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Conclusions
� Theconvergenceof therelaxedMøller-Plessetexpansion

for the induction energy restrictedto the secondorder
appearsto besatisfactoryin mostcases.

� Theeffectof thethird andhigher-ordertermsincludedin
CCSDtheoryis small.A differencebetweenrelaxedand
nonrelaxedCCSDinductionenergy is negligible.

� Comparisonof theSAPTandCCSD(T)resultssuggests
thatadisagreementbetweenthesetwo setsof theresults
canbecausedby higher-orderintramonomercorrelation
correctionsto the dispersionenergy, anda moreelabo-
ratemodelof theseinteractionsshouldbedevised.
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<
The electrostaticterm approximatedas

�5�>=?�	�@�10A �?BDCFE%�HGJILKM$N$ plus the MP4(T) contri-

bution. The inductionandexchange-inductiontermsapproximatedby
�5�6�)����+� �POQ$ and� �6�)�	�
���������+�R�HOQ$ , respectively.S

Theelectrostatictermapproximatedas
�5�>=?�	�@�10A�HTUTVG"IL$ plustheMP4(T) contribution.

Theinductionandexchange-inductiontermsapproximatedby
������������8�HTUTVG"IL$ and�5�6�)�	�
���������+� �HTUTUGJIL$ , respectively.

(H W O)W (HF)W (CO)W (N W ) W He–HW OX Y[Z]\^�_a`[bdc-egf –2202.29–2094.32–136.73 –69.22 –7.52X Y[Z]\^�_a`[bdcih h f –2199.53–2090.55–136.81 –69.16 –7.44X Y[Z]\^Qjlknm 1927.06 2055.02 225.29 116.95 43.12X Y W \o�prq cisUf –814.51–1039.50 –59.61 –23.01 –8.38X Y W \^Qjlknmut o�plq cvsUf � 404.81 490.48 46.94 20.42 1.89X Y W \o�prq cwh h xzy f –767.02 –984.31 –51.80 –22.52 –8.01X Y W \^Qjlknmut o�plq cih h x{y f � 381.20 464.44 42.75 19.98 1.81X Y W \qro `}| –703.08 –600.19–201.45–143.76 –53.18X Y W \^Qjlknmut qro `v| 93.71 70.82 11.75 6.64 1.52X Y W \^Qjlknmut q ^8~ –198.00 –207.86 –17.27 –5.14 –2.59X �������o�p b cisUf < –1492.30–1325.56–128.82 –97.12 –25.14X �������o�p b cwh h f S –1465.66–1292.64–127.54 –97.01 –24.77X ��� �r� Y � \o�p b –1480.89–1349.86 –85.95 –87.90 –24.68

Table2: Componentsof the interactionenergy (in cm
t Z )

calculatedfor variouscomplexes.

Results

Table1: Comparisonof theinductionenergy calculatedby
the secondorderMøller-Plessetandvariousnonperturba-
tive methods(all entriesarein cm

t Z ).
(H W O)W (HF)W (CO)W (N W ) W He–HW OX Y W�� \o�plqV�4� ^R`}| –666.35–833.09–42.87 –15.75 –7.88X Y W�W \o�plqV�4� ^R`}| –148.16–206.41–16.74 –7.26 –0.50� Y W \o�plq cwh h xzy ����������f 46.94 55.43 8.20 0.48 0.40� Y W \o�plq cwh h xzy f 47.49 55.19 7.81 0.49 0.37� Y W \o�plq cw� h �8xzy f 36.17 34.52 6.97 0.17 0.36� X Y W�W \o�plq –116.11–174.51 –1.78 –4.32 –0.04

Technical details
TheSAPTcalculationswereperformedwith theSAPTpro-
gram[5]. The coupled-clusterelectrostaticcorrectionand
induction terms,as well as the supermolecularCCSD(T)
energieswereobtainedusingtheMolpro package[6], uti-
lizing analyticalMP2, CCSD, and QCISD electronden-
sitiesavailable in this package[7–9]. The densitieswere
usedfor the constructionof � � operators(Eqs. (4)–(5)).
Then the finite-field calculationswith the � � perturbing
field wereperformedin order to obtain the inductionen-
ergy. Thefield strengthof 0.005wasused.

Wehaveperformedcalculationsfor severalvanderWaals
complexes:
1. two polarmolecules:(HF)W and(H W O)W ,
2. two nonpolarmolecules:(CO)W and(N W ) W ,
3.a raregasatomanda polarmolecule:He–HW O.

Thesesystemscanbeconsideredasrepresentativesof van
derWaalsmoleculesboundby electrostaticandinduction,
electrostatic,induction,anddispersion,andpuredispersion
forces. In all caseswe consideredthe structurescorre-
spondingto the global minima on the correspondingpo-
tentialenergy surfaces.

Exceptfor the He atom,we usedthe medium-polarized
basissetsof Sadlej[10]. For heliumwe usedthe[7s3p2d]
basisfrom Ref. [11].

Theoperator� � is definedby theequations:
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where § � c}¢�f is theelectrondensityof themonomerB, and
¤� c}¢ � f describesthe interactionbetweenthe electron ® of
themonomerB andthenucleiof themonomerA.

In thepresentwork we will consideranapproximationtoX Y W \o�plq obtainedby replacingin Eq.(3) theexactenergiesand
in Eq. (5) theexactelectrondensities,by theapproximate
energiesandelectrondensitiesobtainedfrom� theCCSDmethod(relaxed),
� theCCSDmethod(nonrelaxed),
� theQCISDmethod(relaxed).

E.g.for theCCSDmethodwehave

X Y W \o�plq cih h x{y f �
¯ W±° ��� �r�� ci²³f¯ ² W ´   � ¥

¯ Wµ° ��� �l�� cv²³f¯ ² W ´   � �
(6)

where ° ��� �l�� ci²³f and ° ��� �l�� ci²³f arethe CCSDenergiesof
themonomerA andB, respectively, computedwith theper-
turbedHamiltonians ¶ � ¥ ² � ��� �r�� and ¶ � ¥ ² � ��� �r�� ,
respectively. The operators� ��� �r�� and � ��� �l�� were ob-
tainedfrom Eqs.(4)–(5) with the electrondensities§ � c}¢�f
and § � c}¢�f approximatedby theirCCSDexpressions.It can

beshown that
X Y W \o�prq cwh h xzy f is exactto thethird-orderin the

intramonomercorrelation,andsumsup a specificclassof
diagrams(single,double,anddisconnectedquadrupleexci-
tationdiagrams)to infinite order.

To investigate the convergenceof the expansion(1) we
will comparethe induction energy computedthroughthe
secondorder:

X Y W \o�prq cisUf � X Y W�� \o�plqV�4� ^R`v| ¥ X Y W�W \o�plqV�4� ^R`v|�� (7)

with
X Y W \o�prq c}· ¸±¹»º��½¼{f . Thus,thedifference,

� Y W \o�plq c£· ¸±¹¾º��½¼zf � X Y W \o�plq c£· ¸±¹¾º��½¼{f ¿ X Y W \o�prq cvsUfµ� (8)

representsthe contribution of the third and higher-order
SDQ diagramsto the second-orderinductionenergy. The

term
X Y W�W�� \o�prqU�a� ^R`}| wascalculatedby usingin Eq. (3) the MP2

energy of themonomerA andin Eq. (5) theSCFelectron
densityof themonomerB.

The intermolecularinteractionenergy
X �������o�p b wasrepre-

sentedby thesumof thefirst- andsecond-orderpolarization
andexchangecontributions:

X �À���³�o�p b � X YÁZ"\^�_a`ÁbÂ¥ X YÁZ"\^QjÃknm ¥ X Y W \o�prq ¥ X Y W \qlo `}|
¥ X Y W \^QjÃknmUt o�prq ¥ X Y W \^QjlknmUt q ^8~ ¥ X Y W \^QjÃknmUt qlo `}|�Ä (9)

Method
We considerthe interactionof two closed-shellmonomers
A and B. The expressionfor the energy of the induction

interactionbetweenA and B,
X Y W \o�plq , is obtainedfrom the

second-orderRayleigh-Schr̈odingerperturbationtheoryof
intermolecularforces(polarizationtheory). It canbewrit-
tenasa sumof termscorrespondingto thepolarizationof
themonomerA by theelectrostaticfield of themonomerB

( � � ),
X Y W \o�prq c�Å Æ Ç f , andviceversa:

X Y W \o�prq � X Y W \o�plq c�Å Æ Ç f¦¥ X Y W \o�prq cQÇ Æ Å f Ä (2)

Thecomponent
X Y W \o�plq cÁÅ Æ Ç f is givenby:

X Y W \o�plq c�Å Æ Ç f �
¯ W±° � ci²³f¯ ² W ´   � � (3)

where ° � ci²�f is the lowest eigenvalue of the Hamiltonian
¶ � ¥ ² � � .

Motivation
The inductionenergy is the major second-ordercontribu-
tion to theinteractionenergy of thepolarmonomers.How-
ever, even for the caseof nonpolarmolecules,the short-
rangeinductionenergy shouldbeincludedin any quantita-
tive descriptionof intermolecularinteractions.
Two typesof the MP expansionsof the inductionenergy
wereproposed:� the nonrelaxed expansion[2] – a simpleapplicationof

the MP partitioningof monomerHamiltonians,the or-
bital responseis not takeninto account,

� the relaxed expansion[3] – an additionalterm is added
to the monomerfluctuationoperator, so that the orbital
relaxationis accountedfor in eachorder:

X Y W \o�plq �
È
É   �

X Y W É \o�plqV�4� ^R`v| (1)

The convergenceof both expansionswasnot investigated
sofar. Sometime ago,Olsenandcollaborators[4] showed
that similar correlationexpansionsfor the dipole moment
arestronglydivergent. Giventhefact that in themultipole
approximationthe MP expansionsof the dipole moment
and of the induction energy are closely related,one may
expectthat theMP expansionof the inductionenergy will
bedivergentaswell. Therefore,theaimof thiswork is
� to presentnonperturbativealternativesfor thecalculation

of thecorrelationpartof theinductionenergy;
� to comparetheMP inductionenergy calculatedup to the

secondorderin termsof thefluctuationoperator,X Y W�W \o�plqV�4� ^R`}| � X Y W�W�� \o�prqV�4� ^R`v| ¥ X Y W��ÊW \o�plqV�4� ^R`}| , with the inductionen-
ergy obtainedby thosenonperturbative methods;

� to identify other possiblemissingfactorsin the SAPT
energy.

Introduction
Symmetry-adaptedperturbationtheory(SAPT)[1] isanuse-
ful tool for calculatinginteractionenergiesof vanderWaals
molecules.TheSAPTinteractionenergy is� BSSE-free and
� can be interpretedin terms of physically meaningful

components,suchas

first-orderelectrostatic(E
Y[Z]\^�_�`Áb ), second-orderinduction(E

Y W \o�plq ),
second-orderdispersion(E

Y W \qlo `}| ) termsand their exchange

counterparts:first-orderexchange(E
YÁZ"\^Qjlknm ), exchange-induc-

tion (E
Y W \^QjÃknmUt o�prq ), andexchange-dispersion(E

Y W \^Qjlknmut qro `v| ).
In mostcases,exactwave functionsof monomersarenot

known. Usually, SCFmonomerdeterminantsareusedas
thezeroth-orderapproximationto themonomers’wavefunc-
tions and the monomerfluctuationoperatorsbecomethe
additionalperturbations.This leadsto the Møller-Plesset
(MP) expansionof SAPTcorrections.
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