11936 J. Phys. Chem. R005,109,11936-11940

Natural Energy Decomposition Analysis: Extension to Density Functional Methods and
Analysis of Cooperative Effects in Water Clusters

Eric D. Glendening
Department of Chemistry, Indiana State Weiisity, Terre Haute, Indiana 47809

Receied: July 18, 2005

Natural energy decomposition analysis (NEDA) is a method for partitioning molecular interaction energies
into physically meaningful components, including electrical interaction, charge transfer, and core repulsions.
The method is a numerically stable procedure that was originally developed for analyzing Hadoke

(HF) wave functions based on the localized orbital description of natural bond orbital analysis. In this work,
we extend NEDA to treat charge densities from density functional theory (DFT) calculations, replacing the
intermolecular exchange (EX) component of the HF analysis with an exchange-correlation (XC) component.
DFT/NEDA is applied to hydrogen bonding interactions and cooperative effects in water clusters. Electrical
interactions and charge transfer contribute importantly to hydrogen bonding. Comparison of HF and DFT
results reveals that the exchange and correlation effects of DFT slightly enhance the extent of charge transfer
and core repulsions in the water clusters. Cooperative stabilization of the cyclic water trimer and tetramer is
considered by performing a many-body expansion of the interaction energy. Natural energy decomposition
analysis of this expansion suggests that charge transfer is the leading source of cooperative stabilization.
Polarization effects have only marginal influence on cooperativity.

I. Introduction describes both static and induced interactions between monomer
) ) charge densities, generally compares favorably with estimates
Chemists who study intermolecular forces naturally seek to from classical point multipole/polarizability approximations.
understand the factors that influence the varying structure andcoRE accounts for the guantum mechanical effects (Pauli
stability of clusters formed by molecules and ions. One of the repyisions and exchange) of filled orbitai-{o) interactions
tools available to chemists is energy decomposition analysis inthat arise from the required antisymmetry of the wave function
which cluster binding energies from electronic structure calcula- gy the interacting monomers. CT describes delocalizing, denor
tions are partitioned int(.). physically meaningful components. acceptor §—a*) interactions between monomers. Like most
A number of decomposition schemes have been proposed, ofpther decomposition schemes, NEDA has only been applied to
which the method of Kitaura and Morokuma (KM$ arguably ~ HF wave functions. Here, we extend NEDA to treat molecular
the most widely used. This method partitions the Hartféeck  interactions in density functional theory (DFT) calculations.
(HF) binding energy into electrostatic interaction, polarization, After describing its extension to DFT, we use NEDA to

exchange, charge transfer, and higher-order terms. Though stillinyestigate the origin of hydrogen bonding interactions and
applied in recent work,it has been recognizédor some time cooperativity in water clusters.

that the polarization and charge transfer components of this

method are numerically unstable, their values depending |l. Natural Energy Decomposition Analysis
significantly on the extent of the atomic orbital basis sets
employed. This instability stems from the variational optimiza-
tion of an intermediate wave function that is not fully antisym-
metrized and thereby violates the Pauli exclusion principle.
Several alternative decomposition schemes have been propose
that avoid this problem. Some of these methods include the
restricted variational space (RVS) analysithe constrained 2
space orbital variations (CSOV) methddnd the divide and Proll) = zzaé(r —Ry -~ Zlea(r)l @)
conquer decomposition analysis. * é

Several years ago we introduced natural energy decompositionyhere the doubly occupied molecular orbitajs, are the
analysis (NEDAY,~® a procedure for partitioning HF interaction  ejgenvectors of the KohrSham matrix. The interaction energy
energies into electrical interactions (EL), charge transfer (CT), of this system is given by
and core repulsions (CORE). NEDA is based on the natural
bond orbital (NBO) method of Weinhold and co-workéts, AE = E[p(N)] — Zg[pg(r)] (2)
yielding a description of molecular interactions that, like NBO,
tends to stress the role of charge transfer in molecular interac-
tions1112 NEDA is a numerically stable procedure that is whereE[p] represents an energy functional of the charge density
straightforward to apply and is implemented in the most recent and the relaxed charge densitjé’;{r) are those of the isolated
version of the NBO prograrf® The EL component, which  monomers. For convenience, we neglect geometry relaxation

Extension of NEDA to treat DFT charge densities largely
follows the original development of the method for HF wave
functions? Consider a system of interacting monomers A with

uclei of chargeZ, located at coordinateR,. The total charge
ensity for this system is given by
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effects so that the densitic—;eﬁ(r) only account for electronic
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whereT describes the kinetic energy of the electroidgives

relaxation as the interacting monomers are separated. That isthe total potential energy due to Coulomb interactions of all
the relative coordinates of the nuclei in the separated monomersparticles (nuclei and electrons), aXeC accounts for electron

are identical to those of the interacting system.

The NEDA partitioning of AE into physically intuitive
components relies on NBO analysdi&®of pi(r) and subsequent
construction of perturbed monomer densitig$r). The NBO
method searcheg(r) for Lewis structures (sets of one- and

exchange and correlation effects. The kinetic energy contribution
to the right-hand side of eq 7 vanishes

Tle(r)] — ZT[PA(f)] =0 9)

two-center localized, orthogonal orbitals) that best describe the . . o
monomers of the interacting system. For example, analysis of iN the independent electron model becapg is simply a sum

the water dimer yields two Lewis structures, each consisting of Of the densitiepa(r). The potential energy contribution
an O 1s core, two OH bonds, and two O lone pairs. These Lewis

structures typically account for over 99% of the total electron
density, with most of the remaining density residing in anti-
bonding orbitals, the result of delocalizing orbital interactions.
Transforming the Koh#tSham matrix to the localized NBO
basis allows one to identify blocks of elements along the
diagonal associated with each of the interacting monomers.

Perturbed monomer densities are then constructed as follows

onA onA

Pa) =3 Z0(r =Ry — 2 loor)I’ ®)

where the summations are respectively over only the nuclei and

occupied orbitals that comprise monomer A and the orbitals
@4(r) are eigenvectors of the monomer A block of the NBO
Kohn—Sham matrix. Orbitalg(r) on different monomers are
mutually orthogonal.

The localized charge density for the full interacting system
is given by

p(r) = ZPA(r) (4)

We note thato(r) differs from the total charge densipiu(r)
because the NBO KohnSham matrix is not block diagonal
but usually exhibits off-diagonal elements coupling monomer
blocks that account for delocalizing (charge transfer) interactions
between monomer units.

Charge transfer and deformation components of DFT/NEDA

are evaluated exactly as in the HF analysis. Charge transfer is
the difference between the energies of the total and localized

charge densities

CT = Elpior)] — Elp(r)] (5)

and deformation is the difference between the energies of the

perturbed and relaxed monomer densities

DEF, = E[pa(r)] — E[oa(r)] (6)

DEF= ZDEFA (6b)

However, DFT/NEDA and HF/NEDA differ somewhat in their
interpretation of the remaining contribution &,

AE — CT — DEF=E[p(r)] — ZE[PA(V)] (@)

It is convenient to consider here how the components of the
energy functional contribute to eq 7. The energy can be
expressed as a sum of three functionals

E=T+VJ+XC 8)

pa(r) pa(r’)

=

1

Z;Idr dr’

A=B

VIp(r)] — ZVJ[PA(F)] =

=ES+ POL (10)

describes the classical Coulomb interactions of the perturbed
monomer densities, which was previously defined as the sum
of the electrostatic (ES) and polarization (POL) components.
The remaining contribution to eq 7,

XCp(r)] = ZXC[PA(V)] =XC (11)

accounts for intermolecular electron exchange and correlation,
which we will refer to as XC, the exchange-correlation
component of DFT/NEDA. (When electron correlation is
neglected, as in HF theory, this term reduces to the exchange
component EX.) Thus, for DFT/NEDA, eq 7 can be re-expressed
as a sum of three components,

AE — CT — DEF=ES+ POL+ XC (12)
electrostatic interaction, polarization, and exchange-correlation.

As was previously demonstratéda portion of the DEF
component arises from the self-polarization energies of the
monomers, that is, an energy penalty for each of the monomers
to undergo polarization. A linear response treatment of this effect
yields an estimate of the self-energy

Apa(r r'
—%Zfdr o pa(r) pg(r’)

B=A

SE, (13a)

Ir—r]

SE= ZSEA (13b)

whereApa(r) is the induced monomer charge density,

Apa(r) = par) — pa(r) (14)

Collecting terms, the components of DFT/NEDA include
electrical interaction, charge transfer, and core repulsions

AE=EL + CT+ CORE (15)
where the treatment of electrical interactions

O T
pa(r) pe(r’)

1
EL=ES+ POL+ SEz—g fdr dr’
2K r

A=B

—r'|
(16)

is consistent with that traditionally used in molecular dynamics
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simulations that employ instantaneous polarization response, and
the core repulsion component

CORE= DEF + XC — SE 17) 2.04 /

includes intermolecular Pauli repulsion, electron exchange, and . K,« \
2.09

correlation effects. We previously demonstréteht the long-
range character of the interaction potential is principally k{
determined by EL and that the CT and CORE components only Q
contribute importantly at short-range where monomer charge
densities overlap considerably.

DFT/NEDA has been implemented in the GAMESgersion 2 21/l
of the NBO 5.0 program? The procedure can treat restricted
closed-shell and unrestricted open-shell densities in all-electron 190?___&/
or pseudopotential calculations using either conventional disk-
based or direct two-electron integral techniques. NEDA employs 1924

: . ; 2 g. - [

the function counterpoise methéd,evaluating all charge L '\1
densities in the full atomic orbital basis set of the interacting 228 S
system, to correct the calculated interaction energy and its
components for basis set superposition error. All calculations 1
reported here were performed with GAMESS.

1.907 —.
2.25

IIl. NEDA of Water Clusters i

As a representative application of DFT/NEDA, we examine 2 QL
the hydrogen bonding interactions in water clusters composed it &, I
of two, three, and four monomers. The clusters were calculated \
using the B3LYP hybrid functiondf as implemented in AJ
GAMESS, with correlation-consistent, tripletaug-cc-pVTZ) 1770 I
basis setd’” We only consider the cyclic forms of the trimer

(Cy) and tetramer%y) that correspond to the global minima of Q

their respective interaction potentials. Figure 1 shows the

equilibrium structures, and Table 1 compares the HF and B3LYP Figure 1. B3LYP/aug-cc-pVTZ optimized structures of the water dimer

NEDA results. (Cs) and cyclic water trimer@,) and tetramer%). Distances are given
NEDA suggests that electrical and charge transfer interactionsn A, and monomer dipole moments in Debye.

both contribute_importantly to hydroge_n bonding_forces in water Tag|E 1: Comparison of HF and B3LYP NEDA for the

clusters. Consider the B3LYP analysis of the dimer. Electrical water Clusters?

interaction stabilizes the dimer by9.85 kcal/mol, principally

the result of a significant dipotedipole interaction as reflected

by the large electrostatic component (ES—8.13 kcal/mol).

dimer trimer tetramer
HF B3LYP HF B3LYP HF B3LYP

Polarization effects are modest, contributing onl$.72 kcal/ AE —-3.67 —452 -11.18 —1453 —20.70 —26.92
mol (POL+ SE = EL — ES) of the total interaction energy. EL ~ —976 -9.85 —-3297 —3332 —58.69 —58.81
The perturbed monomer densities (eq 3) yield dipole moments cr —7.67 -89l —27.41 —32.91 —69.86 ~79.58
. ~CORE 13.75 14.24 49.20 51.69 107.85 111.47

of 2.04 and 2.09 D for the electron donor and acceptor units,
respectively. Thus, the monomers are only slightly more polar ES —822 -813 -2714 -27.14 —50.47 -50.40
than the isolated water molecule, which has a B3LYP dipole ~o- ~3if 356 —1218 =~ —12.94 & —17.68 -18.34

OIeCUS, ' has dipole g 163  1.84 6.34 6.77 944 992
moment of 1.85 D. The dimer is also significantly stabilized xc —2.72 —9.28 —15.42
by charge transfer<8.91 kcal/mol), arising from the transfer  EX —1.48 —5.31 -8.41

of 0.015 electrons from an O lone pair of the donor monomer DEF ~ 16.87  18.81 60.86 67.74 12572 136.84
into the proximal OH antibond of the acceptor. Perturbative ,(H,0) 2.14(d) 2.04(d) 2.33(1) 2.23(1) 2.43 2.32

analysis of the NBO KohaSham matrix reveals that this single 2.20(a) 2.09(a) 2.31(2) 2.21(2)
No — oor* interaction is responsible for about 80% (7.3 kcal/ 2.34(3)  2.25(3)
mol) of the CT component. 2 Energies in kcal/mol and dipole moments in Debye for the B3LYP/

NEDA of the trimer and tetramer reveals similarly important aug-cc-pVTZ optimized water clusters. Geometry relaxation of the
electrical and charge-transfer interactions. Polarization effects separated monomers is neglected.
are enhanced somewhat in these larger clusters, as evidenced
by the increasing monomer dipole moments, from about 2.1 D The principal differences in the HF and B3LYP analyses
in the dimer to 2.2 and 2.3 D in the trimer and tetramer, appear inthe quantum mechanical components, CT and CORE,
respectively. POL+ SE strengthens from-1.72 kcal/mol to whereas the classical EL component is nearly unchanged. For
—6.17 and—8.42 kcal/mol. Charge transfer effects are similarly example, the dimer is bound by4.52 kcal/mol at the B3LYP
enhanced with increasing cluster size as each of the tiyee level, 0.85 kcal/mol stronger than at the HF level. The enhanced
oon* interactions transfers an average 0.021 electrons in the B3LYP interaction results predominantly from increased charge
trimer, and each of four interactions transfers 0.038 electrons transfer, which, at-8.91 kcal/mol, is 1.24 kcal/mol stronger
in the tetramer. Perturbative estimates of these orbital inter- than at the HF level. Strengthened charge transfer is consistent
actions strengthen from7.3 kcal/mol in the dimer to-8.7 with a charge density that is more strongly delocalized than at
and—17.1 kcal/mol in the trimer and tetramer, respectively. the HF level. Indeed, NBO analysis of the HF dimer reveals a
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No — oon* interaction that transfers only 0.010 electrons TABLE 2: NEDA of the Many-Body Terms for the Cyclic
whereas the interaction transfers 0.015 electrons at the B3LYPWater Trimer 2

level. We additionally find that the CORE component is two-body three-body
somewhat more repulsive at the B3LYP level than at HF. total 12 23 1.3 1,23
Repulsions in the BS_LYP dimer are 14.24 kcal/mol, 0.49 kcal/ AE 1454 373 2411 214 556
mol stronger than in the HF dimer. Although exchange- g -3332 -10.79 -1159 —11.55 061
correlation favors weakened CORE repulsions (i.e., X€4s72 cT —-3291 -946 -10.52 -10.57 —2.36
kcal/mol whereas EX is-1.48 kcal/mol), the deformation (DEF) CORE 51.69 16.52 18.00 17.98 —0.81
term strengthens from 16.87 to 18.81 kcal/mol as it is apparently gg —27.14  —8.47 —9.32 —9.36 0.00
more costly at the B3LYP level to form a perturbed monomer POL —-1294 —-473 467 —4.50 0.97
density in the cluster environment. SE 6.76 241 2.40 231 -0.36
XC —9.28 —3.40 —3.50 —3.48 1.10
IV. NEDA of Cooperative Effects in Water Clusters DEF 67.73 22.33 23.90 2301 221

Hankins, Moskowitz, and Stillingéfwere the first to report * B3LYP/aug-cc-pVTZ values in keal/mol.

a computational study of cooperative (nonpairwise additive) TABLE 3: NEDA of the Many-Body Terms for the Cyclic
effects in water clusters. Their HF calculations revealed that Water Tetramer?

three-body interactions were large and could either stabilize or two-body
destabilize a cluster depending on the arrangement of the

three-body four-body

. : AN total 1,2 1,3 1,2,3 1,2,3,4
interacting monomers. Cooperativity in water clusters has also
been associated with contraction of nearest-neighbeitOO AE —2692 —417 -134 —1.73 —0.64
dist i . lust . d with th itant EL —58.81 -—-13.88 -—-1.75 —0.01 0.25
istances with increasing cluster size and with the concomitant _7058 —17.77 —-052 192 0.2
red-shift of the h_ydrogen-l_)onded OH str(_etchlng frequencies. core 111.47 27.48 0.93 0.20 ~1.11
Several computational studies ezrlnploylng higher levels of theory ES 5040 -11.89 —1.42 0.00 0.00
have been reported recenty”* We use NEDA here to POL  -18.34 —-413 -068  —0.25 0.54
determine the origin of nonpairwise additivity in the cyclic water SE 9.93 2.14 0.35 0.24 -0.29
trimer and tetramer. XC —-1542 —-421 -0.18 0.42 0.10
The influence of cooperativity on the total interaction energy PEF 136.82 3383 146 0.0z  —1.50

for a cluster ofN monomers can be determined by expanding  aB3LYP/aug-cc-pVTZ values in kcal/mol. Note that the total
the total interaction energyAEy, as a sum of many-body interaction is composed of six two-body interactions (four 1,2-type and

contribution$8 two 1,3-type), four three-body interactions, and one four-body interac-
tion.
AEy= ZAlE(A) (one-body) are evaluated as
+ ZBZAZE(AB) (two-body) A’CT(AB) = CT(AB) (22)
) , ASCT(ABC) = CT(ABC) — [A’CT(AB) + A’CT(BC) +
+ ZB;;A E(ABC) (three-body) A’CT(AC)] (23)

N _ where CT(AB) is the charge transfer in the AB monomer pair
+o+ ATEABC..N) (N-body) (18) and CT(ABC) is the total charge transfer in the ABC monomer
triple.

As noted previously? two-body terms dominate hydrogen
bond forces in the water trimer and tetramer, accounting for
70—80% of the calculated binding energies. Tables 2 and 3 give
the many-body analyses for the clusters. The individual two-
body terms involving adjacent monomer pairs are comparable
to the interaction of the water dimer. For instance, in the
tetramer, the interaction of adjacent monomers-417 kcal/
mol, nearly as strong as the4.52 kcal/mol binding energy of
the dimer. In contrast, the interaction of monomers across the
tetramer ring is relatively weak;1.34 kcal/mol. NEDA reveals
that the two-body terms arise, as in the water dimer, from a
5 combination of electrical and charge-transfer interaction. For

A“E(AB) = E(AB) — E(A) — E(B) (20) adjacent monomers in the tetramer, the two-body tera.17
kcal/mol) has significant electricaL3.88 kcal/mol) and charge
ASE(ABC) = E(ABC) — [E(A) + E(B) + E(C)] — transfer)el7.77g kcal/mol) comgg(rllents. For mor)10mers acgross
[A’E(AB) + A’E(AC) + A’E(BC)] (21) thering, the two-body term+1.34 kcal/mol) arises principally
from electrical interaction{1.75 kcal/mol) because charge
whereE(AB) andE(ABC) are, respectively, the energies of pairs transfer (0.52 kcal/mol) remains weak for weakly overlapping
and triples of monomers. We evaluate all energies in the full monomers.
basis set of the complex so that the interaction energy and its Three-body terms are of particular interest because they are
many-body terms are counterpoise corrected. The NEDA principally responsible for the cooperative (nonpairwise additive)
components can be similarly expressed as a many-body expanstabilization of the water clusters. Three-body interactions
sion. Thus, for example, two-body and three-body CT terms collectively account for 18% and 26% of the total interaction

One-body terms correspond to the geometry relaxation of the
monomers

A'E(A) = E(A) — E°(A) (19)

where E(A) and E%(A), respectively, represent the energy of
monomer A in the geometry of the cluster and the energy of
the isolated monomer A at its equilibrium geometry. These terms
typically contribute several tenths of a kcal/mol to the total
interaction energy of the water clust&and will be neglected
here. Two-body and three-body terms are given by
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energies for the trimer and tetramer, respectively. Xanfieas its straightforward application, the numerical stability of the

reported similar contributions based on MP2/aug-cc-pVDZ energy components, and the direct relationship between the EL

calculations of the cyclic trimer and tetramer. The four-body term and classical electrical approximations used in molecular

term is weaker, contributing only 2% of tetramer interaction. dynamics simulations. The principal difference between the HF-
NEDA suggests that charge transfer is the principal origin and DFT-based methods is the replacement of the intermolecular

of the cooperative effect in the water clusters. For example, the exchange component (EX) by exchange-correlation (XC).

results of Table 2 reveal a three-body term that stabilizes the Analysis of water clusters reveals that hydrogen bond forces

trimer by —2.56 kcal/mol. Charge transfer, a2.36 kcal/mol, exhibit important electrical (electrostatic and polarization)

is the dominant component of this term. Similarly, we find in interactions and charge transfer. However, cooperative stabiliza-

Table 3 that charge transfer-1.92 kcal/mol) is principally tion of the cyclic water trimer and tetramer results principally

responsible for the three-body terms1(73 kcal/mol) of the from charge transfer with only weak contributions from

tetramer. Interestingly, NEDA suggests that electrical interac- polarization.

tions of the monomers contribute marginally to cooperative

stabilization. In fact, in the trimer, three-body ELdsstabilizing Acknowledgment. The author thanks Dr. Greg Schenter

by 0.61 kcal/mol, an effect that arises entirely from polarization (Pacific Northwest National Laboratory) for his review of the

(POL+ SE) because electrostatic interaction is strictly pairwise manuscript prior to submission. All calculations were performed

additive (ES= 0.00). on computer resources administered by the Office of Information
The suggestion that electrical interactions do not contribute Technology at Indiana State University.

importantly to cooperativity is at odds with conventional
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