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Practical formulation of accurate many-body potentials through the
perturbative extension of diatomics-in-ionic-systems: Applied to HF clusters

M. Ovchinnikov and V. A. Apkariana)

Department of Chemistry, University of California, Irvine, California 92697-2025

~Received 21 December 1998; accepted 18 February 1999!

A perturbative extension of the diatomics-in-ionic-systems~DIIS! is formulated as a practical
method for describing global many-body potential energy surfaces with accuracy and economy. The
method is applied to HF clusters, generalizing the prior accurate DIIS treatment of the dimer
@Grigorenko, Nemukhin, and Apkarian, J. Chem. Phys.108, 4413~1998!# to arbitrary numbers of
HF molecules. The calculated geometries, energetics, and harmonic frequencies of (HF)n , n
52 – 6 clusters agree in detail with the available data on this well-studied system. The formulation
is based on treating intermolecular interactions within perturbation theory. It is shown that
second-order perturbation, which includes bimolecular excitations, is necessary and sufficient in
describing the many-body potential energy surfaces with spectroscopic accuracy. The approach
allows the analysis of H-bonding and its nonadditive induction and dispersion forces in terms of
mixings and exchange between ground- and excited states of dimers including intra- and
intermolecular charge-transfer states as well as molecular triplet states. The speed of evaluation of
the potential scales is the cube of the number of molecules, providing a practical method for
dynamical simulations of extended hydrogen-bonded networks. ©1999 American Institute of
Physics.@S0021-9606~99!30119-7#
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I. INTRODUCTION

The proper representation of many-body potential
ergy surfaces~PES! is perhaps the most fundamental ch
lenge to molecular descriptions of chemical physics in c
densed media. The desired attributes of such a represent
are that it be simultaneously:

~a! Accurate, the standard for which is set by spectrosco
measurements.

~b! Universal, that a single set of parameters allow descr
tions ranging from the pair to the bulk.

~c! Global, that the derived PES be valid for all accessib
configurations of the system.

~d! Economical, that the formulation allow efficient evalu
ation of the PES for extended systems, to be usefu
numerical simulations of structure and dynamics
condensed media on representative time and
scales.

In this paper we develop the perturbative extension
the diatomics-in-molecules~DIM ! formulation as a genera
method that fulfills the above criteria. For the purposes o
nontrivial illustration, and as a rigorous test of the meth
we consider the prototypical hydrogen bonded network
HF clusters. The challenges provided by this system, and
extant understanding which is based on extensive experim
tal and theoretical work has been recently summarized
Quack and Suhm.1 Earlier, we had demonstrated that th
diatomics-in-ionic-systems~DIIS! extension of DIM pro-
vided an accurate description of the PES of the HF dim2

The direct implementation of that method to systems of

a!Author to whom correspondence should be addressed.
9840021-9606/99/110(20)/9842/11/$15.00
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bitrary size is impractical, because the basis sets required
the evaluation of the Hamiltonian matrices expand expon
tially with the number of molecules. In the present work w
show how to overcome this difficulty witheconomywhile
retaining attributes inherent to the DIIS approach, namely
global natureand theaccuracyalready demonstrated in th
case of (HF)2 . Further, by explicitly considering clusters u
to hexamer, we provide a rigorous test for the proper
counting of nonadditivities of intermolecular interactions i.
the universalityof the formulated PES. The approach of u
ing DIIS for the description of intermolecular interaction
fundamentally differs from the more traditional treatments
force fields, or classical potentials expressed in terms
atom–atom functions and electrostatic interactions betw
distributed charges and polarizable centers. We highli
these fundamental differences as we outline the method
results.

II. THEORY

A. Overview

The formulation of the diatomics in molecules~DIM !
method has been well documented.3–5 Succinctly, the treat-
ment is based on the partition of the electronic Hamilton
of a system into single-atom and diatomic contributions:

HDIM5 (
a,b

Hab2~N22!(
a

Ha . ~1!

The polyatomic basis functions are chosen to be antisym
trized products of defined atomic states, leading to po
atomic basis functions that are direct products of atom
bases. The single atom HamiltoniansHa are diagonal matri-
2 © 1999 American Institute of Physics

 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



m

ch
en
rg

m
ta
ic
d

ha
rix
m
m

ea
ld
on
th
ise

r
iz
n

l b
t

f
ed

to
s
la

A,
le

at

n
m

.
en
g
th
a
e

ho
, t
f a
e

r t

-
tro-
t

ons
en

e-
of
ig-

ulate
the

m-
ect
ac-
l-
p-

nce,
to

he
ero
al.

te is
ch

and
of

pts
is.
po-

m-

re:

he
er

9843J. Chem. Phys., Vol. 110, No. 20, 22 May 1999 M. Ovchinnikov and V. A. Apkarian
ces of atomic energies and the diatomic contributionsHab

are constructed based on a chosen model of the diato
a–b. Potential energy functions of thea–b fragments, or
their linear combinations, serve as input toHab .

Although the formulation is exact, its application as su
is impractical since the exact expansion of molecular eig
states into the product of atomic states requires very la
atomic bases, and complete input for all states of all diato
fragments is never known. The semiempirical implemen
tions of DIM seek useful truncations of the required atom
bases, and therefore an appropriate partitioning of the
atomic Hamiltonian in this basis. In effect, it is assumed t
in the chosen limited atomic basis the Hamiltonian mat
remains additive. This assumption cannot hold in syste
containing strong polar bonds, where interactions are do
nated by nonadditive electrostatic forces. The proper tr
ment of such systems within a strict DIM formalism wou
require the inclusion of a large number of Rydberg and i
ized atomic states in the basis. The DIIS extension of
theory solves this problem by the addition of nonpairw
terms to the Hamiltonian~1! in the form of electrostatic in-
teractions between charges and polarizable particles.6 It is
useful to code this term in operator notation:

H5HDIM2(
a

1

2
âaS (

b

q̂brba

r ba
3 D 2

, ~2!

whereâa is the polarizability andq̂a is the charge operato
of the atoma. The operator notation of charge and polar
ability in ~2! highlights the fact that these assume differe
values for different atomic states and cannot in genera
substituted by their average magnitudes. For example,
charge operator has eigenvalues61e2 for ionic states of an
atom and 0 for neutral states;q̂a can therefore be thought o
as a projection operator which yields the ionicity in mix
polyatomic states. Beside induction, the DIIS term in Eq.~2!
also includes dispersion through the polarizability opera
and has significant differences from classical description
electrostatic interactions between partial charges and po
izable molecules. This distinction is clarified in Appendix
by considering the illustrative example of an HF molecu
interacting with a polarizable particle~such as Ar!. Classical
treatments cannot reproduce the nonadditivity in electrost
interactions contained in the description of Eq.~2!.

Both DIM and DIIS have found widespread utility i
describing the interactions of one or two open-shell ato
interacting with many closed-shell atoms, as in the case
radicals and excited states of molecules in rare gas hosts
overview of this development has been given in a rec
review article.7 This limited use of the method to describin
intermolecular interactions can be traced to the fact that
inclusion of many rare-gas atoms does not expand the b
set beyond what is required for the description of the op
shell fragments. The perturbative extension of the met
developed here is designed to overcome this limitation
enable the description of extended molecular systems o
bitrary electronic structure. It is therefore useful to consid
the basis sets required for direct implementations, prio
proceeding with the perturbation treatment.
Downloaded 12 Feb 2004 to 128.200.47.19. Redistribution subject to AIP
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B. Basis set

In the previous work the DIIS Hamiltonian was con
structed for the HF dimer, and was shown to give a spec
scopically accurate PES.2 We use that as the starting poin
for the present development. The polyatomic basis functi
~PBF! are generated from the following atomic states: Sev
states for F atoms, which include six2P(F) spin-orbital
states of the neutral atom and one1S(F2) state of the ion;
three states for H atom, including two2S(H) and one
1S(H1). This would lead to a total of (337)n states in the
basis set of (HF)n , e.g., 441 states for the dimer. The r
quirement of overall charge neutrality, and restriction
states to an overall spin multiplicity of singlet, leads to s
nificant reduction in dimensionality, especially for smalln.
The actual number of states deemed necessary to calc
the dimer surface was 31. The procedure of truncating
basis set to the ‘‘important configurations’’ is by nature e
pirical. Even with the reduced basis of the dimer, the dir
implementation of the method to larger systems is not pr
tical because of the ‘‘exponential runaway’’ in dimensiona
ity. We therefore resort to the perturbation theoretical a
proach, which is described in detail in subsec. D. In esse
we treat the intermolecular interactions as a perturbation
the intramolecular Hamiltonian, which we describe in t
next section. Note that with the usual assumption of z
overlap,4 the constructed PBFs are taken to be orthogon
Both charge and polarizability operators of~2! are diagonal
in this basis. The diagonal element of charge for each sta
simply its value. Further, we partition the Hamiltonian su
that the atomic polarizabilities required in Eq.~2! are taken
to be their respective atomic values for the neutral states
zero for the excited ionic states. This allows the writing
the polarizability operator as

âA5aA~12q̂A!. ~3!

C. Model of HF monomer

Within the chosen atomic basis set only two1S states of
the HF molecule can be constructed. These are:

un&5F~2Pz,1/2!H~2S21/2!2F~2Pz,21/2!H~2S1/2!

and u i &5F2~1S!H1~1S!, ~4!

where z is the molecular axis, and the number subscri
indicate the projection of atomic spin on an arbitrary ax
The 1S ground state of the molecule is therefore a super
sition of these pure neutralun& and ionicui& states. The cou-
pling between these two states is given by the mixing para
eter b(r HF) which depends on bond length. The two1S
eigenstates of the intramolecular Hamiltonian are therefo

ug&5cosbun&2sinbu i &, ~5a!

ue&5sinbun&1cosbu i &. ~5b!

The functional forms of the mixing parameterb(r ) and the
diatomic potentials of ground- and excited1S states are
shown in Fig. 1. It should be evident from the figure that t
bonding in HF is dominated by the mixing of ionic charact
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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in the neutral state, and this mixing assumes a value of 3
near the equilibrium bond length of the molecule. The mo
of the monomer is somewhat different from that used in
previous work. The description and the basis for the emp
cally adjusted parameters of these functions are given in
pendix B. Within the zero overlap description in monome
i.e., ^ i un&50, the charges on each atom can be described
the projection operator

Q̂5u i &^ i u. ~6!

The partial charges1d on H and2d on F in the ground
electronic state are then given by

d5^guQ̂ug&5sin2 b, ~7!

and the transition dipole moment between the two states
be evaluated using the relationship

mge5^guQ̂r HFue&5sinb cosb r HF. ~8!

The excited states of the monomer that can be obta
from this atomic basis are: 21S ~ue& state!, 1P, 3S, 3P, and
the ionic states2S(HF2), 2S(FH1), and 2P(FH1). All
states except the 21S, have distinct symmetries, and ther
fore uniquely correlate with the defined atomic states.

D. Perturbative DIIS

The Hamiltonian~2! can be divided into intra- and inter
molecular contributions:

H5H intra1H inter. ~9!

The intramolecular part, unperturbed Hamiltonian, is the s
of monomer Hamiltonians

H intra5(
i 51

n

HHiFi
. ~10!

The intermolecular part is treated as a perturbation, wh
can be written as:

FIG. 1. The energies of1S states in HF monomer in coupled~solid curves!
and uncoupled~dashed curves! representations. The dotted line represe
the mixing functionb(r ). ~A! The schematic diagram of the energy leve
in the HF–Ar system.
Downloaded 12 Feb 2004 to 128.200.47.19. Redistribution subject to AIP
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H inter5(
i 51

n

(
j 5 i 11

n S (
A,B5H,F

HAiBj D
2(

i 51

n

(
j 51,j Þ i

n

(
k51,kÞ i

n S (
A,B,C5H,F

âAi

2
q̂Bj

q̂Ck

3
~rAiBj

•rAiCk
!

r AiBj

3 r AiCk

3 D , ~11!

where the squares in the DIIS term of~2! have been explic-
itly multiplied out. The solution of the unperturbed Hami
tonian is direct: given the ground state of a single molec
ug&, the system ground state is the product of the molecu
ground states

uG&5)
i 51

n

ugi&. ~12!

E. First-order correction

The intermolecular interaction energy in first-order pe
turbation is:

V~1!5^GuH interuG&, ~13!

which is evaluated by substitution of~11! and~12! into ~13!
and by taking the expectation value of each term in the s
The first summation over dimersi,j includes terms

^GuHAiBi
uG&5^gi ,gj uHAiBi

ugi ,gj&, ~14!

whereA andB denote atoms~either H or F!. This is a dimer
problem which is evaluated by decomposing the molecu
state into the defined atomic states using Eq.~5a!, and apply-
ing the standard DIM procedure of rotating the fragme
Hamiltonians from the fragment fixed frame~both in coordi-
nate and spin space! into the frame fixed on moleculesi and
j. For the matrix elements that involve neutral states the s
state of the fragmentAiBj is defined by the singlet states o
moleculesi and j which are defined superpositions of singl
and triplet states, namely, the singlet and triplet diatom
potentials enter the fragment Hamiltonian with 1/4 and 3
coefficients, respectively. It should be noted that this term
the many-body Hamiltonian is pairwise additive, i.e., t
overall energy is the sum of dimer interaction energies. E
plicit expressions, along with the forms of the rotation a
spin-coupling matrices have already been given.2

The first-order expression in the electrostatic part of
Hamiltonian~11! includes three-body terms. The summati
is over three moleculesi, j Þ i , kÞ i . When j 5k the contri-
bution is from two-body interactions. These terms inV(1)

have the form

2
~rAiBj

•rAiCk
!

r AiBj

3 r AiCk

3 K gi ,gj ,gkU âA1

2
q̂Bj

q̂Ck
Ugi ,gj ,gkL .

~15!

To evaluate this expression, we note that since no inter
lecular charge transfer is included, the charge and pola
ability operators can be replaced by the state projection
erator~6!:
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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q̂Hi
52q̂Fi

5Q̂i and âAi
5aA~ Î 2Q̂i !, ~16!

where Î is the unit operator. After this substitution, expre
sion ~15! is evaluated using the relationships~6–8!. The im-
portant difference from the classical electrostatic interact
comes from the fact thatQ̂ is a projection operator andQ̂2

5Q̂ ~see Appendix A!.

F. Second-order correction

Even though the first-order correction is not pairwis
additive, it is still a sum of two- and three-body contrib
tions. The true nonadditivity comes from mixing with th
excited states of the system, i.e., through the second-o
correction in the perturbation expansion which results in
new wavefunction of the system

uC&5uG&1(
x

^LxuH interuG&
Ex

uLx&, ~17!

where the indexx enumerates all excited states of the syst
Lx. As is shown in the results section, the first-order te
recovers 84% of the binding energy in the dimer, howev
the shape of the potential surface is significantly modified
the second-order correction. In larger clusters the first-or
Downloaded 12 Feb 2004 to 128.200.47.19. Redistribution subject to AIP
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energy is a poorer approximation. For example, in (HF6 ,
the first-order term recovers only 45% of the binding ene
at the minimum geometry. In principle, the number of
excited state configurations is the dimensionality of the ba
However, the number of important excitations is signi
cantly smaller. We may classify the excitations of the syst
by the number of molecules involved, by writing the secon
order contribution to the energy as an expansion

V~2!5(
i 51

n

(
j

^GuH interuL i
j&^L i

juH interuG&
Ej

1(
i 51

n

(
j 5 i 11

n

(
k

^GuH interuL i j
k &^L i j

k uH interuG&
Ek

1¯ . ~18!

The first term involves the summation over excited statesL i
j

by which we denote the excitation of a single moleculei to a
monomer excited statej. The second term represents pa
excitationsL i j

k of the ij pair into the excited statek, with
restrictions of charge neutrality and spin conservation.

For the monomer term the allowed excitations arej
521S(ue&),1Px ,1Py . The coupling elements are obtaine
by explicit substitution of Hamiltonian~11! as follows:
the

nfigura-

g

^GuH interuL i
21S&5 (

j 51,j Þ i

n S (
A,B5H,F

^gi ,gj uHAiBj
uei ,gj& D

2 (
j 51,j Þ i

n

(
k51,kÞ i

n S (
A,B,C5H,F

K gi ,gj ,gkU aAi

2
qBj

qCk

~rAiBj
•rAiCk

!

r AiBj

3 r AiCk

3 Uei ,gj ,gkL D
22 (

j 51,j Þ i

n

(
k51,kÞ j

n S (
A,B,C5H,F

K gi ,gj ,gkU aAj

2
qBi

qCk

~rAjBi
•rAjCk

!

r AjBi

3 r AjCk

3 Uei ,gj ,gkL D , ~19!

^GuH interuL i

2P&5 (
j 51,j Þ i

n S (
B5H,F

^gi ,gj uHFiBj
u~1P! i ,gj& D . ~20!

Note that the order of summations is reduced by 1 from expression~11!, since elements of the sum that do not include
excited moleculei result in zero due to the orthogonality of PBFs.

The pair excitations, beside simultaneous excitation of two monomers, include intermolecular charge-transfer co
tions and molecular triplet states coupled into an overall singlet. Thus, the summation in~18! is over: ~i! simultaneous
excitations of monomers:k5(2 1S,21S),(2 1S, 1P),(1P, 1P); ~ii ! triplet states:k5(3S, 3S),(3S, 3P),(3P, 3P); ~iii ! in-
termolecular charge-transfer states:k5(2S(HF2), 2S(FH1)),(2S(HF2), 2P(FH1)). Coupling to these excitations, includin
all the spatial components, are obtained by explicit algebraic evaluations similar to those in Eqs.~19! and~20!. It is useful to
consider expressions for some of the important configurations, to recognize the mechanisms of coupling.

The only pair excitation for which the electrostatic part is important isk5(2 1S,21S):

^GuH interuL i j
~2 1S,21S!&5 (

A,B5H,F
^gi ,gj uHAiBj

uei ,ej&

2 (
k51,kÞ i

n S (
A,B,C5H,F

K gi ,gj ,gkU aAi

2
qBj

qCk

~rAiBj
•rAiCk

!

r AiBj

3 r AiCk

3 Uei ,ej ,gkL D
2 (

k51,kÞ i , j

n S (
A,B,C5H,F

K gi ,gj ,gkU aAj

2
qBi

qCk

~rAjBi
•rAjCk

!

r AjBi

3 r AjCk

3 Uei ,ej ,gkL D . ~21!
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



tr

o
on

ia
r

v

ns

a

d
E
ne
d

gl

th
a

th
.
a

ale
th
th
ng
ns
e

not

a-

nd-

rgy,
-

xt

tail
-
ity
he
and
in-

in
he
are
be
er-
pe-
on
For
sed

in-

y as

t

F

e

9846 J. Chem. Phys., Vol. 110, No. 20, 22 May 1999 M. Ovchinnikov and V. A. Apkarian
The triplet excited states are coupled through the neu
component of the ground-states as

^GuH interuL i j
~3S,3S!&5 (

A,B5H,F
^gi ,gj uHAiBj

u3S i , 3S j&

5cosb~r i !cosb~r j ! (
A,B5H,F

^ni ,nj

3uHAiBj
u3S i , 3S j&. ~22!

The latter matrix element is evaluated using spin rotation
the fragment Hamiltonian. The most important contributi
of the coupling among triplets comes from HiFj interactions,
which leads to the admixture of singlet-state pair potent
into the interaction between H-bonded H and F, and the
fore the strengthening of the H-bond.

The intermolecular charge-transfer states contribute
terms

^GuH interuL i j
~2S~HF2!,2S~HF1!!&

5 (
A,B5H,F

^gi ,gj uHAiBj
u2S~HF2! i , 2S~HF1! j&

5cosb~r i !sinb~r j !

3^Pz~Fi!,S~Fj
2!uHFi ,Fj

uS~Fi
2 ,Pz8~Fj !&

2sinb~r i !cosb~r j !

3^S~Hi !,S~Hj
1!uHHi ,Hj

uS~Hi
1 ,S~Hj !&

1^gi ,gj uHHiFj
u2S~HF2! i , 2S~HF1! j&, ~23!

in which there are two distinct mechanisms of coupling:~i!
the first two terms couple ionic-neutral configuratio
through the exchange interaction inH2

1 and F2
2 fragments;

~ii ! the last term is the mixing by the intermolecular HiFj

Hamiltonian which is contained in the coupling of neutr
and ionic1S states, as described in subsection C.

III. NUMERICAL IMPLEMENTATION

Based on the above formalism we have develope
C11 package for the calculation of the ground state P
with an arbitrary number of HF molecules. The main routi
uses the number of moleculesn and coordinates as input, an
outputs the first-order correction to the energyV(1) and the
arrays of couplings between the ground-state and all sin
and double-molecular excitationsCi

(j) andCi j
k , respectively.

This allows us to obtain the energy of the system at
second-order approximation in perturbation theory and
lows an analysis of the wavefunction. The structure of
program resembles that of Eq.~11!. It consists of two parts
The first performs a double cycle over all molecules, tre
the first part of the Hamiltonian, and scales asn2. The sec-
ond part, which treats the electrostatic contributions, sc
asn3. The calculation of the coupling elements increases
length of calculations by only a few times as compared to
calculation of the first-order correction and does not cha
the scaling of the program. The DIM matrix computatio
~part of the program that scales asn2! are the most expensiv
Downloaded 12 Feb 2004 to 128.200.47.19. Redistribution subject to AIP
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for the sizes of the clusters considered in this paper. It is
clear at present at which system size then3 scaling takes
effect. At present, we have not included analytical deriv
tives of the PES in the package.

IV. RESULTS AND DISCUSSION

A. Dimer

The PES obtained by the perturbative DIIS to seco
order agrees with the full DIIS treatment to within 1 cm21

throughout. Based on the second-order correction to ene
C2/E;100 cm21 for the largest contributions which corre
spond to the ionic-neutral interactions and thereforeE
;10 eV ~see Table I!, it is then possible to estimate the ne
order correction in perturbation as

V~3!'
C3

E2 '1 cm21. ~24!

Although the dimer surface has been discussed in de
elsewhere,1,2 it is useful to dissect it into first- and second
order contributions, to make conclusions about the additiv
of the various terms in the potential. As in other works on t
dimer we analyze the surface by fixing the F–F distance
consider potential energy contours as a function of the
plane rotation anglesu1 ,u2 . The first-order energyV(1), its
various terms, and comparison with the full PES is shown
Fig. 2. The first-order surface is very similar to that of t
full treatment as far as the stable geometries of the dimer
involved. Thus, the general structure of the H-bond can
discussed within the first-order correction, i.e., by consid
ing the fixed electronic structure on each molecule. The
culiar geometry of the dimer is the result of cancellati
between anisotropic core and neutral-ionic interactions.
the sake of analysis, the first-order term may be decompo
into contributions from neutrals, ion-neutral, and ion–ion
teractions:

^g,guĤ interug,g&5cos4 b^n,nuĤ interun,n&

1cos3 b sinb^n,nuĤ interun,i &1¯

1sin4 b^ i ,i uĤ interu i ,i &, ~25!

of these, the ion-neutral term

VH1F5cos2 b sin2 b~^n,i uĤH2F1
un,i &1^ i ,nuĤH1F2

u i ,n&!,
~26!

which simply describes the donor H1 interacting with the F
atom on the acceptor HF, imposes the L-shaped geometr
shown in Fig. 2~A!, where a deep~21430 cm21! minimum
occurs atu150 °, u2590 °. This is simply due to the fac
that theP potential of FH1 is significantly more attractive
than theS, reflecting the reduced electron density on the
atom along theS interaction and the preference of H1 to
point at the maximal electron density@see illustrated
sidepanel in Fig. 2~A!#. The ionic interactions, given by th
term

Vionic5sin4 b^ i ,i uĤ interu i ,i &, ~27!
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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Downloaded 12 Fe
TABLE I. The contribution of excited states to the wavefunction of the dimer at various geometries as giv
Eq. ~17!.

Geometry:
u15214.5°, u2564.5°

minimum
u150°, u250°

saddle
u15262°, u25118°

saddle

Excitation
L5

~Donor, Acceptor!

C~L!

EL

a uC~L!u2

EL

~cm21!

C~L!

EL

uC~L!u2

EL

~cm21!

C~L!

EL

uC~L!u2

EL

~cm21!

Ionic states:
(2 1S,1 1S) 0.038 161 0.024 64 0.021 46
(1 1S,2 1S) 0.020 48 0.032 112 0.021 46
(2 1S,2 1S) 20.006 9 20.013 39 20.003 3

1P states:
(1 1S,1Px) 0 0 0 0 0 0
(1Px,1

1S) 0 0 0 0 0 0
(1Px ,1Px) 0 0 0 0 0 0
(1Py ,1Py) 0 0 0 0 0 0

Triplet states:
(3S,3S) 0 0 0.013 47 0.003 3
(3S,3Px) 0.007 11 0 0 0 0
(3Px ,3Su) 0 0 0 0 0 0
(3Px ,3Px) 0 0 0 0 0 0
(3Py ,3Py) 0 0 0 0 0 0

charge transfer
states:
(2S(F2H),2S(FH1)) 0.006 5 0.013 26 0.006 6
(2S(F2H),2Px(FH1)) 0.003 1 0 0 0.004 3
(2S(FH1),2S(F2H)) 0.011 18 0.003 2 0.006 6
(2Px(FH1),2S(F2H)) 0.004 2 0 0 0.004 3

V(1), V(2) ~cm21! 1338, 252 876, 281 1117, 107
Induced dipole moments
of the molecules~D!
dmD , dmA 0.11, 0.058 0.070, 0.093 0.061, 0.061

aC(L)5^LuH interuG& are the coupling elements of the excited statesL to the ground state. Only the states of1A8
symmetries~with respect to thez–x plane of the dimer! are included in the table. An entry 0 in the table mea
that the coefficients are less than 1023 and energy contributions are less than 0.5 cm21.
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which include the combination of Coulomb, induction, a
dispersion forces calculated through DIIS lead to a dee
minimum ~22360 cm21! at the linear geometryu15u2

50° as shown in Fig. 2~B!. The competition of these force
leads to the geometry of (HF)2 . The complete first-orde
surface,V(1), that includes all the terms of expression~25! is
shown in Fig. 2~C!. The minima of the surface nearly coin
cide with the minima of the full treatment, up to secon
order, shown in Fig. 2~D!.

The most significant difference that results in t
second-order correction occurs at the saddle point at~0°,0°!
geometry of the dimer. This is where mixing with the excit
states of the molecules plays the most significant role
Table I we give a complete analysis of the wavefunction
terms of mixing coefficients with all excited states of t
molecules as given by Eq.~17! and list the contributions o
each excitation to the energy. We consider three geome
of the dimer: ~215°,64°!—the minimum of the surface
~0°,0°!—linear saddle point; and~262°,118°!—saddle point
along the H-bond switching coordinate. We also include
total first-order,V(1), and second-orderV(2) contributions to
the potential and the induced dipole moments of the m
ecules in these geometries in the table.
b 2004 to 128.200.47.19. Redistribution subject to AIP
er
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n
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e
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Ionic excitations, which describe the bond polarizati
represent the most significant nonadditive forces. Ionic ex
tation of the donor is the most important contribution at t
minimum geometry of the complex, contributing;10% of
the binding ~161 cm21! in this geometry and leads to th
induced dipole moment of the donor moleculedmD

50.11 D in addition to the intrinsic dipole of the HF mono
mer m051.7965 D.8 Ionic excitation of the acceptor has
comparable effect on the linear geometry of the dimer~112
cm21! and leads todmA50.093 D induced dipole momen
While the coupling to the simultaneous ionic excitation
donor and acceptor is an order-of-magnitude smaller than
single excitations, it has a significant variation with geome
and its inclusion is important for obtaining the proper su
face. Note, as would be expected, this contribution prefer
tially stabilizes the linear geometry, where it lowers the e
ergy by 39 cm21.

There is negligible mixing between the ground-state a
singlet-excited-neutral states.

Among the triplet excitations, which necessarily involv
double excitations, the largest is the contribution of (3S,3S)
state of the dimer described by the matrix element of E
~20!. This term describes the covalent contribution to t
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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FIG. 2. Various contributions to the (HF)2 PES.~A! Contribution of the H1F interactions responsible for L-shaped geometry of the dimer.~B! Contribution
of the ionic interactions.~C! The first order PES of the dimer,^GuH interuG&. ~D! Full PES calculated in the second-order of the perturbation theory.u1 andu2

are the angles of in-plane rotation of H atoms around F atoms. The F–F distance is 2.75 Å. The contours are separated by 100 cm21 and are not shown above
zero.
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hydrogen bond. It becomes important at small HF distan
and is largest for the linear geometry. The mechanism of
coupling can be well understood. The 11S is the deep at-
tractive ground-state potential of HF molecule. However,
first-order perturbation, the intermolecular HF interaction
described by the linear combination of singlet and trip
states

VS5
1

4
V 1S1

3

4
V 3S , ~28!

where the ratio is fixed because of the fixed-spin grou
states of the molecules. Mixing with triplets relaxes this co
straint and allows to increase the contribution of singlet ch
acter, thus allowing for greater attraction between H and

Intermolecular charge transfer states have two mec
nisms of coupling according to Eq.~23!. The exchange in-
teraction in the HH1 and FF2 fragments is a mechanism
similar to that of the mixing among triplets. This contrib
tion, in effect, increases the covalency of the bond since
charge transfer is symmetric, i.e., the expectation value
Downloaded 12 Feb 2004 to 128.200.47.19. Redistribution subject to AIP
s
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charge on the donor and acceptor molecules remain
changed. The mechanism that leads to the actual transfe
the charge is the Hamiltonian of HF that is not diagonal
the neutral-ionic basis. The values of the charge transfe
from one molecule to the other are small, but geometry
pendent. At the equilibrium geometry, the net electron tra
fer is from donor to acceptor, with a charge asymmetry
;431025, while in the linear geometry the net electro
transfer is from acceptor to donor, with a net charge asy
metry of;131024. While the contributions to the energe
ics of the system is relatively small,;25 cm21, they are
required to reproduce these sections of the PES to wi
their known accuracy. The net dipole of the dimer in o
model yields a value of 2.78 D, this is to be compared w
the experimental value of 2.988 D,9 while the most recentab
initio calculations yield 3.333 D.10

The subtle interplay of polarization and exchange int
actions, which are analyzed here as the admixture of var
excited state configurations in the ground-state wavefu
tion, determine the dimer PES which seems well reproduc
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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B. „HF…n , n 53 – 6

The minimum energy structures of the clusters are fou
by Monte Carlo simulated annealing. Various initial geo
etries are used to ensure that the determined minima are
bal. In all cases the stable structures are cyclic, as in the
of the tetramer illustrated in Fig. 3. The calculated bindi
energies and geometric parameters of the clusters are
lected in Table II, along with the recommended values
Quack and Suhm.1 In addition, we list the induced dipole
moment of the molecules in the clusters which are based
our analysis of the wavefunctions. The harmonic vibratio
frequencies of the clusters, which are obtained by diago
ization of the numerically computed mass-weighted Hess
are collected in Table III. These are compared with the h
monic frequencies obtained from surfaces which yield go
agreement with experiments when corrected for anhar
nicities, where such comparisons have been possible.1 In the
case of dimer and trimer we also include the results fr
most recentab initio calculations.10 It should be pointed ou
that, while the reference dimer PES to which we comp
our results has been rigorously tested and adjusted to re
duce experiments, the parameters of the larger clusters
less well established. The spectroscopic data on the clu
is sparse and not well resolved; quantum calculations
structure are less reliable, and exact quantum treatmen
dynamics are not possible yet. Despite these precautio
comments, the HF clusters remain among the best chara

FIG. 3. The geometries of (HF)n clusters.
Downloaded 12 Feb 2004 to 128.200.47.19. Redistribution subject to AIP
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ized systems, and the trends in structure and energetics
function of cluster size are quite reliable. Finally, in Table
we list the contributions of the various excitations to t
ground-state wavefunction and energy at the equilibrium
ometry of each cluster.

The comparison in Table II shows that the calculat
binding energies, H–F bond length, and F–F distances
reproduced to within the known accuracy of these parame
for all clusters. The comparison is somewhat poorer in
case of the bond angles, being consistently larger in
treatment than the reference values. The exact origin of
systematic discrepancy is not clear. It can be attributed
either the quality of the input parameters, namely the cho
functional form of potentials and mixing parameter in t
monomer, or the chosen model for the polarizability opera
in the DIIS treatment. The input parameters can in princi
be refined to yield a better agreement, however, we h
refrained from making arbitrary adjustments, even thou
the accuracy of the potentials used at the internuclear H
distances~1.6–1.8 Å! is questionable.

With regard to the vibrational frequencies of the cluste
the available data are rather sparse. We report all predi
frequencies, and this should help in the experimental ide
fication of modes that have not yet been studied. Where c
parisons are possible, it appears that the predicted freq
cies are in line with the known values, except for the out-
plane librations which are systematically;25% lower than
the reference values. This discrepancy is directly related
that of the bond angles. The effective masses of nor
modes associated with these librations include moment
inertia for rotation of H atoms around the F–F axes. If the
masses are proportional to the squares of bond angles, a
ear decrease in the out-of-plane librational frequency w
the opening of theH–F–Fangle would be expected.

Based on all other comparisons, e.g., the extension of
HF bond length and the associated contraction of the in
molecular F–F bond length with cluster size, it is clear th
the nonadditive interactions of the hydrogen bonding n
work is rather accurately reproduced in this treatment. T
gives confidence in other structural and dynamical pred
tions. For example, the hydrogen bond strength~De /n for
n.2, De for dimer! is linearly correlated with the H–F
stretching frequency, consistent with the Badg
correlation.11 Also, it is interesting to note that the ring puck
TABLE II. Geometries, energies, and induced dipole moments of (HF)n , n52 – 6 clusters.

n

Binding energyDe

~cm21!
Bond lengths

r HF ~Å!

Distance
between nearest

F atoms.RFF

~Å! AnglesuHFF

Induced dipole
momentdm

~D!

This
work Ref. 1

This
work Ref. 1

This
work Ref. 1

This
work Ref. 1 This work

2 21595 21590 0.921 0.920 2.76 2.735 14.5° 7° 0.11
0.923 0.923 64.5° 68° 0.058

3 25287 25266 0.932 0.933 2.58 2.59 31.6° 24° 0.188
4 29778 29781 0.941 0.944 2.49 2.51 19.2° 12° 0.285
5 213 270 213 459 0.946 0.948 2.47 2.48 10.5° 6° 0.32
6 216 043 216 630 0.947 0.949 2.47 2.47 5.1° 3° 0.33
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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TABLE III. The contribution of the important excited states to the wavefunction of (HF)n , n53 – 6 clusters at
the minimum energy geometry.a

3 4 5 6

n:
Excitationk

C~b!

Eb

uC~b!u2

Eb

~cm21!

C~b!

Eb

uC~b!u2

Eb

~cm21!

C~b!

Eb

uC~b!u2

Eb

~cm21!

C~b!

Eb

uC~b!u2

Eb

~cm21!

Ionic excitations 0.065 459 0.098 1042 0.112 1365 0.114 143
(2 1S)
Double ionic
excitations 0.006 7 0.007 13 0.009 16 0.009 17
(2 1S,2 1S)
Triplet excitations
of nearest 0.008 8 0.012 31 0.016 51 0.020 60
neighbors
Donor–acceptor
charge transfer 0.015 31 0.023 52 0.025 56 0.024 48
Acceptor–donor
charge transfer 0.008 7 0.008 6 0.006 4 0.006 3

aThe energies in the second column are given per single excitation. To obtain the total energy of the clu
entries must be multiplied by the number of molecules,n.
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m

ering modes~designated as F–F bend in Table IV! progres-
sively soften with cluster size, reaching a value of;1 cm21

in the hexamer. Rather than the exact magnitude of
mode, its very low value should be taken as a reliable in
cator that the out-of-plane distortion of the hexamer is v
floppy. Given the large amplitudes associated with H ato
the mean structure of the hexamer can be expected to b
boat conformation, a structure that has previously been
ported in at least one study.12 It is easy to predict that the
heptamer is no longer planar, with nonplanarity imposed
optimization of intermolecular angles. Further, given the g
b 2004 to 128.200.47.19. Redistribution subject to AIP
is
i-
y
s,
the
e-

r
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bal nature of the generated PES it is possible to cons
larger amplitude dynamics, such as fragmentation or eva
ration with some confidence. More relevant to the presen
the inspection of the various competing terms that lead to
overall energetics of the clusters.

Inspection of Table IV shows that the second-order c
tributions to the overall energy of the cluster becomes
creasingly more important as the size of the cluster increa
Thus, of the overall binding energy of the hexamer, 16 0
cm21, ;53% is due to the second-order term arising fro
single ionic excitations of monomer units (631430 cm21).
80

the butterfly
TABLE IV. Harmonic frequenciesv i of the (HF)n clusters~cm21!.a

n

2 3 4 5 6

This
work Ref. 1 Ref. 10

This
work Ref. 1 Ref. 10

This
work Ref. 1

This
work Ref. 1

This
work Ref. 1

In plane
librations

223 210, 221, 586~2!, 600 616~2!, 577 850 605~2!, 950 529, 700–
489, 550 583 1001 992 789~2!, 861~2!, 649~2!, 1000

1048 1045 873~2!,
1009

Out of
plane

librations

322 465 491 361~2!, 700 512~2!, 409 800 465~2!, 800 446
581 713 499~2!, 543~2!, 491~2!,

632 626 544~2!
598

F–F bendb 41, 18~2!, 1~3!,
96 78~2! 53~2!,

111
F–F stretch 125 155 166 163~2!, 200 203~2!, 177, 149, 127

183 226 237~3! 280 237~2!, 270 210~2!, 250
302~2! 309~2!,

335
vHF 4024, 4030, 4039, 3843, 3890 3761, 3649, 3670 3528, 3640 3505 35

4079 4100 4112 3938~2! 3880~2! 3818~2!, 3728~2!, 3694~2!,
3890 3848~2! 3822~2!,

3871

aIn parentheses we list the degeneracies of the modes.
bThese represent the in-plane and out-of-plane distortions of the skeletal structure, e.g., in the case of the tetramer the two frequencies are for
motion and rhombic distortion.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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This dominant term represents the many-body polarizatio
the HF bond by as much as 18% in the hexamer. The c
tributions from other electronic configurations are sign
cantly smaller, and more geometry specific. For example,
next most important term in the case of the hexamer is du
the singlet–triplet mixing which leads to an incremen
;2% stabilization of the cluster (6360 cm21). The geom-
etry dependence of various contributions~or equivalently,
the optimal structure that results from the interplay of t
various mixings! can be discerned by noting that in the t
mer and tetramer the intermolecular charge transfer from
nor to acceptor is the configuration that plays the more
portant role. Although the interplay between these coupli
is rather subtle, with respect to the topologies of the P
these contributions are quite significant. Quite clearly hyd
gen bonding in these clusters is dominated by nonaddi
interactions that cannot be hoped to be retrieved from c
sical potentials. Yet, with a single set of input parameters
DIIS approach retrieves the delicate balance of forces.

Finally, given the large second-order correction to to
energy of oligomers, the convergence of the perturbation
ries becomes suspect. It is possible to estimate the next-o
correction to total energy. To this end, we note that
second- and higher-order corrections are due to excited s
containing ionic configurations, while the first-order ener
is the result of cancellation between electrostatic stabiliza
~ion-neutral! and repulsion from the covalent core. The firs
order stabilization energy of the hexamer due to the io
configuration alone can be extracted directly as;50 000
cm21, and it is this contribution that should be compared
the second-order correction of;8000 cm21. Based on a
simple linear chain model for electrostatic interactions,
can estimate an overall contribution forV(3);500 cm21.
Thus the cluster size dependent discrepancy between our
ues for total binding energy and the reference data colle
in Table II can be entirely attributed to limiting the pertu
bation treatment to second-order.

V. CONCLUSIONS

We have presented the perturbative extension of
diatomics-in-ionic-systems formulation as a practical meth
for describing many-body potentials with accuracy. The f
mulation was applied to the description of HF cluste
where interactions are known to be dominated by nona
tivities. With a single set of pair parameters as input, sec
order perturbation expansion of the DIIS Hamiltonian d
scribes this well-studied prototype of hydrogen bonding w
accuracy. Beside the efficiency in the evaluation of the g
bal surfaces through strictly algebraic equations, the met
provides a convenient means for dissecting the subtle in
play between forces involved in hydrogen bonding, as
ready discussed above. Given the general principles invo
in the formulation, we would expect it to be broadly app
cable where accurate treatments of extended molecular
tems is required.
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APPENDIX A: INTERACTION OF HF WITH
POLARIZABLE PARTICLE

To illustrate the difference between the DIIS Ham
tonian ~2! and classical parametrizations of intermolecu
interactions, we consider the model example of a dipo
molecule interacting with a polarizable atom, as in the c
of HF–Ar. Consider the long-range interaction and assu
that the contribution ofHDIM is zero. Classically, the energ
is due to the Coulombic interactions between the par
charges on the polar HF molecule and the polarizable p
ticle

Vcl52
a2E

2
52

a2G

2
d2, ~A1!

whereE is the electric field due to the partial charges on
and F and we have defined the geometric factorG as

G5
rAr–H

r Ar–H
2

rAr–F

r Ar–F
3 . ~A2!

whereas, the DIIS interaction is given as

H int52
aG2

2
Q̂2. ~A3!

In the un&2u i & basis the 232 matrix H int has only one non-
zero element:

^ i uH intu i &52
aG2

2
~A4!

If the splitting between the ground- and excited states of
ug& and ue& is large we can use the perturbation result

VDIIS5^ i uH intu i &52
aG2

2
sin2 b52

aG2

2
d. ~A5!

Although the forms in~A1! and~A4! are the same, the clas
sical solution is proportional to the square of partial char
while the quantum result is linear in the partial charge on
atoms. This can lead to orders-of-magnitude difference
applications such as the one considered in the body of
text. Which is the correct result?

The proper answer to this question requires a more c
plete quantum treatment, taking into consideration t
atomic polarization results from second-order coupling to
cited states of the atom via the transition dipole. Repres
ing the excited-state manifold on Ar by the single stateu1&
and denoting the ground-state asu0& ~see illustration in Fig.
4!, the polarizability of the atom is given as
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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a5
2m10

2

E10
. ~A6!

It is a reasonable approximation to take the energyE10 to be
the ionization limit of Ar. The interaction Hamiltonian the
couples theu1& and u0& states of Ar via the electrostatic inte
action of transition dipole with charges. The second-or
perturbation expression gives the result for the interac
energy

V52
u^g,0um̂GQ̂ug,1&u2

E10
2

u^g,0um̂GQ̂ue,1&u2

E101Eeg

52m01
2 G2S sin4 b

E10
1

cos2 b sin2 b

E101Eeg
D . ~A7!

This full expression has two limitsEge@E01 and Ege

!E01. In the first limit we neglect the second term in th
sum, the first term simply gives us the classical answer
the second limit we neglect theEge in the denominator of the
second term and recover the quantum result. This solu
gives the right physical picture: if the energy splitting of H
molecule is large, Ar sees it as a fixed partial charge, i.e.,
excited state of HF does not enter the treatment. If the ene
is small compared to the polarization energy of Ar,E01, the
polarizability can be replaced by an operator and the D
treatment must be used. In reality, the energies are com
rable, withE01 greater by about a factor of 2~10.2 eV com-
pared to 15–20 eV ionization energies of atoms in the m
ecule! making the DIIS model more appropriate. While th
suggests more exact decompositions of induction and dis
sion terms, we take the more empirical aproach in this w
of accepting the utility of the DIIS model of Eq.~2!, since it
was shown to reproduce the PES for the dimer with spec
scopic accuracy.

APPENDIX B: MIXING OF 1S STATES IN HF
MONOMER

The HF monomer ground-state,ug&, used in this work is
represented as an admixture between a neutral state,un& and

FIG. 4. The schematic diagram of the energy levels in the HF–Ar syst
Downloaded 12 Feb 2004 to 128.200.47.19. Redistribution subject to AIP
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ionic state,ui& with the mixing functionb(r ) as given in the
text by Eq.~5!. The procedure for obtaining this decompos
tion is described here.

We start with the well characterized ground-state of
molecule described by the potential functionVg

5^guHHFug& as a given.2 We assume the ionic stateVi

5^ i uHHFu i & to be characterized by the sum of charge
charge and charge—induced dipole terms at long range,
by the exponentially screened Coulomb repulsion at sh
range:

Vi52
14.396

r
2

5.45

r 4 1
280.0

r
e23.6r ~eV,A!, ~B1!

in which the parameters for the repulsive wall are adjus
empirically to reproduce the dimer PES with the assum
form of the mixing function.

The mixing function,b(r ), was formerly estimated from
anab initio analysis to be a Gaussian.2 We assume the sam
functional form but with a shift of the Gaussian center:

sin2 b~r !50.512e21.48~r 21.2!2
. ~B2!

The shift is necessary to simultaneously ensure the pro
dipole at the equilibrium geometry of the monomer and
proper binding energy of the dimer. The increase of mixi
parameter with molecular bond length at the equilibrium g
ometry is mainly responsible for the dependence of the b
length on the number of molecules in the H-bonded netwo
The function was accordingly adjusted to reproduce the
bond lengths in then52 – 4 clusters. This is the extent o
empiricism used in the present treatment. All other poten
parameters are the same as those previously reported in
treatment of the dimer PES.2
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