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Energy decomposition analysis of intermolecular interactions
using a block-localized wave function approach
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An energy decomposition scheme based on the block-localized wave function~BLW! method is
proposed. The key of this scheme is the definition and the full optimization of the diabatic state
wave function, where the charge transfer among interacting molecules is deactivated. The present
energy decomposition~ED!, BLW-ED, method is similar to the Morokuma decomposition scheme
in definition of the energy terms, but differs in implementation and the computational algorithm. In
addition, in the BLW-ED approach, the basis set superposition error is fully taken into account. The
application of this scheme to the water dimer and the lithium cation–water clusters reveals that there
is minimal charge transfer effect in hydrogen-bonded complexes. At the HF/aug-cc-PVTZ level, the
electrostatic, polarization, and charge-transfer effects contribute 65%, 24%, and 11%, respectively,
to the total bonding energy~23.84 kcal/mol! in the water dimer. On the other hand, charge transfer
effects are shown to be significant in Lewis acid–base complexes such as H3NSO3 and H3NBH3.
In this work, the effect of basis sets used on the energy decomposition analysis is addressed and the
results manifest that the present energy decomposition scheme is stable with a modest size of basis
functions. © 2000 American Institute of Physics.@S0021-9606~00!30313-0#
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I. INTRODUCTION

It is of interest to decompose the total intermolecu
interaction energy into specific energy components.1 This
can lead to deeper understanding of intermolecular inte
tions, and the quantitative results may be used to guide
velopment of empirical, yet computationally fast force fiel
for biomolecular simulation and modeling.2 For example,
state-of-the-art molecular mechanics force fields for liq
and biopolymer simulations make use of pairwise potent
and fixed partial charges on atoms.3 There is need to improve
these force fields by incorporating explicit many-body pol
ization terms into the potential energy function.4 Further-
more, recent studies5 using semiempirical divide-and
conquer quantum mechanical methods6 suggest that charg
transfer interactions could be significant in aqueous solva
of biological systems such as proteins.7 Since these findings
have important implications in force field development,
accurate estimate of the polarization and charge transfe
teraction as well as the electrostatic component is warran
In this article, we present an interaction energy decomp
tion method to analyze these effects using a block-locali
wave function~BLW! technique that was developed recen
for the study of electronic resonance energies.8

There are a number of algorithms in the literature
energy decomposition analyses.5,9–15 However, the energy
components defined by various methods are not necess

a!Present address: Department of Chemistry, University of Minnesota,
Pleasant Street SE, Minneapolis, MN 55455. Electronic m
gao@chem.umn.edu
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unique, resulting in numerical differences in the compu
tional results. In general, energy decomposition schemes
into two categories. The first is based on perturbation the
where the interaction energy is partitioned into a series
energy terms according to the nature of the perturbation
ergy expression.10–13An excellent summary of this approac
is available in the textbook by Stone.12 The perturbation
theory has been used to construct effective fragment po
tials in hybrid quantum mechanical and molecular mecha
cal ~QM/MM ! calculations.13 A scheme has also been pro
posed at the correlated level of theory (MPn).11d,e

The second approach includes methods that formu
individual energy terms based on physical processes.5,14,15

Here, the energy decomposition is typically carried out at
Hartree–Fock~HF! level, and the total interaction energy
partitioned into electrostatic, exchange-repulsion, polari
tion, and charge transfer terms. Energy decomposition an
sis involves the following steps~Scheme 1!. First, the Cou-
lombic interaction energy is determined using the Hart
product wave function of the isolated monomers in the co
plex configuration. The exchange repulsion energy aris
from the Pauli exclusion principle is then obtained by an
symmetrizing the wave functions of monomerA andB. The
perturbation of electron distribution of each monomer in t
presence of the second monomer leads to charge redist
tion within the same monomer species, and the energy
companying this charge relaxation is the induction or pol
ization energy. Expansion of the charge density of ea
monomer into the virtual orbital space of the other monom
gives rise to the charge transfer term.

The Kitaura–Morokuma scheme perhaps is the b

7
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known algorithm in this category.14 In this method, energy
terms are obtained by solving a series of model HF eq
tions, consisting of certain carefully defined elements in
Fock-type interaction matrix. Because of its simplicity a
connection to intuitive concepts, the Kitaura–Morokum
scheme has been widely used.7,16 Similarly, Glendening and
Streitwieser, using natural bond orbitals, proposed a nat
energy decomposition analysis~NEDA! scheme15 to evaluate
the electrostatic, polarization, and charge transfer energ
Recently, Vaart and Merz5 reported a decomposition algo
rithm, making use of ‘‘buffer densities’’ in the divide-and
conquer method at the semiempirical AM1 and PM3 leve6

and have applied it to proteins and liquid water calculatio
In the latter study, the charge transfer component was fo
to be even greater than the total intermolecular interac
energy, while polarization effects make only minor contrib
tions. Clearly, an important ingredient in determining t
charge transfer energy is the need to construct a local
diabatic state that restricts the electron density of individ
monomers within its own physical space. This of course c
not be strictly done, and consequently, depending on the
tual procedure used to define the charge localized state,
nificant uncertainty may exist in the charge transfer te
since it must disappear at the limit of a complete basis s

In this article, we present an energy decomposition~ED!
procedure, based on a block-localized wave function~BLW!
method that was designed for describing charge locali
valence bond configurations. Here, we extend the BL
method to studying charge-transfer effects in intermo- le
lar interactions. Our decomposition scheme is analogou
a-
e
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the Morokuma method~Scheme 1!, but differs in implemen-
tation and computational algorithm. In addition, we inclu
the basis set superposition error~BSSE! correction in the
charge transfer term. In comparison with the NED
method,15 the advantage of the present BLW-ED method l
in the fact that the diabatic state wave function is fully op
mized under the condition that the orbitals of individu
monomers are nonorthogonal.8,17 In the following, we first
present the theoretical background for the BLW energy
composition scheme~BLW-ED!. Then, the method is illus-
trated by studies of the water dimer, the Li1 –water clusters,
Li ~H2O)n

1 (n51 – 4), and Lewis acid–base complexes.
each case, the effect of basis set used in the computatio
carefully addressed. To establish the relationship betw
the amount of charge transfer and the corresponding sta
zation energy, Weinhold’s natural population analysis~NPA!
has been used to determine atomic partial charges.18 The
article concludes with a summary of the main findings fro
this study.

II. METHODOLOGY

A. The Block-localized wave function „BLW … method

Recently, we described a block-localized wave functi
~BLW! method,8 which is designed to localize electrons
specific regions of a molecular system. The method allo
us to determine resonance energies due to electronic del
ization, and has been applied to organic compounds to e
mate the resonance effects in allylic ions8a and
trisilylamine.8b The BLW method can also be formulated
provide energy-decomposition analysis of intermolecular
teractions, which is described in this article. In the BL
method, we partition all electrons and basis orbitals o
system intok subgroups. For example, the electrons a
primitive basis orbitals of a molecular complex can be
vided into subgroups of individual monomers. Each mole
lar orbital ~MO! in a subgroup is written as a linear comb
nation of the primitive basis functions in that particul
subspace. The block-localized wave function for a spec
valence bond configuration is expressed by a Slater dete
nant as follows:

CBLW5Â$F1F2 ...Fk%, ~1!

where Â is an antisymmetrizing operator, andF i is a suc-
cessive product of the occupied molecular orbitals in s
group i. In the BLW method,CBLW can be optimized itera-
tively by the Jacobi-rotation method,8a or by a
reorthogonalization algorithm of Gianinetti and Raimon
et al.19

It should be noted that the wave function defined in E
~1! has the restriction that the MOs in the same subgro
must be orthogonal~similar to the normal HF method!. How-
ever, molecular orbitals in different subgroups are non
thogonal~a feature of the valence bond approach!. The re-
striction on the length of each MO expansion correspond
the hypothesis that each electron is confined to a phys
region defined by the subgroup. The BLW MOs avoid bo
orthogonalization and delocalization tails, which are alwa
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present in orbitals localized from unitary transformation
canonical orbitals. Consequently, the BLW method can
used to estimate the conventional conjugation and hyper
jugation effect as well as charge-transfer effect betw
groups and molecules.8 Note that once we remove the re
striction on the length of expansion of the MOs in Eq.~1!,
the BLW method returns to the familiar HF theory.

B. Energy decomposition analysis

A number of energy decomposition schemes have b
proposed and are available in most quantum chemistry s
ware. The primary difference of these methods stems fr
the implementation of the computational procedure. In
present study, we make use of the BLW approach, wh
allows a convenient separation of contributing energy ter
With the inclusion of the correction for basis set superpo
tion error~BSSE!,20 the interaction energy for a bimolecula
complexAB is defined as follows:

DEint5E~CAB!2E~CA
0 !2E~CB

0 !1DE~BSSE!, ~2!

whereCAB is the optimized wave function for the comple
AB, andCA

0 andCB
0 are, respectively, the wave functions f

monomersA andB. DE(BSSE) is the correction for BSSE
estimated using the Boyd and Bernardi counterpo
method.20

At the HF level, most energy decomposition schem
eventually lead to separation of the total interaction ene
of a molecular complex into four specific contributing term
including electrostaticDEelec, exchange repulsion,DEex,
polarizationDEpol , and charge transfer~ct! DEct, :

DEint5DEelec1DEex1DEpol1DEct . ~3!

We adopt the decomposition scheme outlined in Sche
1 using the BLW wave function. We first define a BLW
wave function for the molecular complexAB by partitioning
the system into two blocks, one corresponding to monom
A and the other monomerB,

CAB
BLW5Â$CA

HFCB
HF%, ~4!

where the superscript HF is to emphasize that Hartree–F
wave functions are used for monomersA and B. The anti-
symmetrizing operator in Eq.~4! is to account for exchang
ing electrons between monomerA and monomerB in the
complex. Note that the wave functionCA

HF andCB
HF are dif-

ferent fromCA
0 andCB

0 for the isolated monomers@Eq. ~2!#
since the former include polarization and exchange inte
tions for the monomers in the complex~Scheme 1!.

The BLW wave function of Eq.~4! restricts the charge
distribution of each monomer within its own primitiv
atomic orbital space, i.e., the charge densities of individ
monomers are localized. Extending the orbital expans
space over the entire complexAB, leading to the standard
Hartree–Fock wave function, represents charge deloca
tion or charge transfer~CT! between the constituent mono
mers. The energy change accompanying this process is
fined as the charge transfer energy~Scheme 1!

DEct5E~CAB
HF!2E~CAB

BLW!1DE~BSSE!. ~5!
f
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Here, we have included the BSSE correction in the CT te
because only this step in the energy decomposition ana
involves expansion of the basis set space, leading to ch
delocalization. The difficulty, however, is to enumerate t
DE(BSSE) term accurately. The traditional counterpo
correction tends to overestimate the BSSE.21 Consequently,
the CT energy will be underestimated ifDE(BSSE) is in-
cluded in this fashion. We propose to consider the CT ene
determined with and without theDE(BSSE) term as the
lower and upper bound for this energy term. Interesting
Eq. ~5! is also used to define the electronic delocalizat
~resonance! energy of organic compounds.8b

Equation~5! is formally identical to the definition of CT
energy in the NEDA method,15 although the actual compu
tational algorithms are different. In the NEDA method, t
localized wave function is constructed using natural bo
orbitals~NBO!18 for fragmentsA andB, derived fromCAB

HF .
These NBOs are used in energy calculations without S
optimization, as opposed to full SCF calculation in the BL
method. As a result, the energy of the localized state in
NEDA method is higher than the relaxed one, and thus,
CT energy is overestimated. In contrast to the Moroku
scheme,14 we explicitly construct and optimize the localize
diabatic BLW wave function, whereas Kitaura and Mor
kuma employ an elaborate scheme to zero the correspon
Fock matrix elements. Thus, a residual mixing termDEmix is
left in this scheme, which cannot be attributed to cha
transfer nor polarization. In addition, our BLW scheme c
easily be extended to systems consisting of any numbe
monomers, and many-body interaction terms can be con
niently defined.22 The BSSE correction term is not specifi
cally considered in the Morokuma algorithm.

The electrostatic energyDEelec corresponds to the inter
action energy for the process of bringing monomersA andB
into the final configuration of theAB complex, but keeping
constant the wave functions of the isolated speciesA andB,

DEelec5^CA
0CB

0uĤuCA
0CB

0&2E~CA
0 !2E~CB

0 !, ~6!

whereCA
0CB

0 indicates a Hartree product wave function
two Slater determinants. The exchange–repulsion termDEex

in Eq. ~3! is a quantum-mechanical phenomenon that
electronic wave function must be antisymmetric due to
Pauli exclusion principle, which is given as follows:

DEex5E~CAB
0 !2^CA

0CB
0uĤuCA

0CB
0&. ~7!

Note that the exchange–repulsion term in Eq.~7! is always
positive. The wave functionCAB

0 for this ‘‘computational
complex’’ is defined as follows~Scheme 1!:

CAB
0 5Â$CA

0CB
0%. ~8!

The interaction between monomers in the complex will
sult in distortion of their respective electron densities. T
induction of the change in the monomer wave function giv
rise to the polarization stabilization of the system, which
defined by Eq.~9!,

DEpol5E~CAB
BLW!2E~CAB

0 !. ~9!

The polarization and CT terms@Eqs. ~5! and ~9!# are inti-
mately related in that both terms account for the charge
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TABLE I. Computed energy components for the water dimer~kcal/mol! and results with selected basis se
from the Morokuma analysis.a,b

Basis set DEelec DEex DEelec1ex DEpol DEct DE(BSSE)c DEint
HF

STO-3G 23.8 2.9 20.9 20.2 20.9 2.7 22.0
4-31G 28.3 3.1 25.2 20.7 20.6 1.1 26.5
6-31G(d) 26.8 3.1 23.7 20.6 20.5 0.7 24.8
6-31G(d,p) 26.7 3.2 23.5 20.6 20.6 0.7 24.7
6-311G(d,p) 26.7 3.2 23.5 20.6 20.3 1.2 24.4
6-3111G(d,p) 27.8 4.2 23.6 20.7 20.2 0.6 24.5
6-3111G(2d,1p) 26.9 4.1 22.8 20.7 20.4 0.3 23.9
6-3111G(2d,2p) 26.9 4.1 22.8 20.7 20.5 0.3 23.9
6-31111G(d,p) 27.5 4.1 23.4 20.7 20.3 0.5 24.3
6-31111G(2d,2p) 26.8 4.0 22.8 20.7 20.4 0.3 23.8
aug-cc-pVTZ 26.4 4.0 22.4 20.9 20.4 0.1 23.7

Morokuma analysis
6-31G(d) 26.8 3.2 23.6 20.5 21.3 20.1 25.5
6-31111G(2d,2p) 26.8 4.0 22.8 20.8 20.9 0.4 24.1
aug-cc-pVTZ 26.4 4.0 22.4 21.3 21.2 1.1 23.8

aThe geometry is optimized at the HF/6-31111G(2d,2p) level.
bThe estimated complete basis set limit is23.55 kcal/mol for the RHF method~Ref. 26!.
cCoupling energies are listed for the Morokuma analysis since BSSE is not included.
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organization due to intermolecular interactions. The polari
tion energy as defined in Eq.~9! describes the energy chang
due to intramolecular charge delocalization, whereas
charge transfer term@Eq. ~5!# results from intermolecula
electronic delocalization. Both energy terms provide stab
zation of the molecular system and thus are always nega
The reason that it is possible to separate electronic pola
tion of individual monomers and intermolecular char
transfer in these calculations is because we have defined
charge-localized diabatic state using the BLW method.
the limit of a complete basis set, the CT term must van
Alternatively, as is done in the Morokuma decompositio
the charge transfer term can be determined by formulatin
Fock interaction matrix that includes interactions betwe
the occupied orbitals with virtual orbitals of the other mon
mer. The charge transfer interaction energy can also be
termined via a perturbation approach, making use of the n
orthorgonal occupied and virtual molecular orbitals from t
BLW calculation.

The BLW calculations described in this article are p
formed using a program developed in our laboratory, wh
HF SCF calculations are carried out usingGAUSSIAN94.23

III. RESULTS AND DISCUSSION

We apply the present BLW-ED scheme to a number
small systems that have been extensively studied previo
for comparison to illustrate its applicability. This include
the water dimer, Li~H2O)n wheren51 – 4, and Lewis acid–
base complexes. Additional applications of the method to
solvation of molecules of biological interest will be pr
sented in the future to analyze the importance of polariza
and CT effect between solute and solvent molecules.

A. Water dimer

The water dimer has been thoroughly investigated
cluding energy decomposition analysis.24–27The present cal-
culation is to illustrate that the BLW-ED analysis can yie
reasonable results for estimating components of hydro
-

e

i-
e.
a-

the
t
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,
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bonding interactions. Furthermore, recent studies employ
the divide-and-conquer technique suggest that there is
nificant CT energy in hydrogen bonding interactions betwe
water molecules, both as a dimer and in the liquid sta5

Surprisingly, the electrostatic interaction energy was p
dicted to be repulsive~positive! for liquid water, whereas
polarization only plays a minor role in the overall interactio
energy. However, the divide-and-conquer calculations w
carried out using a minimal basis set at the semiempir
AM1 and PM3 levels. Since these findings have import
implications in the development of next-generation mole
lar mechanics force fields that include explicit polarizati
terms and perhaps charge transfer components, it seem
sirable to revisit the same system at theab initio level using
extended basis functions.

We used the linear hydrogen bonding geometry for
water dimer with aCs symmetry, which is obtained by op
timizing the hydrogen bond distance~2.089 Å! at the
HF/6-31111G(2d,2p) level using fixed monomer geometr
at the experimental values@R(OH!50.9572 Å and/HOH
5104.52°!.27b Table I lists the total and individual energ
terms using various basis sets ranging from STO-3G to a
cc-pVTZ, along with results from Morokuma decompositio
calculations.

It is obvious in Table I that the predicted interactio
energies for the water dimer readily converges to val
close to the estimated HF limit of23.55 kcal/mol.26 The
only exceptions are the STO-3G and 4-31G basis sets, w
are not adequate for computing hydrogen bonding ener
as noted repeatedly in the literature.24a In exact agreemen
with the Morokuma analysis,14a the leading term in the pre
dictedDEint

HF is the electrostatic energy. Interestingly, the p
larization energy computed using the BLW-ED method
almost independent of basis set except STO-3G, while
CT term shows only small variations beyond th
6-31G(d,p) basis set. Polarization and CT energies tend
be somewhat overestimated by the Morokuma analysis
to the presence of a relatively large coupling~mixing! term.
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Based on our BLW-ED scheme using the aug-cc-pVTZ ba
set, the electrostatic, polarization, and CT interactions c
tribute, respectively, 65%, 24%, and 11% to the total
interaction energy. We find that the CT effect contributes
least among all energy terms, while polarization energy
significant, consistent with early combined QM/MM simul
tion studies.28 For comparison, Morokuma analyses yield t
following relative contributions from the electrostatic, pola
ization, CT, and polarization-CT mixing term: 63%, 34%
32%, and229%.29 The large mixing term, which is opposit
in sign, significantly increases polarization and CT energ
in the Morokuma analysis.

Figure 1 examines the dependence of individual ene
terms as a function of the hydrogen bond distance at
HF/6-31111G(2d,2p) level. Clearly, the polarization en
ergy and CT effects are important only at short distanc
whereas the electrostatic interaction extends to longer ran
In fact, beyond the van der Waals regime the hydrogen bo
ing energy is almost exclusively due to the electrostatic
teraction and the Pauli exchange repulsion. At short ran
the exchange repulsion term increases more rapidly tha
other terms.

The amount of charge transfer in the water dimer is
termined by the natural population analysis~NPA! using the
6-31111G(2d,2p).18 The change of partial charges fro
the isolated molecule to that computed using the BLW wa
function CAB

BLW represents the mutual polarization effe
while relaxation formCAB

BLW to the HF wave functionCAB
HF

yields the amount of intermolecular charge transfer for
water dimer at the hydrogen bonding distance. The net in
molecular charge transfer in the water dimer is only 0.00e
going from the hydrogen bond acceptor into the donor mo

FIG. 1. Interaction energy profiles for the water dimer at t
HF/6-311G11G(2d,2p) level.
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mer ~Table A1!. The charge relaxation betweenCAB
BLW and

CAB
HF is even smaller, with only 0.003e charge transfer. In

contrast, polarization effects, which correspond to the cha
in charge density fromÂ$CA

0CB
0% to CAB

BLW , lead to signifi-
cant charge reorganization within each monomer. The do
hydrogen atom loses 0.032e in electron density, correspond
ing an increase in partial charge from10.464 to10.496e,
and the donor oxygen gains 0.028 electrons in density. C
comitantly, the partial charge on the acceptor oxyg
changes from20.929 to20.946e, and the partial charge on
the hydrogen atoms increases from 0.464 to 0.474e. The
NPA analysis suggests that intramolecular polarization
fects have much greater impact on the charge redistribu
within each monomer than intermolecular charge trans
Since the difference between these two effects is nearly
an order-of-magnitude in the present analysis, it appears
efforts in improving molecular mechanics force fields
model hydrogen bonding interactions involving water sho
be focused on intramolecular charge polarization rather t
intermolecular charge transfer.

B. Li „H2O…n
¿ clusters

The Li~H2O)n
1 (n51,...,4) complexes involve strong hy

drogen bonding interactions with significant covale
character.30–35Experimental studies have established that
hydration number of lithium in aqueous solution is abo
four.35 In the present work, the geometries for the four clu
ters are optimized at the HF/6-31111G(2d,2p) level, again,
with the geometry for water molecules fixed at its expe
mental values. The Li–O distance in Li~H2O)4

1 is predicted
to be 1.960 Å, in good agreement with the value of 1.
60.02 Å in aqueous solution determined by the neutron d
fraction experiment.36

Selected results from BLW-ED and Morokuma analy
are listed in Table II for the Li~H2O)1 complex. The com-
puted binding energies generally fall in the range of235.1 to
237.5 kcal/mol. The HF limit for the Li1

¯OH2 complex
has been estimated to be235.8 kcal/mol.15c It is found that
diffuse functions are important to reduce the BSSE corr
tion. Without the diffuse functions the BSSE correction
about 2 kcal/mol, whereas with inclusion of diffuse fun
tions, the errors are lowered to zero using the aug-cc-pV
basis set. For the Li~H2O)1 complex, 64% of the total inter-
action energy are due to electrostatic contributions, 31%
from polarization, and 5% originate from charge transfer
fects. Surprisingly, the Morokuma analysis failed to co
verge for the Li~H2O)1 complex because the mixing term
becomes unreasonably large as the basis function increa

The small charge transfer contribution to the Li~H2O)1

binding energy is echoed by the NPA charge populat
~Table A2!. Intramolecular charge polarization results in
increase of the oxygen partial charge by 0.114e, from
20.929 to21.043e. This remarkable polarization effect en
hances the dipole moment of water, leading to signific
polarization energy in the complex. On the other hand,
charge transfer effect from water to the lithium ion is es
mated to be only 0.003e.

The binding energy computed at the HF/6-3111



is

5535J. Chem. Phys., Vol. 112, No. 13, 1 April 2000 Energy decomposition analysis
TABLE II. Estimated energy components for the Li1
¯H2O complex~kcal/mol! and results with selected bas

sets from the Morokuma analysis.a

Basis set DEelec DEex DEelec1ex DEpol DEct DE(BSSE)b DEint
HF

STO-3G 231.6 3.5 228.1 23.3 215.8 30.7 247.2
4-31G 249.3 10.5 238.8 25.4 21.0 2.7 245.2
6-31G(d) 240.5 11.1 229.4 27.3 20.8 2.1 237.5
6-31G(d,p) 239.9 10.9 229.0 27.4 21.2 2.2 237.5
6-311G(d,p) 239.9 10.9 229.0 27.1 21.2 2.3 237.3
6-3111G(d,p) 241.3 14.1 227.2 27.7 20.8 0.8 235.6
6-3111G(2d,1p) 236.9 13.2 223.7 29.8 21.4 0.3 234.9
6-3111G(2d,2p) 236.7 13.1 223.5 29.8 21.6 0.3 234.9
6-31111G(d,p) 240.7 13.8 226.9 27.5 21.3 0.9 235.7
6-31111G(2d,2p) 236.6 13.0 223.6 29.3 22.2 0.3 235.1
aug-cc-pVTZ 235.2 12.3 222.9 210.9 21.9 0.0 235.7

Morokuma Analysis
6-31G(d) 240.5 11.1 229.4 29.6 23.0 2.4 239.6
6-31111G(2d,2p) 236.6 13.0 223.6 215.2 25.4 8.8 235.4
aug-cc-pVTZ 235.2 12.3 222.9 224.5 28.1 19.8 235.7

aThe geometry is optimized at the HF/6-31111G(2d,2p) level.
bCoupling energies betweenDEpol andDEct are listed in Morokuma analysis.
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1G(2d,2p) level for the following processes withn up to 4
water molecules are listed in Table III,

Li11nH2O→Li ~H2O)n
1 . ~10!

Although the total binding energy increases as the numbe
water molecules increases, the incremental contribution f
subsequent water molecules decreases due to increase
trostatic repulsion from other water molecules. The ene
decomposition analyses for these cluster complexes re
the same energetic trends. Remarkably, while both the t
electrostatic and polarization energies increase as more w
molecules are added, the CT term remains roughly
changed. For Li~H2O)4

1 , the relative contributions from
electrostatic, polarization, and CT terms are, respectiv
73%, 25%, and 2%. NPA population analyses also indic
minimal charge transfer from water to the cation.
Li ~H2O)n

1 complexes, inclusion of the BSSE term has mi
mal effects on the overall CT energy.

Before closing this section, we consider the nonaddit
water–water interactions in the Li~H2O)n

1 complexes. The
interaction energies among the water molecules in the c
figuration of the complex are predicted to be 1.9, 6.8, a
14.1 kcal/mol for n52, 3, and 4, respectively, at th
HF/6-31111G(2d,2p) level. These positive energy term
are largely responsible for the successively less contribu
from Li–water interactions.

C. Lewis acid–base complexes

Lewis acid–base or donor–acceptor complexes suc
H3NSO3 and H3N–BH3 have been extensively studied bo
experimentally and theoretically because of their import
role in structural chemistry.37 Of special interest is the bond
ing character of the dative bonds, which exhibit significa
variations up on a change in the medium. For example,
N–S bond in sulfamic acid is 1.957 Å in the gas phase38

which is considerably longer than a value of 1.7714 Å fro
x-ray crystal structure determination.39 Furthermore, analysis
of the nitrogen quadrupole hyperfine structure from a mic
of
m
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n
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t
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wave spectroscopic investigation suggests that there is
nificant electron transfer~about 0.36 electrons! upon forma-
tion of the complex.38 Although the structure, energy, an
medium effects on sulfamic acid have been investigated,40 a
detailed characterization of the intermolecular interaction
terms of energy components has not been performed.

Computed total interaction energy and energy com
nents obtained from the present BLW-ED method and fr
Morokuma analysis are listed in Table IV. In both Lew
acid–base complexes, there is strong electrostatic attrac
which is offset by the exchange repulsion term, leading
overall positive electrostatic energies of 68.2 and 33.0 k
mol for H3NSO3 and H3NBH3, respectively. The agreemen
in electrostatic term between the BLW-ED and Morokum
results is excellent. However, the mixing term in the Mor
kuma analysis is basis set dependent, which becomes
large as the size of basis set increases. This was recogniz
long time ago because the polarization and CT terms in
Morokuma analysis contain the same interaction terms
tween occupied and vacant orbitals, and are identical at
limit of infinite basis set. Thus, the mixing term has to com
pensate for these negative energies to yield a large pos
energy. Fortunately, the present BLW-ED method is reas
ably stable in computed polarization and CT energies
going from 6 – 311G(d) to cc-pVTZ. This is because we
have specifically constructed localized, diabatic wave fu
tions, corresponding to polarization and charge trans

TABLE III. Computed energy components for the reaction
Li11~H2O)n→Li ~H2O)n

1 (n51 – 4) using the 6-31111G(2d,2p) basis
set ~kcal/mol!.

System DEvert DEex DEelec DEpol DEct DE(BSSE) DEint
HF

Li ~H2O)1 236.6 13.0 223.6 29.3 22.2 0.3 235.1
Li ~H2O)2

1 268.3 21.9 246.3 217.8 22.7 1.0 266.8
Li ~H2O)3

1 292.1 25.2 266.9 224.8 22.8 1.3 294.5
Li ~H2O)4

1 2109.2 23.8 285.4 229.5 22.0 1.7 2117.0
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TABLE IV. Computed interaction energies and energy components for H3N–SO3 and H3N–BH3 ~kcal/mol!.

BLW–ED Morokuma

6-31G(d) 6-3111G(d,p) cc-pVTZ 6-31G(d) 6-3111G(d,p) cc-pVTZ

H3N–SO3

DEes 2116.8 2126.3 2109.4 2116.8 2125.8 2110.7

DEex 161.6 180.7 163.5 161.6 180.0 165.8
DEes1DEex 44.8 54.4 54.1 44.8 54.2 55.1
DEpol 225.0 229.1 234.6 245.7 2270.4 2253.6
DEct

a 253.6 253.1 249.6 262.2 2389.3 285.8
DEmix 29.3 574.0 253.0
DEtot

a 228.8 227.8 230.1 233.7 231.5 231.4

H3N–BH3

DEes 290.5 287.8 280.4 290.5 287.8 280.6

DEex 101.7 111.6 102.4 101.7 111.6 103.4
DEes1DEex 11.2 23.8 22.0 11.2 23.8 22.8
DEpol 219.4 226.8 230.4 228.8 249.1 2151.2
DEct

a 227.0 230.6 227.6 233.1 261.0 262.8
DEmix 13.0 51.6 155.3
DEtot

a 235.2 233.5 34.9 237.7 231.5 235.9

aCorrections for the basis set superposition error have been included in the charge transfer term and in
interaction energy. BSSE are 4.9, 3.7, and 1.3 kcal/mol for H3N–SO3 ; and 2.5,22.0, and 1.0 kcal/mol for
H3N–BH3 using the 6-31G(d), 6-3111G(d,p), and cc-pVTZ basis sets, respectively.
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states. Using the cc-pVTZ basis set, the computed polar
tion and CT energies are234.6 and249.6 kcal/mol for
H3NSO3, and 230.4 and227.6 kcal/mol for H3NBH3. In
an alternative formulation, Morokuma proposed to use
Dewar–Chatt–Duncanson scheme involving ‘‘donatio
and ‘‘back-donation’’ mechanisms. This gives relatively b
sis set insensitive results, though the coupling term is still
kcal/mol for H3NBH3.14b The computed total interaction en
ergies of216.0 and223.9 kcal/mol, which are computed b
including a geometry deformmation term to account for
energy change associated with geometry variation from
lated monomers to that in the complex, for sulfamic acid a
H3NBH3 are in accord with previous theoretical studies.40

The charge migration, both in terms of intramolecu
polarization and intermolecular charge transfer, can be il
trated by the change in electron density between the lo
ized and delocalized wave functions corresponding to
respective polarization and CT states. This is illustrated
Fig. 2 for H3N–SO3. Both polarization and CT show elec
tron flow from N to S along the N–S bond. Natural bon
orbital population analysis using the 6-31111G(2d,2p)
basis set yields a net charge transfer of 0.23e, which may be
compared with Leopold’s experimental estimate of 0.36e.38

IV. CONCLUSIONS

Based on the BLW method, we have presented an
ergy decomposition scheme for analysis of specific elec
static, exchange–repulsion, polarization, and charge tran
a-
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FIG. 2. Electron density difference plot for sulfamic acid (H3N–SO3). Elec-
tron density changes due to intramolecular charge polarization are show
~A!, and charge transfer between the two monomers are given in~B!. Con-
tour levels are 0.015e/au3. Solid curves indicate an increase in electro
denisty, and dashed curves represent a depletion in charge density.
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energy contributions to the overall interaction energy of m
lecular clusters. An essential component in the p
sentscheme is the definition of diabatic reference sta
where polarization and charge transfer interactions are d
tivated.Comparison of the electron density obtained from
diabatic state wave function (CBLW) and from the adiabatic
state wave function (CHF) can uniquely manifest the charg
flow between interacting monomers and its accompany
energies. The present BLW-ED method is similar to t
Morokuma decomposition scheme in definition of the ene
terms, but differ in practical implementation and the comp
tational algorithm.

In this study, we demonstrate the applicability of t
BLW-ED method for energy decomposition analysis by e
amining hydrogen bonding interactions in the H2O¯HOH,
Li ~H2O)n

1 , and H3NSO3 and H3N-BH3 Lewis acid–base
complexes. In the first two cases, charge transfer effects
a minimal role in intermolecular interactions, both in term
of the absolute amount of charge transfer and charge tran
energy. The charge-transfer interaction in the water dime
less pronounced than the polarization effect, while the do
nant energy term is due to the electrostatic interaction, wh
consists of an attractive interaction term and a repuls
Pauli exchange contribution. At the HF aug-cc-pVTZ lev
the electrostatic energy, polarization energy, and cha
transfer effects contribute, respectively, 65%, 24%, and 1
of the total interaction energy in the water dimer. For t
Li1 –water complexes, charge transfer effects play a ne
gible role, making contributions of only 2%–6% to the tot
interaction energy. On the other hand, electronic polariza
of the water molecules is important, which provides up
25% of the interaction energy. Significant charge trans
effects and electronic polarization are found in the Lew
acid–base complexes. In comparison with results fr
Morokuma analyses, the present BLW-ED method yie
stable results for polarization and charge transfer energie
the size of basis sets increases. On the other hand, M
kuma analysis contains a large, unphysical coupling term
strong bimolecular interactions, leading to divergent pol
ization and charge transfer energies. The present BLW
method provides a complement to the Morokuma analy
for studying strong intermolecular interactions.
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APPENDIX

Weinhold natural atomic charges determined from na
ral bond orbital analyses are given for each system con
ered. All computations are carried out at th
HF/6-31111G(2d,2p) level ~see Tables A1–A3!.
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