, as well as the term(),(CCSD) =
SAPT corrections of the third order W (ref 23) does not help Efslx)d(c(:SD)— E'(alx%)h by the proper ratio, i.e.

either; in fact, the third-order contribution is far more negative (10)

than the benchmark interaction energy. The reason for the poor E@0) _ 0 Eexcn ®)
performance of SAPT is not only the degeneracy issue discussed exch-ind,resp exc#ind,reSlt(m)r(sz)

above but also the sheer size of the interaction. The minimum exc
distance of the Bepotential amounting to 4.6 bohr is much and similarly for other components. In eq 8, the tilde denotes
smaller than that for rare gas dimers (5.6 bohr fop Bled 5.9 the approximate character of this term @) represents
bohr for NQ) Consequently, the intermonomer perturbation the first-order exchange energy in thHe approxima’[ion_

operator is not small at such a distance and the condition for Furthermore, the CorreCtiﬁi%)h—disp does not fully quench the

developing a perturbation expansion in powers\ofs not dispersion energy since it does not include any intramonomer
fulfilled. This is also seen in the size of the interaction energy ¢ elation effects. For typical closed-shell systems, this quench-
at the minimum which is several times larger for.Bkan for inq is very small, but for the systems investigated here, it cannot

He,, —7.6 cn? (ref 12), and Ng, —29 cnt? (ref 62). Due to g neglected. Thus, we have additionally scaled the exchange-
the close-approach minimum distance, the largest SAPT COM-gispersion energy as

ponent is the first-order exchange term, amounting to 17 times

the magnitude of the total interaction energy. The second-order =) = 20) Effigp(Z)

induction energy is of similar size but of opposite sign. It is Eexch-disp = Eexchrdisg 20) 9)

not surprising that with such cancellations between components Edisp

the sum of them is unlikely to reproduce the interaction energy +nq interaction energieE[Z] with the above components
well. This is also because several typically small terms not \opjaced by their scaledSAEI)unterparts (denoted as “scaled
included in the current SAPT codes are for,Bemparable in E[Sz,]APT” in the tables) are indeed much closer to the benchmark

magnitude to the. total |nteral%§|on energy. For example, all values. The final scaled SAPT interaction energy in the basis
exchange corrections exceff'), have been so far derived a57+(33221) is—1163 cnt?, a 23% error compared to our
only in the so-called¥ approximatiorf? i.e., retaining only — pegt estimate dbs (the CBS-e;xtrapoIated SAPT valuei4165
terms proportional to the squares of the intermonomer orbital cm 1), whereas CCSD(T) gives 25% error.

overlap integralsS. Table 3 shows that in the case of tEgo, Although the error of the SAPT approximation to the
correction, where the contribution beyond Sfepproximation jnteraction energy is fairly large, the components of SAPT may
is available?* and is computed by default in SAPT208%t is still be used to get a rough interpretation of the physical origins
almost twice as large as the total interaction energy. The second-of the Be-Be interactions. Figure 1 illustrates the contributions
order exchange energies without tB& approximation were  from the main physical components (in second order, the sum
computed for the lowest quintet state of Hey Przybytek et of the induction plus the exchange-induction energy is shown,
al® They have found that the percentage contribution of the and similarly for the dispersion components). As one can see,
terms beyonds is very similar in the first and in the second  the three attractive contributions are of similar size at the

. . 0 .. . . K
order. This allows one to scale the correctl(E@C)Mnd'resp minimum. However, only the dispersion energy is the real
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14000 — P larger intermolecular separations. The ratio of (unscaled) SAPT
12000 | || exch-1 == | 24 and CCSD(T) interaction energies changes from 3 at 2.44 A to
10000 F |1 d';’;g: i 20 1.5 at 4 A (cf. Table 3 in the Supporting Informatfén This

L SAPT tot. mmmm improvement is likely due to the fact that the exchange effects
8000 | bestest. —— 7 16

become a smaller part of the total energy. The ratio remains
equal to about 1.5 for largd®, where the total interaction is
dominated by the dispersion forces. This ratio is showing the
difference in the dispersion van der Waals constants for the two
levels of theory. The CCSD(T) van der Waals dispersion
constants are somewhat more accurate than those of SAPT, as
seen by a better agreement of the CCSD(T) interaction energies
6000 L] I with the asymptotic expansiéh(using the—Cg/Ré — Co/RE —

Be, | Mg, | Ca, | Zn, | He-Mg C1o/RY terms) than it is the case for SAPT. The asymptotic
8000 16 behavior of SAPT is expected to be very similar to that of MP4

Figure 1. Comparison of SAPT contributions. The bars represent the . P _ :
electrostatic energy (elst), the first-order exchange energy (exch-1), theand indeed this is the case. The long-range analysis shows that

sum of the induction and exchange-induction energiestjnthe sum one of the sources of error of the SAPT approach is an
of the dispersion and exchange-dispersion energies+giigpe total insufficient accuracy oE$)(2) resulting from the omission of

SAPT interaction energy (sum of these components), and our besi}erms of the third and higher orders\. These terms can be
estimate of the interaction energy. The exchange components are scaled,

. 2 .
as described in the text. Left axis for all systems except Mg which partly accounted for by computi (i.Z,p via a coupled-cluster
is plotted according to the right axis. The results plotted were calculated approact’~7° This observation is further supported by a better
with all electrons in bases a5ZM, aCVQZM, a5ZM, aQZM, and performance of SAPT(DFT) than SAPT at large distances since

aCVQZM for the consecutive systems. in the SAPT(DFT) method intramonomer correlation effects are
driving force pulling the atoms together at larger distances since €ffectively accounted for to infinite order by DFT. The

both the electrostatic and the induction energy decay exponen-asymptotic behavior of SAPT(DFT) is almost as good as that
tially for Be,. Clearly, the attractive forces are strong and bring of CCSD(T). The asymptoti€s constants (Table 4) are closer

6000 2
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0 it H = 0
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the beryllium atoms very close together, as shown by the very to the benchmark for the CKS approach than for SAPT.
large value of the first-order ex_ch_ange repulsion energy. B. Mg». The results of our calculations for Mghowing the
ASTZZEQSJO(IDEP g?{;:lrts:;gt:'r?élaér;%?(%ﬁ%u'?é psrﬁchgZes' dependence on the basis set size and type are shown in Table
accurately the effects of the intramonomer correlation and 5. The basis se.ts atz, aQZ.’ and a.SZ, \.Nlth arld without the
SAPT(DET) terms should be compared to the corresponding (33221) set of midbond functions defined in section Ill.A, have
SAPT terms with the intramonomer correlation effects included. been employed. The bases a_TZ and aQZ are from ref 84 _(see
For the beryllium dimerEgit (KS) agrees well Withfjgt e ref 47), whereas the a5Z basis has .been ponstrqcted, S|2nllarly
and Eélx)c,{KS) with Eglx)ch(CCSD). Similarly,Ei(f&(CKS) is' close as for Be, from the cc-pVhZ set avgllable in Fhe Ilteratﬂfr_é
0 EO 4 tgeD and E2 (CKS) to EE? (2). Since the (denoted by 5Z in Tab_le 5) by adding one diffuse function of_
SAPLF%SSI':FJT) applrncc;ach useglstrﬁe same metrllsgdology as SAPT for.each symmetry according to the even-tempered formula. Specif-
the exchange corrections, simil&expansion deficiencies are ically, the additional exponents were 0.01301, 0'00959’. 0.05000,
present in the results from both methods; that is,Sheesults 0'09109’ 0.12973, and 0'29270 fqr tEpdigh fL_mCt'OnS'
have too large magnitudes in SAPT(DFT) (however, less than respectlvely: The results obtained using the polarized core and
those of the regular SAPT). Analogously to eq 8, scaling of the Valence basis sets aug-cc-pCVTZ and aug-cc-pC¥Q also
exchange-induction and exchange-dispersion contributions togiven in Table 5. We have performed our calculation&at
estimate the effects beyond tt# approximation can be 3.9 A, the rounded equilibrium value obtained in refs 85 or 86.
performed The results in Table 5 seem to converge quite smoothly to
) KS) the CBS valges excgpt for the energies from the largestf-a5Z
_(CKS)=E®@_ _ (CKS) Eexc (10) (3322_1),_b_a3|s set with all electrons correlated. The latter results
exchind exchrind ED (S)(KS) are significantly below all of the other ones for all of the
X methods considered including SAPT. No such problems are
and similarly forEffX)Cwisp(CKs), We have used the double apparent in the FC calculations. The reasons for this behavior
tilde here since the CKS exchange energies in SAPT(DFT) of the AE results are not clear to us. One would naturally suspect
already include scaling®. This scaling of the SAPT(DFT) linear dependencies in the basis set, in particular since the effect
corrections improves dramatically the results for the beryllium disappears when the midbond functions are removed. On the
dimer, and the final energy of 759 cnt!is closer to our best  other hand, although the overlap matrix is more singular for
estimate than the CCSD(T) value. However, based on the resultsthe a52+(33221) basis than for the other basis sets used by us,
of regular SAPT for the beryllium dimer and the accuracy of it joes not seem to be overly singular and no CCSD convergence
SAPT(DFT) for other Ae dimers, such a performance of the ,aplems show up. Nevertheless, the effect is certainly a
Zga:j?gc[leszljalzIiggc\;al'z:cc(::lfgn;i;:ﬁ;iﬁjcncfgﬁs?;?\?sr g?gdféirlynumerical artifact and we have excluded the all-electrorta5Z
accurate. Similarly to regular SAPT, the third-order KS induc- (33221) results from further considerations.
tion contribution is large and does not provide an improvement ~ The frozen-core CCSD(T) interaction energy in our largest
in the accuracy of the total interaction energy. basis set is-390 cn1?l, and the CBS extrapolations from the
The rationalizations of the observed performance of SAPT (aQZ+(33221),a54-(33221)) and (aCVT#(33221),aCVQ#A
given above can be checked by performing calculations for (33221)) pairs give-393 and—392 cntl, respectively. Thus,
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TABLE 4: Properties of the Investigated Atoms and Asymptotic Cs Constants for the Dimers

method Be Mg Ca Zn He

ns—npgap 0.33 0.27 0.21 0.32 1.01

b 0.953 0.965 0.958 0.996
atomic radius (A) 1.99 231 2.79 2.10 0.95

Static Polarizability
CHF 45.62 81.59 185.40 54.03 1.321
SAPT 44.35 78.47 171.86 49.01 1.347
CKS 41.91 73.27 158.15 42.31 1.399
CKS (ref 72¥ 43.2 71.8 152 1.28
other theoretical 37.76 0.22 [73} 71.3+ 0.7 [73F 157.1+ 1.3 [73F 40.11 [74% 1.384[75]
37.69 [74]
experiment 71.5 3.1[76] 168.7+ 13.5[77] 38.8+ 0.8 [78]
method Be Mg2 Ca Zn, Mg—He
Cs Dispersion Coefficient

CHF 279 742 2356 432 21.96
SAPT 279 721 2318 373 22.62
CKS 246 635 1937 313 21.77
CKS (ref 72¥ 260 631 2055
other theoretical 214 3[73]° 627+ 12 [73F 2121+ 35 [73p¢ 282 [74] 21.10-22.10 [79]
experiment 683t 35 [80] 2081+ 68 [81] 270-296 [78]

aThe density-based atomic radii are taken from the calculations of Bokde basis sets used were: a5Z for He, Be, and Ca, aCVQZ for Mg,
and aQZ for Zn. The CKS results are consistent with the SAPT(DFT) approach, i.e., the Fermi-Amaldi asymptotic correction was used and the
LDA kernel was applied in the TDDFT propagator. SAPT results are consistent with the SAPT level of theory used in main calculations. For
polarizabilities, it corresponds to CHF true second-order, fo€s, see ref 45. Results are in atomic units, unless stated otherwise. Numbers in
square brackets are literature referené&sround-state FCI coefficient in our largest basis se®ptimized effective potential method with a
self-interaction correctiorf Relativistic semiempirical resulté Nonrelativistic.” Relativistic.9 The (non)relativistic values from ref 5 are (2279)
2232 and from ref 82 (2196) 215NA more recent analysis of experimental data gives 2441 (ref 83)." Estimated from static polarizability.

TABLE 5: Comparison of the Magnesium Dimer
Interaction Energies at R = 3.9 A Obtained Using Various
Methods and Basis Sets

method AE/[FC  MP2 MP4 CCSD(T) FCI
aTz AE  —309 -438 —315
aTz FC  —293 —442 —321  —412
aTZ+(33221) AE  —383 -496 —375
aTZ+(33221) FC —362 —496 —380  —463
aQz AE  —360 -475  —355
aQz FC —342 —484 —368  —453
aQZ+(33221) AE  —401 -504 —384
aQz+(33221) FC -369 -500 —386  —467
57 AE  —371 —460 —344
5Z FC  —344 —479  —365
57+(33221) AE  —428 -511  —392
57+(33221) FC -367 —495 —383
a5z AE  —395 -483 —366
a5z FC  —361 —496 —383
a57+(33221) AE  —535 —619  —499
a57+(33221) FC 374 -503 -390
aCVTZ+(33221) AE  —395 —482  —361
aCVTZ+(33221) FC  —364 —498  —382
aCVQZ+(33221) AE  —406 —483  —363
aCvQz+(33221) FC —371 -502 —388

a2 The symbols “AE” and “FC” denote all-electron and frozen-core
results, respectively. Result excluded from considerations, see text.

we may assume the CBS limit 6f3934 3 cni ! at this level.
The FCI/FC contribution beyond the CCSD(T) level of theory,
in the largest basis employed in
our FCI calculations, aQZ(33221), and the values from smaller

OET®" amounts to-81 cnrt

int ?

set in AE calculations. In fact, the valuesdft, S computed at

the CCSD(T) level are quite erratic also in other valence-only
basis sets. Therefore, we have based our estimate of the core
effects exclusively on CCSD(T) calculations in the polarized-
core-valence aCVTZ(33221) and aCVQ#(33221) basis sets.
The aCVQZH(33221) result [at the CCSD(T) level] is 25 cin

and the extrapolation from (aCVH433221),aCVQ2A-(33221))

gives 28+ 3 cn 1. No method is currently available to estimate
the frozen-core effects InE."". Although we have seen that
these effects are negligible for Behis does not need to hold

for larger systems. One indication is that for Mthe OE,<
contribution changes dramatically with the level of theory: in
the basis aCVQZ(33221) it amounts te-35, 19, and 25 crrt

at the MP2, MP4, and CCSD(T) levels. In contrast, this
contribution is almost constant for BeTo partly account for
this effect, we have assumed an additional uncertainty of ¢.cm
the difference between MP4 and CCSD(T) contributions, in our
recommended values. Thus, our final estimate of the complete
Mg, interaction energy aR = 3.9 A is —445 cn1?, and this
estimate should be accurate to about 8 &ifwith the 3, 2, 3,

and 6 cn?! errors added quadratically).

To compare with experiment, one has to know the relativistic
correction, but apparently, it has not been computed fos. Mg
We have performed CCSD(T)/AE calculations using the DK
relativistic Hamiltonian and the aQZ33221) basis. The
obtained relativistic contribution was 4.3 cf With this
contribution added, the theoretical interaction energy at the
minimum of the Mg potential amounts te-441 cn®. Our

basis sets indicate that this contribution is already convergedresult is in good agreement with the most recent experimental

to within a couple cm. The (aT2+(33221),aQ2-(33221))-
extrapolated value of the contribution beyond CCSD(T)80
cm™1, and we take-80 4 2 cn! as our final approximation

estimate 0f—431.0+ 1.0 cntl. This estimate was extracted
by Tiesinga et a¥’ from the reanalysis of the measurements of
Balfour and Dougl& performed by Vidal and Scheingrabér.

to this term. Thus, our FCI/FC-level interaction energy at the The original experimental valééwas —424+ 5 cnmr®. Thus,

CBS limit is —473 + 5 cmL. The core-valence correlation
contribution to the interaction energy is the hardest to estimate,
especially in view of the problems of the ab#33221) basis

our result supports the reanalyzed experimental value.

There have been numerous calculations published for the
magnesium dimer, although not as many as for. Bore recent
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TABLE 6: Results of Recent Literature Magnesium Dimer TABLE 7: Comparison of the Calcium Dimer Interaction
Calculations Energies atR = 8.2 bohr Obtained Using Various Methods
results and Basis Set3
year type m ref method AE/FC MP2 MP4 CCSD(T) FcCI
e
Ab Initio aTz AE =775 —925 —784
1990  ICF, SOCIFCICBS exttECP 429+ 10 85 e .+ (a3221) e CSeL 3% TBb 1089
1992  ICF/FC/(87p4d3f2g1h) Slater 459 3.88 86 174(33291 FC 836 —1138 -1036 —1239
1993  MP2-R12/(1613p8d4f) 461 3.8% 90 aTZi( )
1994  MP4 475 o1 aQz AE —930 —1076 —921
2001  all-electron CCSD(T) 404 397 92 gg% -+ (33221) S o8 s Tl Tieeo
2002  small-core MVB-SD/(&pld) 410 87 aQZ+(33221) FC 2850 —-1153 —1054 —1253
present CCSD(T)/AE- FCI/FC 441+ 8 3.¢ abZ+(33221) AE 1028 —1141 083
Experiment ab7+(33221) FC —858 —1160 —1064
1970 424+ 5 3.89 88 aCVTZ+(33221) AE —1005 -—-1121 —964
1977 431.0£ 1.0 87,89 aCVTZ+(33221) FC —839 —1142 —1039
a Fixed val aCVvQz+(33221) AE —1028 -—1138 —976
Ixed value. aCVQZ+(33221) FC -851 —1154 —1055
(since about 1990) ab initio obtained value®gflisted in Table a-ll—the Symb0t|_5 "/I*E" and “FC" denote all-electron and frozen-core
6, range between 314 and 475¢niThe 1990 work of Partridge results, respectively.
et al® found the all-electron nonrelativistic value bf = 429 The decomposition of the interaction energy for M@own

+10 cnT?, in good agreement with our result and consistent to in Figure 1 is quite different than for BeFirst, although the
within the combined error bars. If our estimate of the relativistic total interaction energies are smaller in magnitude only by a
effects is added to this value, the resultbg= 425 cntlis in factor of 2, the components are several times smaller. The main
a somewhat better agreement with experiment than our predic-reason is simply the larger size of Mg than of Be, which leads
tion. At the FC level, Partridge et al. estimated the CBS limit to a significantly larger equilibrium separation. As a result, the
value of De using the interacting-correlated-fragment (ICF) electrostatic and induction contributions are now smaller in
method, a variant of the Cl approach. They also estimated themagnitude than the dispersion contribution. One may say that
contribution from the terms neglected in the CI expansion. In the response of the system to the pull of the dispersion force is
addition, they performed calculations using the second-order- smaller. Similarly, the first-order valence repulsion is only a
Cl (SOCI) method and extrapolated the results in a similar factor of 2 larger in magnitude than the dispersion energy since
manner. The obtained frozen-core limit value of 464 €¢agrees the charge penetration is much smaller than fos.Be

very well with our result of 473t 5 cn L. However, the core- SAPT(DFT) results are similar to the SAPT ones, but in
valence correlation contribution could not be calculated within contrast to the beryllium dimer, the total interaction energy for
such an approach and was obtained only using a core polarizaMg, is more negative in SAPT(DFT) than in SAPT and
tion potential. Nevertheless, this contribution came out reason- significantly less accurate. Generally, the individual SAPT(DFT)
ably accurate, amounting te35 cnt?, close to our value of ~ components are similar to the SAPT equivalents but smaller in
—28 cnTL. The partial compensation of errors between the FC magnitude. In particular, the smaller value of the first-order
and AE-FC contributions resulted in the final accuracyf exchange contribution seems to be mainly responsible for the
obtained by Partridge et al. higher than that of the components.more negative total interaction energy given by SAPT(DFT).
However, even without this compensation, the calculations of The poor performance of SAPT(DFT) takes place despite the
Partridge et a> were quite accurate compared to other asymptotic constants at the SAPT(DFT) level (Table 4) being
applications of the ICF methddt is not possible to determine  in an excellent agreement with the benchmark calculations
which of the two ab initio calculations for Mgours or that of (slightly less good with experiment, but the experimental value
Partridge et a).is more accurate. All of the other calculations has a significant uncertainty) showing that the intramonomer
for Mg listed in Table 6 used lower levels of theory and smaller correlation effects in the dispersion component are well modeled.
basis sets. In particular, none of these papers (except for ref 86The accuracy of the SAPT-level constants is lower than that of
which extended the equilibrium work of ref 85 to other the SAPT(DFT) ones.

separations) considered post-CCSD(T) excitations which con- C. Cap. Our calculations for the Galimer are presented in
tribute 18% to the interaction energy. Consequently, these resultsTables 7 and 8. For this system, we will make broad compari-

are far from the current best estimates. sons with the recent SAPT calculations from ref 5, the most
The convergence of the CC/PT expansions for,Mg extensive literature work. Correlation-consistent basis sets cc-
analyzed in Table 3. The expansions appear to converge slightlypVXZ, X =D, T, Q, and 5, have become available for Ca only

better than for Bg consistent with the finding thatE. (' is a recently?* Therefore, the authors of ref 5 employed their own
smaller fraction of the total interaction energy in the former basis set (denoted “Bussery” in Table 8), constructed by
case (18%) than in the latter case (25%). The MP2 (MP4) extending Sadlej's triple-zeta quality basis®3€¢optimized on
method, which after the CBS extrapolation gives the interaction atomic polarizabilities. A (8p2d) midbond set was added only
energy of—415 (—483) cntl, constitutes 93% (109%) of the in calculations of th (2,23 correction. We have used this basis
total interaction energy and (scaled) SAPT give488 cnt? without any midbond functions and with our (33221) midbond
or 110%. The 10% SAPT error can be compared to the 18% set defined in section Il A. The basis sets aTZ, aQZ, and a5Z
error of the CCSD(T) approach. The MP3 level of theory have again been obtained by an augmentation of the cc-pVTZ,
accidentally gives a very good approximation to the interaction cc-pVQZ, and cc-pV5Z setéwith one diffuse function of each
energy. As for Bg CCSD gives a very poor approximation, symmetry, with an exponent chosen according to the even-
but at least it is negative. Thus, it looks like an increase of the tempered relation. Specifically, these additional exponents are
atomic number within the Ae group indeed leads to a better equal to 0.010242, 0.009589, 0.012253, and 0.044403 for the

convergence of the CC/PT expansions. spdffunctions in the basis aTZ, 0.009577, 0.009248, 0.011035,
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TABLE 8: SAPT/SAPT(DFT) Interaction Energy Components and Supermolecular Interaction Energies for the Calcium
Dimer at R = 8.2 bohr?

Bussery BusseryM abzM SDFT
method AE FC AE FC AE FC AE

EYD oo (3VE(KS) —2286 —2686 —2307 -2704 —2216 ~2633 —2313
ED (2) 5061 5262 5029 5259 4826 5156
E(eJQcP(CCSD)E(eJch(KS) 4354 4689 4354 4709 4223 4666 3741
EQ0 ge2yED (g-2)(KS) 329 329 329 329 328 328 196
2O JE(CKS) ~12619 ~12583 —12694 ~12657 —12593 ~12553 —9328
ECO) i res JE@, o(CKS) 10453 10419 10497 10463 10414 10377 7847
t I(rfg) 1740 573 1896 616 2389 843
tEéizc)and —1441 —475 —1568 —509 —1976 —697
Eg%%p(z)/Eg%; (CKS) —2334 —2318 —2854 —2818 —2913 —2922 —2866
g r/r;g%)m 4CKS) 434 332 514 409 546 426 484

s 851 849 806 803 724 721 724
E[SZIAPT/E[SZE)FT —1700 —2048 —2162 —2492 —2126 —2493 —2437
EQ o JED -848 ~1199 -1357 —1689 —1401 -1772 -1712
scalecE2,, /E2 ~1095 -1277 ~1519 ~1668 ~1535 ~1683 -1977
MP2 —427 —335 —-907 —739 —1028 —858
MP3 —441 —506 —906 —910 —992 —1016
MP4 —495 —562 —1033 —1033 —1141 —-1160
CCSD —17 —33 —429 —409 —508 —510
CCSD(T) —350 —413 —866 —913 —983 —1064

aThe basis sets employed are described in the text. SAPT(DFT) results were obtained with the a5ZM basis set. For the remaining notation, see
footnoteb of Table 3.

0.027795, and 0.034976 for tepdfgfunctions in the basis aQZ, cm™?) to obtainD, = 1189+ 51 cnt! as our final estimate.
and 0.008890, 0.008968, 0.010094, 0.028667, 0.033878, andThe relativistic effects, as estimated in ref 5, decreasdy
0.084830 for thespdfgh functions in the basis a5Z. The about 21 cm®. Our calculations with the DK Hamiltonian at
augmented polarized-core-valence sets aug-cc-pCVTZ and augthe CCSD(T)/AE level in the completely decontracted aQZ basis
cc-pCVQZ were formed from the nonaugmented sets cc-pCVTZ (see the discussion in the next subsection) gave 36:7 &on

and cc-pCVQ2**7by adding the same diffuse functions as for  these effects. This brings our best estimat®ge= 1152+ 51

the bases aTZ and aQZ, respectively. The same (33221)cyy1, This value agrees reasonably with the experimental
m|dbon(_j set was used as for the other systems. AII OUr result: De = 1102.08+ 0.09 cmi! (refs 98 and 81). The
calculations have been performed for 8.2 bohr, the minimum agreement with experiment to within 4.5% is better than for

distance found in ref 5. . .
. . any previously published results, except for ref 5, see the
For the Ca dimer, our CCSD(T)/AE-level result with the disi:uision beI):)vs P

largest basis set, a3433221), is—983 cntl. This result agrees i o )

also reasonably well with those computed in other large basis  The OEj, contribution constitutes for Galé% of the
sets presented in Table 7. The CBS extrapolation from basesinteraction energy, a slight further decrease in the series Be,
aQZ+(33221) and a5Z%(33221) gives—993 + 10 cnT. The Mg, and Ca. The improvement of the convergence of the
FCI correction ranges betweerll99 and—213 cnT?, suggest-  perturbation expansion observed for Mgpmpared to Bgis

ing also a fairly good basis set convergence. The value of this much more pronounced for @aThe MP2 (MP4) value
correction in the largest, a@QZ33221), basis set used at this computed in the a5%(33221) basis set reproduces 86% (96%)
level is —199 cn1l, and the extrapolation from this basis and of our limit value of the interaction energy. In fact, the MP
the aTZ+(33221) set gives-196 & 3 cni'}, where the error  series performs better than the CCSD(T) method. This is
bars reflect the difference between the calculated and extrapo-obviously fortuitous and results from the fact that the iMP
lated values. Thus, our initial estimate of the interaction energy values ofDe lie below the CCSD(T) value. The performance
at the minimum is—1189 + 13 cnv*, where the error bar  of the low-order MR series can also be measured relative to
reflects only the observed basis set convergence. The uncertainthe CCSD(T) result as such terms constitute the PT expansion
ties not included in th_ls error bar are the ones arising from the ¢ ihe CCSD(T) energy. In this case, the convergence is not so
core-valence correlation effects. At the CCSD(T) level, these ¢,44 and in fact the consecutive terms are farther and farther

effects amount to 81 cni in the basis a5#(33221) and to 79

o e b aCVZ 32, e e vahes o nese [0 SR ate e (el congees
effects extrapolated from the sequences ,a . '
(33221)) and (aCVTZ (33221),aCVQZ (33221)) are 81 and doesl appear. t.h":]t the fﬁ"ert'ty of the bCC./ PT convergence
82 cn1?, respectively. This suggests an uncertainty of the order problems diminishes as the a or’r_uc_ n.um er _mcreases.
of 3 cnmL from this source. An even more significant source of ~ SAPT does not reproduce the limit interaction energy as well
error is probably the FC effects #E, .. Similarly as for Mg, as M. The scaled SAPT value in the a5733221) basis,
the FC effects change significantly with the level of theory and —1535 cnT*, constitutes 129% of the interaction energy (the
amount to—170, 19, and 81 cmt at the MP2, MP4, and  CBS-extrapolated value is1552 cnt?). This 29% error is
CCSD(T) levels, respectively, in the basis @§33221). Thus, significantly larger than the 16% error of the CCSD(T) approach.
an FC effect of the order of 50 crhin the 55;? contribution For Cg, in contrast to other investigated systems, the correction
cannot be excluded. We have therefore increased appropriatel)éEmf,espis positive. This leads to a reasonably accurate value
the error bars by summing the squared errors (10, 3, 3, and 500f the unscaled hybrid approach, but this good performance is
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TABLE 9: SAPT/SAPT(DFT) Interaction Energy Components and Supermolecular Interaction Energies for the Zn and
He—Mg Dimers?

Zny He—Mg
aQzM SDFT a5ZM aCVvQzm SDFT
method AE FC AE FC AE FC AE
IS‘ sl AVELKS) —535 -521 ~569 —2.05 -1.77 —2.05 —2.07
ED (2) 1626 1593 12.75 11.84 12.79
ED (CCSD)EY, (KS) 1295 1271 1100 10.35 9.21 10.35 10.98
E(10)43<>2)/E(1) {S72)(KS) 29 29 12 0.00 0.00 0.00 0.00
E.‘ﬁé”,es JEfﬁi(CKS) —3208 —3208 —2003 —~1.46 ~1.46 —~1.46 -1.03
S aresdE S ina (CKS) 2907 2906 1841 2.00 2.00 2.00 1.34
tEl(nd) 783 831 0.24 0.34 0.24
€@ ~710 ~753 —0.33 ~0.46 -0.33
EQ (2)[E?(CKS) —-1107 —1083 —950 —13.95 —13.63 —13.89 —13.45
exch—dlsJE(ezx)ch—disp(CKS) 189 184 124 0.63 0.61 0.61 0.53
OERT esp -85 -85 -85 —3.09 —3.09 —3.09 —3.09
B2 /el —386 —371 —458 —4.57 —-5.17 —4.54 —3.70
B o /D e —471 —456 ~543 ~7.66 ~8.26 ~7.63 —6.79
scalecEZ . /EZ —363 —353 —436 —4.47 —-5.09 —4.44
MP2 —450 —438 —3.02 —4.16 —2.95
MP3 —308 —319 —5.05 —5.98 —5.04
MP4 —420 —382 —5.18 —5.68 —5.17
CCSD —86 —85 —2.71 —-3.12 —2.70
CCSD(T) -228 —230 -4.39 —4.69 -4.37

aThe intermonomer distances a@Re= 3.847 A for Zn, andR = 5.0 A for He—Mg. SAPT(DFT) results are obtained with the aQZM basis set
for Zn, and with a basis composed of the aCVQZ set on Mg, a5Z on He, and the (33221) midbond setfdg.Heor the remaining notation,
see footnoté of Table 3.
correction is not interatomic separation being 0.4 A larger (the sixth power of

almost certainly fortuitous, as th&Elf ..,

recommended to be applied for nonpolar systéins. the ratio of the separations is 1.9). This is clearly related to the
In contrast to Bg and Mg, there were very few ab initio  very large polarizability of Ca, more than twice that of Mg.
calculations performed for GaDyall and McLeaf applied The performance of SAPT(DFT) for Gés very similar to

the ICF method in the FC approximation and obtaind}, @f that for Mg,; that is, the SAPT(DFT) interaction energy is much
1236 cntt. This agrees well with our FCI/FC value in the too large in magnitude. Again, as for Mdhe major deficiency
aQZ+(33221) basis equal to 1253 cibut worse with the  seems to come from the first-order exchange energy. This
CBS-extrapolated benchmark FC-level value of 1270tm  contribution can be shown to be potentially exact in
However, these authors have not computed any correction for SAPT(DFT) but only asymptotical# However, the very strong
the FC approximation. Czuchaj et “dl.have performed interactions in Ae dimers result in the minimum separations
CCSD(T) calculations with a [Ne]-core relativistic pseudopo- which are relatively short, i.e., farther from the asymptotic limit
tential, obtainingDe = 1015 cnT. The calcium dimer has also  than the minima of typical dimers, which may lead to less
been employed as a test case for several DFT-based methodsaccurate SAPT(DFT) exchange energies than in most other
However, the values dd. obtained in this way (from 1004 to  cases. The electrostatic, induction, and dispersion corrections
2760 cnt? for various DFT functionak®1%*and 926 cm* for agree better between SAPT and SAPT(DFT). Also the asymp-
the RSH-MP2 DFT-plus-dispersion meth#f) are not very  totic Cs constants of SAPT and SAPT(DFT) (Table 4) are in
accurate. fairly good agreement with each other and with the benchmark

As mentioned earlier, extensive investigations of @Gare calculations: the SAPT constant is 9% too large and the
performed in ref 5 using SAPT. The final nonrelativistic value SAPT(DFT) one is 9% too small. Thus, the asymptotic accuracy
of De = 1134 cn1? from ref 5 should be compared with the of SAPT/SAPT(DFT) is very good for Ga

value computled in the basils “Bussery” at the lelpr. e D. Zn,. Our calculations for Zawere done aR = 3.847 A,
De = 848 cm. The 286 cm difference results entlrelg/ from  heR, distance found in the CCSD(T) calculations of ref 103.
the use of bond functions in ref 5 in calculationsEf% In The basis sets aTZ, aQZ, and a5Z employed by us have been

view of the SAPT perfqrmance .discussed.abov.e, the very goodtaken from ref 104, and the midbond functions were the same
agreement of SAPT with experiment obtained in ref 5 was due as for the previous dimers. The results are collected in Table 9.
to a fortuitous cancellation of the theory—level overshot with The FC calculations were performed using small core; that is,
the basis set incompleteness error. In our largest basis set, a5Z poth the 8l and 4 electrons were correlated. Therefore, the FC

(33221), the value obe at the ESAPT+HF level is 1401 cm?. effects are very small, virtually negligible for Znamounting
Also, as discussed above, the use of ﬁﬁfmesp term is to only 2 cnttin the aQZ+(33221) basis at the CCSD(T) level.
probably not advisable for Ga The use of the large core, i.e., correlating only the 4s electrons,

The decomposition of the interaction energy into SAPT gives very large errors. Our best basis set,-a&3221), gives
components, shown in Figure 1, is for Camilar to that for the CCSD(T)/FC interaction energy ef234 cnt?, and the
Mgz, except that all of the contributions are proportionally larger (aQZ+(33221),a54(33221)) extrapolation gives237 + 3
in magnitude, as are the total interaction energies. In particular,cm™. If the FC correction is added to this result, our best
the dispersion plus exchange-dispersion energy eiaearly estimate of the CCSD(T)/AE interaction energy ob#n—235
two times larger in magnitude than that of Mglespite the cmL. The post-CCSD(T) effects are very difficult to compute
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for Zn,. The best we could do was to perform small-core the experimental value of 279.1 ci(ref 106). It is possible
CCSDT calculations in the aTZ basis set. The triples contribu- that the effects of quadruple and higher excitations are respon-
tion beyond CCSD(T) obtained in this way amounts-@®cnt L. sible for this difference, but it is not very likely in view of the
The basis set incompleteness and FC errors of this contributionfact that the triple excitations beyond CCSD(T) contribute only
are difficult to estimate but should not be larger than a couple 3 cn. Typically, these effects are larger than the effects of

of cm™L. This leads to our final nonrelativistic estimate of the
interaction energy at the CCSDT/AE level equaH238 + 8

quadruple and higher excitations. For example, fop Bee
former effects contribute 20% and the latter ones 11% to the

cm~1, where we have increased the CCSD(T)/FC-level uncer- interaction energy. Thus, it is difficult to expect the effects

tainty by 5 cnt?! to account for the effects discussed above.

beyond CCSDT to be much larger than 10¢énand the reasons

As for other systems, we have also computed the relativistic for the discrepancy with experiment remain unclear to us.

correction using the DK Hamiltonian and the CCSD(T)/AE

Unfortunately, CCSDTQ calculations, which scaleN8 with

method. Whereas for lighter atoms large basis sets developedhe system size, much worse than CCSD(W))(@nd CCSDT

at the nonrelativistic level are also adequate for relativistic
calculations, this is not true anymore for Zn with its nuclear
charge of 30. Apparently, the relativistic and nonrelativistic inner

(N®), are currently not feasible for Zn

It follows from the discussion given above that the post-
CCSDT effects in the Zninteraction energy at the minimum

orbitals are significantly different. In turn, bases developed at of the potential cannot be determined accurately at the present

the relativistic level® work poorly in nonrelativistic calcula-
tions. Thus, to obtain reliable values of the relativistic correction
to the interaction energy of Znwhich requires subtraction of

time. The theoretical estimates may indicate that these are only
of the order of 10 cm!® or 4% of the interaction energy, but
comparisons with experiment suggest effects as large as nearly

relativistic and nonrelativistic values computed in the same basis50 cnt?! or 17%. If the latter is correct, this contribution is of
set, we have decided to use the fully decontracted aTZ basissimilar size as for Ca However, the SM PT expansion for Zn
set which we found to be flexible enough to describe the inner- converges much worse than for £én particular, MP4 gives

shell orbitals at both the nonrelativistic and relativistic levels.
The resulting value of the relativistic contribution to the,Zn

interaction energy is 3.5 cm, which leads to our best estimate

of this energy of-2354 8 cnr'L.

the interaction energy almost twice as large as that given by
CCSDT. The CCSD method gives a nonsensical interaction
energy, as for the other systems. On the other hand, the scaled
CBS-extrapolated SAPT result is in a 29% error compared to

The zinc dimer has been studied by many other groups duringexperiment, a similar performance as in the case of The
the past several years. The most accurate previous work ispoor convergence of the Miexpansion for Zpis a bit baffling.

probably that of Peterson and Puzzatfii.These authors

Even if we take into account that the expansions for Ca

developed relativistic effective-core potential (ECP)-based basissomewhat fortuitously agree with the total interaction energy,
sets up toX = 5, both of valence and core-valence type. The and compare the convergence patterns relative to the CCSD(T)
results of ref 103 were extrapolated to the complete basis setinteraction energies, the convergence is still much worse in the

limit giving a CCSD(T)/AE value oD, = 226 + 3 cnT'l, in
very good agreement with our CCSD(T) value of 232¢nin
particular taking into account that two completely different
families of basis sets and different ways of accounting for
relativistic effects were used. Note that the relativistic correction
itself cannot be extracted from the results of ref 103. The-spin
orbit coupling correction has been found in ref 103 to be
negligible. The FC correction of 3 crhcomputed by Peterson
and Puzzarini is in good agreement with the value of 2%tm
obtained by us.

Ellingsen et akd® applied several methods, including

Zm, case, despite the much smaller magnitude of the interaction
energy. The equilibrium separation is smaller for, Ziman for
Ca, but this is due mainly to the smaller size of Zn and not to
strong attractive interactions. The only explanation which comes
to mind is that the presence of the 3d electrons in Zn has a
strong impact on the convergence properties. The slow con-
vergence of the SM PT expansion may indicate that the post-
CCSDT effects are large for Zn

The zinc dimer is similar to Mgand Ca, and different from
Be,, in terms of the sizes of the individual SAPT contributions
relative to the total interaction energy. The,dmeractions have

CCSD(T) and complete active space second-order perturbationbeen previously interpreted in terms of SAPT components by
theory (CASPT2), and obtained small-core nonextrapolated Lukes et ak!? These authors used the CCSD(T) and SAPT

values ofDe of 242 and 274 cmt, respectively. They also

methods with ECPs and relatively small basis sets. The SAPT

computed the interaction energy using a relativistic scalar results were presented only graphically and for a laRy#ran

Hamiltonian and no ECPs and found that the relativistic
correction enters beyond the digits listed in their table. The
CCSD(T)/FC value oDe is larger than our estimated CBS limit
for this quantity amounting to 23% 3 cnm* which is somewnhat

used by us, so it is difficult to make detailed comparisons.
However, most of the components agree reasonably with those
computed by us.

The behavior of SAPT(DFT) for Znis similar as for Mg

unexpected as finite basis set values tend to be smaller than thexnd Ca, and the error of the SAPT(DFT) total interaction energy

limit. The CASPT2 result of Ellingsen et al. is in an excellent
agreement with experimei® however, this agreement may
be fortuitous like, for example, the one achieved by MP3 for
Mg,. Very recently, Bera and D#¥ obtainedD, = 266 cnt?!
using CCSD(T) and assp4d3f basis. Clearly, there must have

is also similar as for these systems. Teconstants (Table 4)
obtained at the SAPT and SAPT(DFT) levels are larger than
the best ab initio literature valtfeby 32% and 11%, respec-
tively. Part of the difference is due to the literature result
including the relativistic effects which, based on the values of

been some numerical problems in these calculations as this resulthe static polarizabilities listed in Table 4, can be as large as

is incompatible with our results and with all literature CCSD-
(T) calculations. Several other calculations for,Zrave been
published in recent yeat81198112 byt these papers have not

15%. Compared to the estimated nonrelativi§iof 324 a.u.,
the SAPT(DFT)-level value is 3% too small whereas the SAPT
value is 15% too large. Thus, asymptotically SAPT(DFT) should

achieved the accuracy of some of the work discussed above.perform better than SAPT. One should mention, however, that

Our best estimate dd. = 2354 8 cn'! at the relativistic
CCSDT/AE level of theory is in a rather poor agreement with

the literature valu& of Cg for Zn,, computed using a multi-
reference Cl wave function and a relatively small basis set, is
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TABLE 10: Comparison of the He—Mg Interaction the three pairs of basis sets listed above givk41, —4.27,
Energies atR = 5.0 A Obtained Using Various Methods and and—4.41 cn1, respectively. Since thex@ series is converg-
Basis Set3 ing slowly due to the lack of bond functions, whereas the
method AE/FC  MP2  MP4 CCSD(T) FCI computed a5Z(33221) and aCVQZ(33221) values are only
aTz AE —221 —-425 —3.38 0.02 and 0.04 cmt, respectively, from their CBS limits, we
aTz FC —-175 —-3.92 -3.18 —354 have taken—4.41 4+ 0.04 cnt! as our best estimate of the
aTZ+(332) AE  —-332 -556 —4.58 CCSD(T)/FC interaction energy, where we have chosen the
2%1822)21) EE :g:gg :g:gg :i:ég —4.61 uncertainty to include boFt(f:] computed values._ We have then
aTZ+(33221) FC —-2.80 -518 -4.33 —4.71 separately extrapolatedE;,; from the results in (aCVTZ
aQz AE  —3.03 —4.94 —4.00 (33221), aCVQZA-(33221)) bases, obtaining a contribution of
aQZz FC —238 —-453 -376 —4.12 —0.33 cnmL. An extrapolation from (aQZ,a52) gives a contribu-
aQZ+(332) AE  —356 —555 —4.57 tion of —0.44 cn1?, significantly larger in magnitude, but the
aQZ+(332) FC :2'88 ol —4st —4.68 (aTZ,aQZz) extrapolation gives only0.27 cnt™. Since the CV
aQz+(33221) AE 3.64 5.62 4.63 . . L
aQZz+(33221) FC -295 -518 -437 —4.74 bases are more appropriate for investigating the-evatence
a5z AE —3.74 -533 —4.35 correlation effects, we will adopt0.33 4+ 0.10 cnt? as our
a5z FC —265 —477 —401 best estimate, where the conservative error bars are chosen to
a5z+(33221) AE  —420 -582 -—479 reflect the spread of the results in different types of basis sets.
a5z+(33221) FC =302 —518  —4.39 This gives the value of the CCSD(T)/AE interaction energy of
acvTZt(3s221y  AE  —385 561 —4.61 —4.74+ 0.11 cn'l, consistent with two out of the three AE-
aCVTZ+(33221) FC —2.78 —515 —431 : : o =
aCVQZ+(33221F AE —-416 -5.68 —4.69 based extrapolations quoted above, and confirming that the
aCvQz+(33221y FC  —295 -517 —4.37 ab7+(33221) AE calculation has some numerical inaccuracy.

: FCl
aThe symbols “AE” and “FC” denote all-electron and frozen-core ~ Finally, Table 10 shows thadEj, seems to be very well

results, respectively’.Result with possible numerical errors, not converged, and the (af433221),aQ4-(33221)) extrapolation
included in the final estimate§Helium basis set wasX&, with the gives —0.36 = 0.01 cnt®. Thus, our final estimate of the
sameX as for Mg. interaction energy at 5.0 A is5.10+ 0.11 cnt! with errors

. . added quadratically. The relativistic effects for Hdg are
much less accurate than those used in comparisons for the othegma”, a DK CCSD(TYAE estimate of these effects in the

dimers. In fact, the values @ obtained by us may be closer aQZ+(33221) basis amounts t60.012 cnr™.
to the exact result.

E. He—Mg. In the calculations for HeMg, we have
employed for magnesium the same basis sets as in the Mg
calculations (section I11.B), whereas for helium the standard aug- . . )
cc-pVXZ setd!3 were used. The midbond functions were the of this value is relevant for experiments on atoms, molecules,

. . i i i 25
same as for the previous systems. There exists a very accurat@d clusters solvated in superfluid helium nanodropfets; _
ab initio He-Mg potential by Hindé4 and we will make Experiments have determined that some atoms are solvated in

extensive comparisons to it. Therefore, we performed all the droplets whereas some others only attach to the surface of
calculations for the intermonomer distance of 5.0 A, for which @ droplet?®~1% Clearly, the trend depends on the ratio of the
comparisons between methods and basis sets were presentdd®-atom potential depth to the He-e depth of 7.6495 cnt

in ref 114, rather than for 5.1 A, the van der Waals minimum (r€f 139). In the case of magnesium, Reho eéf&have found
distance obtained in this reference. that Mg atoms do get solvated.

The He-Mg interaction energies calculated using different ~ Hinde'# computed the HeMg potential using the CCSDT
methods and basis sets are presented in Table 10. The allmethod with the (large-core) FC approximation and a basis set
electron CCSD(T) interaction energy in the largest basis listed Which was composed of the cc-pVQZ set for Mg, the aug-cc-
in Table 10, the a5%(33221) set, is—4.79 cntl. In view of pVvQZ set for He, and a &p2d) set of bond functions. The
the problems of this basis set in the case of,Mand of the core-valence correlation contribution was then taken into account
fact that the Mg a5Z and aQZ bases have been constructed inat the CCSD(T) level using the aug-cc-pVTZ basis set on He,
different ways, one should use caution when analyzing the the (33p2d) set of bond functions, and a polarized core and
results and in particular when extrapolating to the CBS limit. valence MT-TZ set on Mg, obtained by an extension of the
Indeed, Table 10 shows that the convergence pattern of the AEcc-pVTZ basis according to the prescription of Martin and
values is not uniform, as the interaction energies in the Taylor (MT) given in ref 140. Hinde obtained an interaction
axXZ+(332) and XZ+(33221) families are almost constant for energy of—4.97+ 0.06 cnt!at 5.0 A (the value obtained from
X =T and Q at the CCSD(T)/AE level of theory. However, in data in the Supporting Information, Tables 1 and 3 of ref 114
contrast to the Mgcase, the behavior of the FC energies is give —4.95 cnt?). This value is within the combined error bars
almost the same as that of AE ones. Another observation isof our and Hinde’s calculations. Our interaction energy is larger
that the CCSD(T)/AE energy in the basis a533221) appears  in magnitude mainly due to the use of larger basis sets in our
to be too large in magnitude compared to the FC result. This is work (the cardinal number larger by one, diffuse functions on
also reflected in the CBS extrapolations of the CCSD(T)/AE Mg, and a larger midbond set) and due to our use of CBS

Due to its very small valueD, has not been measured for
He—Mg. Thus, the only information about this quantity comes
from ab initio calculations. It turns out that a precise knowledge

interaction energies from the basis set pairs (&(83221), extrapolations. This effect can be precisely determined by
abz+(33221)), (aQZ,a5z), and (aCVH433221),aCVvVQzA- comparing our extrapolated CCSD(T)/FC interaction energy of
(33221)) which give—4.97,—4.72, and—4.75 cn1?, respec- —4.41+ 0.04 cn! to the largest basis set result-e#.26 cnt

tively. The first number stands out and confirms the suspicion in Hinde’s work. The difference of 0.15 crhis close to the
that, similarly as for Mg, the use of the basis a3433221) in 0.13 cnt spread between the final estimates. As far as the level
AE calculations leads to some numerical problems. Therefore, of theory is concerned, our calculations are practically equivalent
to estimate the CBS limit of the H&Mg interaction energy, to those of ref 114 since this reference found that the frozen-
we have extrapolated the FC results. The extrapolations fromcore FCI and CCSDT results are identical to within 0.03&m
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TABLE 11: Comparisons of the Interaction Energies and Their Components near the van der Waals Minima

Be, Mag> Ca Zn, He—Mg
R(A)® 2.44 3.9 4.33925 3.847 5.0
Eint (NR)® —942+ 15 —445+ 8 —1189+ 51 —238+ 8&d —5.10+0.11
Ein® —938 —441 —1152 —235 —=5.11
—De (exp.)f —790+ 30 [58] —431.0+ 1.0 [87] —1102.08+ 0.09 [81] —279.1[106]
Ei‘;ICSD(T)/FCg —625 (66%) —393 (88%) —1075 (90%) —237 (85%} —4.41 (86%)
éE;fg —85 (9%) 28 (6%) 82 (7%) 2 (1%) —0.33 (6%)
EﬁtCSD(T)/AEg —710 (75%) —365 (82%) —993 (84%) —235 (84%} —4.74 (93%)
55;?9 —232 (25%) —80 (18%) —196 (16%) —0.36 (7%)
scaled SAPY —1165 (124%) —488 (110%) —1552 (131%) —359 (129%) —5.15 (101%)

a All energies are in cm. P For Be, Mgy, and Zn, the interatomic separations are very close to minimum values, probably to within 0.01 A.
For He-Mg, R. = 5.1 A, see text. For Gaan accurate value & is unknown but should be within 0.1 A of the one used in our calculafi@est
estimate of the nonrelativistic interaction energy from our calculatibfie results obtained at the CCSDT level of theory and the uncertainty is
relative to the exact energy at this leveBest estimate with relativistic corrections computed by'&Experimental values, numbers in square
brackets are literature referencédll values extrapolated to CBS limit. The numbers in parentheses are percentage contributions to the best
nonrelativistic estimates of the total interaction enefgyelative to the experimentale.

Our core-valence correlation contribution is 0.03 ¢rdifferent support for inappropriateness of the hybrid approach for
from that of ref 114 (0.02 crt if the result of ref 114 withX nonpolar system&
= Q s considered). Thus, one may conclude that the agreement The components of the HéMg interaction energy displayed
with the work of Hinde is excellent, but our calculations indicate in Figure 1 (note that the energy scale in Figure 1 is different
that the true interaction energy in the minimum is slightly below  for He—Mg than for all of the remaining dimers) show a system
the error bars of ref 114. The slightly deeper potential well completely dominated by the sum of the dispersion and
reinforces the analysis of Hin#¢ indicating that Mg should  exchange-dispersion energies. This sum is even larger in
indeed dissolve in the helium droplets, as found experimen- magnitude than the first-order exchange energy. The remaining
tally.t® components are nearly negligible. Thus,-Hég has a quali-
Another recent study, by Partridge et ®tused somewhat tatively different physical decomposition of the interaction
larger basis sets than ref 114 but only the CCSD(T) level of energy than the other dimers considered here.

theory. These authors performed small-core (i.e., only the Mg The SAPT(DFT) method performs relatively poorly for-He
1¢ frozen) CCSD(T) calculations in an aug-cc-pV@QZ33211) Mg, recovering only 73% of the interaction energy. This results
basis set, partially uncontracted and augmented with compactagain from the error coming from the first-order exchange
functions to describe the core-valence correlation (where coreenergy which is larger by 1.77 crh than the SAPT
means here thes2p°® electrons of Mg). They obtainee = EX. (CCSD) value (note that for all other systelg), (KS)

5.1 A andD. = 4.76 cn™. At 51'0 A’. the |nteract_|on energy of is smaller thanE,(elx)Ch (CCSD)). In contrast, the dispersion
ref 141 amounted te-4.65 cnt ™. This result, which should be oo gies are very close, in line with ti coefficients which
compar_e(_j to our CCSD(T)/AE v alug since thé_dffects _ShOUId are to within 4% of one another and both agree well with the
be negligible, is indeed nearly identical to the interaction energy |iarature values from ref 79.

of —4.63 cnT! in the aQZ-(33221) basis. The 0.02 crh
difference is expected from basis set differences. However, due

to the lack of CBS extrapolations and due to the neglect of post-
CCSD(T) effects, the potential of Partridge et#lis signifi- We have computed the interaction energies at the minima of
cantly too shallow. the potentials for the BeMg,, Ca, Zny, and He-Mg dimers.
Convergence of the SAPT and Maller-Plesset expansions forvery large basis sets including diffuse and bond functions have
the He-Mg dimer in the aQZ(33221), a5Z(33221), and  been used. In all cases butzZall possible electron excitations
aCVQZ+(33221) basis sets is presented in Table 9. The error have been accounted for within the frozen-core approximation
of the CCSD(T) approach is 7%, significantly smaller than for by using the FCI method. This approach provided what we
all other systems investigated here but still much larger than in believe to be the best estimates to date of the depths at the
the case of interactions of typical closed-shell systems. Thus, minima for the investigated systems. The summary of our results
the mixed systems, containing only one quasidegenerate monosis given in Table 11. Our values were estimated to be accurate
mer, represent an intermediate case of the convergence properto within 1.6%, 1.8%, 4.3%, and 2.3% for BéMg,, Ca, and
ties of CC/PT expansions. The MP series also represents arHe—Mg, respectively. For Zf we can only reliably estimate
intermediate case. The MP2 (MP4) CBS-extrapolated result of the uncertainty with respect to the CBS limit of the CCSDT
—4.23 (-5.69) cni! recovers 83% (114%) of the interaction interaction energy, and this uncertainty amounts to 3.4%,
energy. As for Mg, the performance of MP3 is excellent, and however, unknown post-CCSDT effects can contribute ad-
as for all systems, CCSD gives a very poor approximation to ditional several percent. For Beour predictions agree closely
the interaction energy. The scaled and extrapolated SAPT resultwith the previous large-scale calculations from refs 48 and 50,
(note that the scaling here involves only the use of eq 9 as theand only slightly worse with the work of ref 49. However, all
terms beyond are completely negligible) amounting €6.15 of these results are far from the experimental value of ref 58.
cmtis in an excellent agreement with the best estimate of the This agreement among the theoretical predictions indicates that
interaction energy, the error being only 1%. This is not a for Be, theory is currently more reliable than experiment. For
fortuitous agreement, as SAPT always performs very well for Mgs, our predictions agree very well both with the calculations
systems with very small interaction energies. The hybrid SAPT of ref 85 and the experimental value from refs 87 and 89. For
energies‘E[szl\PTJrHF are by far less accurate, providing a strong Cg, our calculations provide the first accurate theoretical value

IV. Conclusions
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of De and agree reasonably well with the experimental value SAPT(DFT) appear to originate mainly from the first-order
from refs 98 and 81. We show that the previous calculations exchange energy. On the other hand, the electrostatic, induction,
that very closely agreed with experiment relied on significant and dispersion corrections are very similar in SAPT(DFT) and
cancellations of errors. For Zrour result agrees very well with SAPT approaches. The CKS approach consistent with SAPT-
the calculations of ref 103 but differs by 44 chor 16% from (DFT) also gives in most cases more accurate values of the
experiment® For He-Mg, our potential depth is somewhat polarizabilities andCs dispersion constants than those given by
more accurate than that obtained in ref 114, but the two sets ofwave function calculations at the level consistent with SAPT.
results are consistent. There are no experimental values knownThe former values compare also well with CKS calculations
for this system. by Chu and Dalgarné?

We have analyzed the performance of the CC/PT methods The dependence of the observed convergence patterns on the
as a function of the atomic number. The expectations that the atomic number can be understood in simple terms by considering
CC/IPT convergence prob'ems diminish with the increase of the the Competition between the p0|ari2abi|ities of atoms and atomic
atomic number were confirmed, but the improvements are Size. In all cases, the main force pulling the atoms together
relatively small and for all dimetallic dimers the problems are comes from the dispersion interaction. Although the negative
severe. In particular, any calculations for such systems aiming induction energies are also quite large in magnitude, they are
at a few percent or better accuracy have to include at least theVery significantly quenched by their exchange counterparts. The
effects of up to quadruple excitations of valence electrons. In dispersion interaction is very large since the metallic atoms have
fact, the only reason that accurate ab initio calculations are large polarizabilities. This, in turn, results to a large extent from
possible for these systems is that the frozen-core effects areth® quasidegeneracy. The main force opposing the dispersion
apparently relatively small beyond the CCSD(T) level of theory. Pull is the valence repulsion of the electrons. This repulsion is
We were able to show that these effects are very small for Be elated to the extent of the electron density, which increases
For larger systems, no calculations of these effects are possible!Vith the atomic number in the series Bklg—Ca. Since the
but comparisons with accurate experiments indicate no more guasidegeneracy aiso increases in this series (as determined by
than a few percent contributions to potential depths. If only the thens-npgaps, the contribution of the leading FCI determinant
CCSD(T) method is used, the errors of the predicted depths 9Ives the order MgCa-Be, see Table 4), the two effects act
range from 16% to 25% for dimetallic dimers. These are very N the opposite direction. The size of the atom slightly prevaﬂs,
large errors compared to only a few percent errors given by @nd therefore the convergence of the CC/PT expansions
CCSD(T) for interactions of typical closed-shell molecules. The improves with the atomic number. The same arguments also
CCSD method performs extremely poorly for all systems. The explain the behavior oD which increases in the series He
MPn expansion converges very erratically and sometimes the M3 Z2, M@z, B&;, Ca. _ o _
errors are of the order of 100% even at the MP4 level. The The Zn: dimer shows relations distinctly different from the
mixed dimer, He-Mg, is an intermediate case, with CCSD(T) A€z dimers. Although zinc's atomic radiuss—np gap, and
predicting the interaction energy with 7% error. polarizability are very close to the corresponding quantities for

The performance of standard SAPT onzAfimers is poor. beryllium, the interaction energy is more than three times smaller

We have traced the problem to the neglected exchange termg" magnitude for Zp than for Be. Whereas the CCSD(T)

proportional to powers of the overlap integrals higher tBan method gives a similar error for Zrelative to the experimental

. ; o Y D) as for the Ae dimers, the convergence of the KBeries
For Ae; dimers, the dispersion interaction is much larger than . blv th f On the other hand. the phvsical
for typical closed-shell systems of similar size due to the very Is arguably the worst for Zn on the other hand, the physica
large atomic polarizabilities, see the discussion below. The lar econtnbunons o the interaction energy given by SAPT are
att?active disp ersion forcé leads to significantl decreasegd relatively small in magnitude, in a strong contrast to @ere
equilibrium disﬂances and therefore to Iarger than r)1/ormal valuesthe final interaction energy results from large cancellations
019 the overlap integrals. After the effgects beyoisA are between physical components of opposite sign. Clearly, it is
approximately accounted for, SAPT through the second orderthe presence of thed3electrons which makes Zrbehave

in V gives reasonable approximations to the interaction energies differently from the other systems,
vy PP . ges, Although for all systems the uncertainties of our predictions
with errors of about the same magnitude as the errors of the

are only a few percent (except for Zif one compares to
CCSD(T) method (the scaled-SAPT errors are smaller than those - : -
of CCSD(T) for Be, Mgs, and He-Mg and larger for the experiment), more accurate calculations would still be valuable

remaining systems). The inclusion of the third-order level of for many purposes. Only for HeMg is the current accuracy

th kes th dicti howina the di fprobably sufficient. Since we have used the largest available
eory makes the predictions worse, showing eF IVETgENce Ol o rpital basis sets in most cases, a further decrease of the error
the perturbation series. Also the inclusion of term

= ) nt,resp resulting from basis set incompleteness would require optimiza-
worsens the predictions in most cases. tions of new basis sets. Alternatively, one could use explicitly
One might have hoped that the SAPT(DFT) approach will correlated basis sets, such as Gaussian-type gerfia up
be more successful than SAPT in the description of the Ae to the CCSD level. However, the main current source of
dimers. After all, the DFT method with periodic boundary uncertainty is not basis set effects but the frozen-core ap-
conditions is extensively used to describe metallic solids and proximation in calculations of post-CCSD(T) contributions, and

DFT cohesion energies for Mg, Ca, and Zn crystals are accurateit will be extremely difficult to avoid this approximation.
to within about 10% (see, e.g., refs 14244). However, this
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