JOURNAL OF CHEMICAL PHYSICS VOLUME 110, NUMBER 20 22 MAY 1999

Practical formulation of accurate many-body potentials through the
perturbative extension of diatomics-in-ionic-systems: Applied to HF clusters
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A perturbative extension of the diatomics-in-ionic-syste(@lS) 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. PH\38 4413(1998] to arbitrary numbers of

HF molecules. The calculated geometries, energetics, and harmonic frequencies pf (HF)
=2-6 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 networks19@9 American Institute of
Physics[S0021-960809)30119-7

I. INTRODUCTION bitrary size is impractical, because the basis sets required for

The proper representation of many-body potential en_the evaluation of the Hamiltonian matrices expand exponen-

ergy surfacegPES is perhaps the most fundamental chal-t'f]‘IIy V\ath thte number of rtrr:pleg#es.ltln thtebpresent Wr:).lrk we
lenge to molecular descriptions of chemical physics in con>NOW how 1o overcome this difticutly witeconomywhile -
aining attributes inherent to the DIIS approach, namely its

densed media. The desired attributes of such a representatiB :
bal natureand theaccuracyalready demonstrated in the

are that it be simultaneously: glo - .
y case of (HF). Further, by explicitly considering clusters up

(@ Accurate the standard for which is set by spectroscopicto hexamer, we provide a rigorous test for the proper ac-

measurements. counting of nonadditivities of intermolecular interactions i.e.,
(b) Universal that a single set of parameters allow descrip-the universalityof the formulated PES. The approach of us-

tions ranging from the pair to the bulk. ing DIIS for the description of intermolecular interactions
(c) Global, that the derived PES be valid for all accessiblefundamentally differs from the more traditional treatments of

configurations of the system. force fields, or classical potentials expressed in terms of

(d) Economical that the formulation allow efficient evalu- atom—atom functions and electrostatic interactions between
ation of the PES for extended systems, to be useful idistributed charges and polarizable centers. We highlight
numerical simulations of structure and dynamics inthese fundamental differences as we outline the method and
condensed media on representative time and sizgesults.
scales.

In this paper we develop the perturbative extension of; THEORY
the diatomics-in-moleculeéDIM) formulation as a general ]
method that fulfills the above criteria. For the purposes of & OVerview
nontrivial illustration, and as a rigorous test of the method,  The formulation of the diatomics in molecul¢BIM)
we consider the prototypical hydrogen bonded network oimethod has been well documentéd.Succinctly, the treat-
HF clusters. The challenges provided by this system, and th@ent is based on the partition of the electronic Hamiltonian

extant understanding which is based on extensive experimewf a system into single-atom and diatomic contributions:
tal and theoretical work has been recently summarized by

Quack and Suhm.Earlier, we had demonstrated that the Hom= > Hap—(N—2)>, H,. (1)
diatomics-in-ionic-systemgDIIS) extension of DIM pro- a<b a

vided an accurate description of the PES of the HF difner. e polyatomic basis functions are chosen to be antisymme-
The direct implementation of that method to systems of ary;jzeq products of defined atomic states, leading to poly-
atomic basis functions that are direct products of atomic
dAuthor to whom correspondence should be addressed. bases. The single atom Hamiltoniddg are diagonal matri-
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ces of atomic energies and the diatomic contributibhg B. Basis set
are constructed based on a chosen model of the diatomic
a—b. Potential energy functions of the—b fragments, or
their linear combinations, serve as inputHgy, .

Although the formulation is exact, its application as such
is impractical since the exact expansion of molecular eigen
states into the product of atomic states requires very larg

In the previous work the DIIS Hamiltonian was con-
structed for the HF dimer, and was shown to give a spectro-
scopically accurate PESWe use that as the starting point
for the present development. The polyatomic basis functions
éPBF) are generated from the following atomic states: Seven

IStates for F atoms, which include sPP(F) spin-orbital

atomic bases, and complete input for all states of all diatom'%tates of the neutral atom and of®(F") state of the ion:
fragments is never known. The semiempirical implementa-three states for H atom, including twéS(H) and one'
tions of DIM seek useful truncations of the required atomiclS(H+) This would lead t’o a total of (87)" states in the

bases, and therefore an appropriate partitioning of the dibasis set of (HF), e.g., 441 states for the dimer. The re-
atomic Hamiltonian in this basis. In effect, it is assumed tha uirement of ove’rall c’harge neutrality, and restriction of
in the chosen limited atomic basis the Hamiltonian matrlxStates to an overall spin multiplicity of singlet, leads to sig-

remains additive. This assumption cannot hold in SyStem.ﬁificant reduction in dimensionality, especially for small

containing strong polar bonds, where interactions are doml"I'he actual number of states deemed necessary to calculate

nated by nonadditive electrostatic forces. The proper treaty . qimer surface was 31. The procedure of truncating the
ment of such systems within a strict DIM formalism would

ire the inclusi fal ber of Rvdb di basis set to the “important configurations” is by nature em-
require the inclusion of a fargé number of Rydberg and 10N, 05| Eyen with the reduced basis of the dimer, the direct

Iti]ed atom||c St?rtfs n g;e betl)sst.hThe d(?.ltl.s ex]:tensmn .Of .th mplementation of the method to larger systems is not prac-
eory solves this problem Dy he addilion of NONPaIMIS€y;.»| hecause of the “exponential runaway” in dimensional-
terms to the Hamiltoniai(l) in the form of electrostatic in-

t " bet h d polarizabl ol ity. We therefore resort to the perturbation theoretical ap-
eractions between charges and polarizable particless proach, which is described in detail in subsec. D. In essence,
useful to code this term in operator notation:

we treat the intermolecular interactions as a perturbation to

. 5 the intramolecular Hamiltonian, which we describe in the

Qbrba) ) next section. Note that with the usual assumption of zero

b rbga ’ overlap? the constructed PBFs are taken to be orthogonal.
Both charge and polarizability operators (@ are diagonal

where &, is the polarizability andj, is the charge operator in this basis. The diagonal element of charge for each state is

of the atoma. The operator notation of charge and polariz- simply its value. Further, we partition the Hamiltonian such

ability in (2) highlights the fact that these assume differentthat the atomic polarizabilities required in EQ) are taken

values for different atomic states and cannot in general b& be their respective atomic values for the neutral states and

substituted by their average magnitudes. For example, theero for the excited ionic states. This allows the writing of

charge operator has eigenvaluede™ for ionic states of an the polarizability operator as

atom and O for neutral state§, can therefore be thought of

as a projection operator which yields the ionicity in mixed ap=ap(1-q,). (©)

polyatomic states. Beside induction, the DIIS term in &).

also includes dispersion through the polarizability operatoic. Model of HF monomer

and has significant differences from classical descriptions of - . .

electrostatic interactions between partial charges and polar- Within the chosen atomic basis set only thio s.tates of

izable molecules. This distinction is clarified in Appendix A, the HF molecule can be consirucied. These are:

_by cons_|dernjg the |IIu_strat|ve ex_ample of an HF mc_)lecule |n>:F(2Pz,1/2)H(2871/2)_F(2P2,71/2)H(231/2)

interacting with a polarizable particlsuch as Ay. Classical

treatments cannot reproduce the nonadditivity in electrostatic and [i)=F (*S)H*(*9), (4)

interactions contained in the description of EB). i ) .
Both DIM and DIIS have found widespread utility in where z is the molecular axis, and the number subscripts

describing the interactions of one or two open-shell atomdhdicate the projection of atomic spin on an arbitrary axis.

1 .
interacting with many closed-shell atoms, as in the case of '€ > ground state of the molecule is therefore a superpo-
tion of these pure neutrdh) and ionicli) states. The cou-

radicals and excited states of molecules in rare gas hosts. A - o
overview of this development has been given in a recen?IIng between these two states is given by the mixing param-

review article’ This limited use of the method to describing ©t€r A(Twe) which depends on bond length. The v '
intermolecular interactions can be traced to the fact that th§'9enstates of the intramolecular Hamiltonian are therefore:

inclusion of many rare-gas atoms does not expand the basis _ winpli

set beyond what is required for the description of the open |g)=cosgln)=sin4li). 53
shell fragments. The perturbative extension of the method |g)=sing|n)+ cospli). (5b)
developed here is designed to overcome this limitation, to

enable the description of extended molecular systems of aifhe functional forms of the mixing parametg(r) and the
bitrary electronic structure. It is therefore useful to consideriatomic potentials of ground- and excitéd states are
the basis sets required for direct implementations, prior tshown in Fig. 1. It should be evident from the figure that the
proceeding with the perturbation treatment. bonding in HF is dominated by the mixing of ionic character

1
H:HDIM_E Eaa
a
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FIG. 1. The energies di¥ states in HF monomer in couplésolid curves
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Hinter:E ) 2 ( HAiB')
i=1j=i+1 \ AB=HF ]

3 (11

(rAiBj “fac,)
AiCy

3
Mg’

where the squares in the DIIS term @ have been explic-
itly multiplied out. The solution of the unperturbed Hamil-
tonian is direct: given the ground state of a single molecule

and uncoupleddashed curvgsrepresentations. The dotted line represents |g>, the system ground state is the product of the molecular

the mixing functiong(r). (A) The schematic diagram of the energy levels

in the HF—Ar system.

ground states

n

=11 lg)).

=1

(12

in the neutral state, and this mixing assumes a value of 38%
near the equilibrium bond length of the molecule. The modek. First-order correction
of the monomer is somewhat different from that used in the

previous work. The description and the basis for the empiri-
cally adjusted parameters of these functions are given in A
pendix B. Within the zero overlap description in monomers,

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

V(l):<F|HinteAF>’ (13

p_

i.e.,(iln)=0, the charges on each atom can be described by

the projection operator

Q=1iil. (6)

The partial charges-é on H and—6 on F in the ground
electronic state are then given by

5=(g|Q|g)=sir? 8, (7)

and the transition dipole moment between the two states ¢

be evaluated using the relationship

Mge:<g|QrHF|e>:3in,3 COSB T hE. 8

which is evaluated by substitution @f1) and(12) into (13)
and by taking the expectation value of each term in the sum.
The first summation over dimerg includes terms

(PlHag|T)=(9i.9j|Hag [9i.9)),

whereA andB denote atomseither H or B. This is a dimer
problem which is evaluated by decomposing the molecular
state into the defined atomic states using a), and apply-

(14

%ﬂg the standard DIM procedure of rotating the fragment

amiltonians from the fragment fixed franfieoth in coordi-
nate and spin spageto the frame fixed on moleculésand
j. For the matrix elements that involve neutral states the spin
state of the fragmerA;B; is defined by the singlet states of

The excited states of the monomer that can be obtaine@holecules andj which are defined superpositions of singlet

from this atomic basis are:, (|e) statg, 11, *3, 311, and
the ionic states’S(HF™), 23 (FH™), and 2II(FH'). All

and triplet states, namely, the singlet and triplet diatomic
potentials enter the fragment Hamiltonian with 1/4 and 3/4

states except the 2, have distinct symmetries, and there- coefficients, respectively. It should be noted that this term of

fore uniquely correlate with the defined atomic states.

D. Perturbative DIIS

The Hamiltonian2) can be divided into intra- and inter-
molecular contributions:

H=Hinrat Hinter-

9

The intramolecular part, unperturbed Hamiltonian, is the sum

of monomer Hamiltonians

n
Hintra= Z:l H H;F;- (10)

the many-body Hamiltonian is pairwise additive, i.e., the
overall energy is the sum of dimer interaction energies. Ex-
plicit expressions, along with the forms of the rotation and
spin-coupling matrices have already been gi%en.

The first-order expression in the electrostatic part of the
Hamiltonian(11) includes three-body terms. The summation
is over three molecules j#i, k#i. Whenj =k the contri-
bution is from two-body interactions. These terms\k
have the form

(rag;"Tac,) ap,
m 9i»9j,9k TqquCk 9i+9j,9k/ -

(15

To evaluate this expression, we note that since no intermo-
lecular charge transfer is included, the charge and polariz-

The intermolecular part is treated as a perturbation, whiclability operators can be replaced by the state projection op-

can be written as:

erator(6):

Downloaded 12 Feb 2004 to 128.200.47.19. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 110, No. 20, 22 May 1999 M. Ovchinnikov and V. A. Apkarian 9845

Gu=—0:=0; and an=ax(1-0), (1)  energy is a poorer approximation. For example, in (§F)

' ' ' the first-order term recovers only 45% of the binding energy
wherel is the unit operator. After this substitution, expres-at the minimum geometry. In principle, the number of all
sion (15) is evaluated using the relationshif-8). The im-  excited state configurations is the dimensionality of the basis.
portant difference from the classical electrostatic interactiorHowever, the number of important excitations is signifi-
comes from the fact thab is a projection operator ar@z cantly smaller. We may classify the excitations of the system
=0 (see Appendix A by the number of molecules involved, by writing the second-

order contribution to the energy as an expansion

F. Second-order correction 2 n <F|Hinter|A'§><A'§|Hinter|F>
Even though the first-order correction is not pairwise- ‘21 25 E;

additive, it is still a sum of two- and three-body contribu-

tions. The true nonadditivity comes from mixing with the A (P[Hinted A A Hinged I')

excited states of the system, i.e., through the second-order +i§1 j:izﬂ 2 E,

correction in the perturbation expansion which results in a

new wavefunction of the system e (18

(AX|Hpied T) The first term involves the summation over excited statgs
W) =|T)+ >, —E |AY), (17 by which we denote the excitation of a single moledutie a
X X

monomer excited staté. The second term represents pair
where the indexy enumerates all excited states of the systemexcitationsAjj of the ij pair into the excited state, with
AX. As is shown in the results section, the first-order termrestrictions of charge neutrality and spin conservation.
recovers 84% of the binding energy in the dimer, however, For the monomer term the allowed excitations dre
the shape of the potential surface is significantly modified by=2'3.(|e)), I, ,1Hy. The coupling elements are obtained
the second-order correction. In larger clusters the first-ordey explicit substitution of Hamiltoniafl1) as follows:

n
<F|Hinter|Ai212>:. E . ( E <g| lgj|HAB |e| ng>)
j=1j#i \ AB=

" i ap, (rAB rAiCk)
-2 2 |2 (61.9).0¢ 5 dedc, € .9; O
j=Tj#i k=Lk#i | AB[C=HF ra BrAiCk
ap, (r AB;’ Ac)

. ol . ( 2 <glrg]!gk ellgjlgk>) (19)
j=1j#i k=1k#j \ AB,C=HF

n

<F|Himer|A?“>=,Z ( > <giigj|HFiBj|(1H)ivgj>>- (20)
j=1j#i \ B=H,F

Note that the order of summations is reduced by 1 from expregéibnsince elements of the sum that do not include the
excited molecule result in zero due to the orthogonality of PBFs.

The pair excitations, beside simultaneous excitation of two monomers, include intermolecular charge-transfer configura-
tions and molecular triplet states coupled into an overall singlet. Thus, the summatid8)irs over: (i) simultaneous
excitations of monomersc=(213,,213),(213, 1), (*, *1); (i) triplet statesx= (%3, 33), (3%, M), (311, 311); (iii) in-
termolecular charge-transfer states: (23 (HF "), 23 (FH™)), (22 (HF"), 2II(FH™)). Coupling to these excitations, including
all the spatial components, are obtained by explicit algebraic evaluations similar to those (@9 gsd (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 importantis(213,213):

1y 5l
<1-‘|H|nter|A(2 *2 2)>: 2 <gi .g,—IHAileei .ej)
A,B=H,F

QBQC—
2 s rABrACk

n ap, (rAB AiCk)
- E , E di,9j .9« 2 — U, QCk €i,€;,0k
k=Tk#i | ABC=HF A BrAiCk
" ap (rAB rac,
- > ( > <gi,9;,gk fqai%k—rs'— e.,e,,gk>) (21)
k=1k#i,j | ABC=HF Blac,
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The triplet excited states are coupled through the neutrdbr the sizes of the clusters considered in this paper. It is not

component of the ground-states as clear at present at which system size tiiescaling takes
- effect. At present, we have not included analytical deriva-
<F|Himer|f\i<j2' 2>>: > (g 1gj|HA-Bj|32i , 32,‘) tives of the PES in the package.
AB=HF '
:Cosﬁ(”)cosﬁ(ri)k;ﬂp {ni.ny IV. RESULTS AND DISCUSSION
X|HAiBj|32i , 32]_)_ (22 A. Dimer

The latter matrix element is evaluated using spin rotation of The PES obtained by the perturbative DIIS to second-

L ! -~ “order agrees with the full DIIS treatment to within 1 ¢
the fragment Hamiltonian. The most important contribution :
of the counling amond triblets comes fromPHinteractions throughout. Based on the second-order correction to energy,
ping gmp b ' C?/E~100cm! for the largest contributions which corre-

which leads to the admixture of singlet-state pair potentials L ; .
into the interaction between H-bonded H and F, and there§pond to the ionic-neutral interactions and therefére

. ' ~10eV (see Table), it is then possible to estimate the next
fore the strengthening of the H-bond.

) . .order correction in perturbation as
The intermolecular charge-transfer states contribute via P

terms

2 — 2 +
(T|Hinged Afy = HF 17> HED)

C3
V@~ 2~1 cm L. (24)

Although the dimer surface has been discussed in detalil

- > (g vgj|HAiBj|22(HF7)i 23 (HFY))) elsewheré;_2 it is useful to dissect it into first- and second-
AB=HF order contributions, to make conclusions about the additivity
of the various terms in the potential. As in other works on the
dimer we analyze the surface by fixing the F—F distance and

=cosp(r;)sinB(ry)

><(PZ(Fi),S(Fj’)|HFi 'FJ_|S(F( P2 (F)) consider potential energy contours as a function of the in-
_ plane rotation angles;,#,. The first-order energy’®), its
—sinB(r;)cosp(r;) various terms, and comparison with the full PES is shown in

+ + Fig. 2. The first-order surface is very similar to that of the
X(S(H),S(H)[Hy, 'Hj|S(H' ,S(H)) fuﬁ treatment as far as the stable geoymetries of the dimer are
(01,0 Mg | 2E (HF )y, 22 (HFY)y), (23 involved. Thus, the general structure of the H-bond can be
discussed within the first-order correction, i.e., by consider-
in which there are two distinct mechanisms of couplifiy:  ing the fixed electronic structure on each molecule. The pe-
the first two terms couple ionic-neutral configurationsculiar geometry of the dimer is the result of cancellation
through the exchange interaction iy andF, fragments; between anisotropic core and neutral-ionic interactions. For
(i) the last term is the mixing by the intermoleculafRd  the sake of analysis, the first-order term may be decomposed
Hamiltonian which is contained in the coupling of neutral into contributions from neutrals, ion-neutral, and ion—ion in-
and ionic'Y states, as described in subsection C. teractions:

IIl. NUMERICAL IMPLEMENTATION (9.9 Hinee9,9) = cos’ B(n,n[Hineed N, 1)

Based on the above formalism we have developed a +cos BsinB(n,n|Hinedn, i)+
C+ + package for the calculation of the ground state PES +sin® (i i||:|- lii) (25)
with an arbitrary number of HF molecules. The main routine T inter
uses the number of moleculasand coordinates as input, and of these, the ion-neutral term
outputs the first-order correction to the enetdyf) and the ) A ) A )
arrays of couplings between the ground-state and all single- VH*F= cos Bsir? B((N,i[Hue,[n,i)+(i,n[Hug]i,n)),
and double-molecular excitatio® andCjj , respectively. (26)

This allows us to obtain the energy of the system at thgyhich simply describes the donor*Hnteracting with the F
second-order approximation in perturbation theory and alatom on the acceptor HF, imposes the L-shaped geometry as
lows an analysis of the wavefunction. The structure of theshown in Fig. 2A), where a deep—1430 cm'}) minimum
program resembles that of E@L1). It consists of two parts. ccurs at9,=0°, 9,=90°. This is simply due to the fact
The first performs a double cycle over all molecules, treatghat thell potential of FH  is significantly more attractive

the first part of the Hamiltonian, and scalesreis The sec-  than thes, reflecting the reduced electron density on the F
ond part, which treats the electrostatic contributions, scalegiom along theS interaction and the preference oftHo
asn®. The calculation of the coupling elements increases th@oint at the maximal electron densitjsee illustrated

length of calculations by only a few times as compared to th&jgepanel in Fig. @)]. The ionic interactions, given by the
calculation of the first-order correction and does not changggsrm

the scaling of the program. The DIM matrix computations )
(part of the program that scalesr are the most expensive Vignic=Sin* B(i,i|Hineli i), (27
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TABLE I. The contribution of excited states to the wavefunction of the dimer at various geometries as given by

Eq. (17).
6,=—-14.5°, 6,=64.5° 6,=0°, 6,=0° 0,=—162°, 6,=118°
Geometry: minimum saddle saddle

Excitation cw a |c™2 cw |cW) cw |c™2
A= Ey E, E, E, Ey E,
(Donor, Acceptor em Y (em (em Y
lonic states:
(2tz,113) 0.038 161 0.024 64 0.021 46
(12,213) 0.020 48 0.032 112 0.021 46
(213,213) —0.006 9 —-0.013 39 -0.003 3
11 states:
(113,411 0 0 0 0 0 0
(MI,,113) 0 0 0 0 0 0
(M1, ML) 0 0 0 0 0 0
(1, ,M1,) 0 0 0 0 0 0
Triplet states:
(33,%3) 0 0 0.013 47 0.003 3
(G310, 0.007 11 0 0 0 0
CII, 22y 0 0 0 0 0 0
(311, ,%11,) 0 0 0 0 0 0
i, 211y) 0 0 0 0 0 0
charge transfer
states:
(2 (F7H),22(FHY) 0.006 5 0.013 26 0.006 6
(C2(FH),2TI(FHY)) 0.003 1 0 0 0.004 3
(P2 (FH™),22(FH)) 0.011 18 0.003 2 0.006 6
CII(FHY), 23 (FH)) 0.004 2 0 0 0.004 3
v® v@ (em™Y 1338, 252 876, 281 1117, 107
Induced dipole moments
of the moleculegD)
Sup . Oma 0.11, 0.058 0.070, 0.093 0.061, 0.061

CM =(A|HedT) are the coupling elements of the excited stalteis the ground state. Only the states'af
symmetriegwith respect to the—x plane of the dimerare included in the table. An entry 0 in the table means
that the coefficients are less than £0and energy contributions are less than 0.5 tm

which include the combination of Coulomb, induction, and lonic excitations, which describe the bond polarization
dispersion forces calculated through DIIS lead to a deeperepresent the most significant nonadditive forces. lonic exci-
minimum (—2360 cm') at the linear geometry;=6, tation of the donor is the most important contribution at the
=0° as shown in Fig. B). The competition of these forces minimum geometry of the complex, contributingl0% of
leads to the geometry of (HF) The complete first-order the binding(161 cmil) in this geometry and leads to the
surfaceV(®), that includes all the terms of expressi@) is  induced dipole moment of the donor moleculdup
shown in Fig. 2C). The minima of the surface nearly coin- =0.11D in addition to the intrinsic dipole of the HF mono-
cide with the minima of the full treatment, up to second-mer o= 1.7965 D? lonic excitation of the acceptor has a
order, shown in Fig. (D). comparable effect on the linear geometry of the dirfigr2
The most significant difference that results in thecm ™) and leads toSu,=0.093 D induced dipole moment.
second-order correction occurs at the saddle poif®@0°  While the coupling to the simultaneous ionic excitation of
geometry of the dimer. This is where mixing with the exciteddonor and acceptor is an order-of-magnitude smaller than the
states of the molecules plays the most significant role. Irsingle excitations, it has a significant variation with geometry
Table | we give a complete analysis of the wavefunction inand its inclusion is important for obtaining the proper sur-
terms of mixing coefficients with all excited states of the face. Note, as would be expected, this contribution preferen-
molecules as given by E@17) and list the contributions of tially stabilizes the linear geometry, where it lowers the en-
each excitation to the energy. We consider three geometrieargy by 39 cm?.
of the dimer: (—15°,649—the minimum of the surface; There is negligible mixing between the ground-state and
(0°,09—linear saddle point; an@—62°,1189—saddle point singlet-excited-neutral states.
along the H-bond switching coordinate. We also include the  Among the triplet excitations, which necessarily involve
total first-order,V(*), and second-order(® contributions to  double excitations, the largest is the contribution ¥ £3)
the potential and the induced dipole moments of the molstate of the dimer described by the matrix element of Eq.
ecules in these geometries in the table. (20). This term describes the covalent contribution to the
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FIG. 2. Various contributions to the (HFPES.(A) Contribution of the HF interactions responsible for L-shaped geometry of the dit@rContribution
of the ionic interactions(C) The first order PES of the dimefl’|H|"). (D) Full PES calculated in the second-order of the perturbation thégrgnd 6,
are the angles of in-plane rotation of H atoms around F atoms. The F—F distance is 2.75 A. The contours are separated bapid@@mmot shown above
zero.

hydrogen bond. It becomes important at small HF distancesharge on the donor and acceptor molecules remain un-
and is largest for the linear geometry. The mechanism of thishanged. The mechanism that leads to the actual transfer of
coupling can be well understood. The'X is the deep at- the charge is the Hamiltonian of HF that is not diagonal in
tractive ground-state potential of HF molecule. However, inthe neutral-ionic basis. The values of the charge transferred
first-order perturbation, the intermolecular HF interaction isfrom one molecule to the other are small, but geometry de-
described by the linear combination of singlet and tripletpendent. At the equilibrium geometry, the net electron trans-

states fer is from donor to acceptor, with a charge asymmetry of
1 3 ~4x107°, while in the linear geometry the net electron
VE:ZV1E+ Z\/az, (28)  transfer is from acceptor to donor, with a net charge asym-

metry of ~1x 10 *. While the contributions to the energet-

where the ratio is fixed because of the fixed-spin groundics of the system is relatively smal;25 cml, they are
states of the molecules. Mixing with triplets relaxes this con-required to reproduce these sections of the PES to within
straint and allows to increase the contribution of singlet chartheir known accuracy. The net dipole of the dimer in our
acter, thus allowing for greater attraction between H and F.model yields a value of 2.78 D, this is to be compared with

Intermolecular charge transfer states have two mechahe experimental value of 2.988 Tyhile the most recerab
nisms of coupling according to E¢23). The exchange in- initio calculations yield 3.333 B°
teraction in the HH and FF fragments is a mechanism The subtle interplay of polarization and exchange inter-
similar to that of the mixing among triplets. This contribu- actions, which are analyzed here as the admixture of various
tion, in effect, increases the covalency of the bond since thexcited state configurations in the ground-state wavefunc-
charge transfer is symmetric, i.e., the expectation values dfon, determine the dimer PES which seems well reproduced.
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ized systems, and the trends in structure and energetics as a

n=2 n=3-6 function of cluster size are quite reliable. Finally, in Table IV
we list the contributions of the various excitations to the
9, ground-state wavefunction and energy at the equilibrium ge-
>/H H - ometry of each cluster.
F F The comparison in Table Il shows that the calculated

binding energies, H—F bond length, and F-F distances are
reproduced to within the known accuracy of these parameters
H o, Hg H for all clusters. The comparison is somewhat poorer in the
case of the bond angles, being consistently larger in our
treatment than the reference values. The exact origin of this

F systematic discrepancy is not clear. It can be attributed to

F F H either the quality of the input parameters, namely the chosen
functional form of potentials and mixing parameter in the

FIG. 3. The geometries of (HF)clusters. monomer, or the chosen model for the polarizability operator

in the DIIS treatment. The input parameters can in principle
be refined to yield a better agreement, however, we have
refrained from making arbitrary adjustments, even though
The minimum energy structures of the clusters are foundhe accuracy of the potentials used at the internuclear H—F
by Monte Carlo simulated annealing. Various initial geom-distanceg1.6—1.8 A is questionable.
etries are used to ensure that the determined minima are glo- With regard to the vibrational frequencies of the clusters,
bal. In all cases the stable structures are cyclic, as in the casiee available data are rather sparse. We report all predicted
of the tetramer illustrated in Fig. 3. The calculated bindingfrequencies, and this should help in the experimental identi-
energies and geometric parameters of the clusters are cdleation of modes that have not yet been studied. Where com-
lected in Table Il, along with the recommended values byparisons are possible, it appears that the predicted frequen-
Quack and Suhrh.In addition, we list the induced dipole cies are in line with the known values, except for the out-of-
moment of the molecules in the clusters which are based oplane librations which are systematicaiy25% lower than
our analysis of the wavefunctions. The harmonic vibrationathe reference values. This discrepancy is directly related to
frequencies of the clusters, which are obtained by diagonathat of the bond angles. The effective masses of normal
ization of the numerically computed mass-weighted Hessiarmodes associated with these librations include moments of
are collected in Table lll. These are compared with the harinertia for rotation of H atoms around the F—F axes. If these
monic frequencies obtained from surfaces which yield goodnasses are proportional to the squares of bond angles, a lin-
agreement with experiments when corrected for anharmcear decrease in the out-of-plane librational frequency with
nicities, where such comparisons have been possibiéhe  the opening of thad—F—Fangle would be expected.
case of dimer and trimer we also include the results from  Based on all other comparisons, e.g., the extension of the
most recentb initio calculations® It should be pointed out HF bond length and the associated contraction of the inter-
that, while the reference dimer PES to which we comparanolecular F—F bond length with cluster size, it is clear that
our results has been rigorously tested and adjusted to reprthe nonadditive interactions of the hydrogen bonding net-
duce experiments, the parameters of the larger clusters aveork is rather accurately reproduced in this treatment. This
less well established. The spectroscopic data on the clustegives confidence in other structural and dynamical predic-
is sparse and not well resolved; quantum calculations ofions. For example, the hydrogen bond stren@/n for
structure are less reliable, and exact quantum treatments af>2, D, for dimen is linearly correlated with the H-F
dynamics are not possible yet. Despite these precautionastretching frequency, consistent with the Badger
comments, the HF clusters remain among the best charactegerrelation!! Also, it is interesting to note that the ring puck-

B. (HF),, n=3-6

TABLE Il. Geometries, energies, and induced dipole moments of (HR)=2-6 clusters.

Distance
between nearest Induced dipole
Binding energyD, Bond lengths F atoms.Rge momentdu
(cm™) Mue (R) A) Angles Oyer (D)
This This This This
n work Ref. 1 work Ref. 1 work Ref. 1 work Ref. 1 This work
2 —-1595 —-1590 0.921 0.920 2.76 2.735 14.5° 7° 0.11
0.923 0.923 64.5° 68° 0.058
3 —5287 —5266  0.932 0.933 2.58 2.59 31.6° 24° 0.188
4 —-9778 —-9781  0.941 0.944 2.49 2.51 19.2° 12° 0.285
5 —13270 —13459 0.946 0.948 2.47 2.48 10.5° 6° 0.32
6 —-16043 —-16630 0.947 0.949 2.47 2.47 5.1° 3° 0.33
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TABLE lll. The contribution of the important excited states to the wavefunction of (HRF3—-6 clusters at
the minimum energy geometfy.

3 4 5 6
|C(/3)|2 |C(B)\2 \C(B>|2 \C(B)|2
n: e e P P

Excitation « Eg (cm™ Eg (cm™b Eg (cm™b Es (cm™b
lonic excitations 0.065 459 0.098 1042 0.112 1365 0.114 1430
(2'3)
Double ionic
excitations 0.006 7 0.007 13 0.009 16 0.009 17
(2'3,213)
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

#The energies in the second column are given per single excitation. To obtain the total energy of the cluster the
entries must be multiplied by the number of molecutes,

ering modegdesignated as F—F bend in Table) Ipfogres-  bal nature of the generated PES it is possible to consider
sively soften with cluster size, reaching a value~af cm ! larger amplitude dynamics, such as fragmentation or evapo-
in the hexamer. Rather than the exact magnitude of thisation with some confidence. More relevant to the present is
mode, its very low value should be taken as a reliable indithe inspection of the various competing terms that lead to the
cator that the out-of-plane distortion of the hexamer is veryoverall energetics of the clusters.

floppy. Given the large amplitudes associated with H atoms, Inspection of Table IV shows that the second-order con-

the mean structure of the hexamer can be expected to be thdbutions to the overall energy of the cluster becomes in-

boat conformation, a structure that has previously been recreasingly more important as the size of the cluster increases.
ported in at least one stud§.lt is easy to predict that the Thus, of the overall binding energy of the hexamer, 16 043

heptamer is no longer planar, with nonplanarity imposed forcm

-1

, ~53% is due to the second-order term arising from

optimization of intermolecular angles. Further, given the glo-single ionic excitations of monomer units ¥6.430 cm %).

TABLE IV. Harmonic frequencieso; of the (HF), clusters(cm™1).2

2 3 4 5 6
This This This This This
n work Ref. 1 Ref. 10 work Ref. 1 Ref. 10 work Ref. 1 work Ref. 1 work Ref. 1
In plane 223 210, 221, 58@), 600 6162), 577 850 6082), 950 529, 700—
librations 489, 550 583 1001 992 789, 861(2), 6492), 1000
1048 1045 87@),
1009
Out of 322 465 491 36), 700 5122), 409 800 4682), 800 446
plane 581 713 49€0), 5432), 491(2),
librations 632 626 5442)
598
F—F bend 41, 182), 1(3),
96 782) 53(2),
111
F—F stretch 125 155 166 163, 200 2032), 177, 149, 127
183 226 231 280 2372), 270 21@2), 250
30212 3092),
335
WHE 4024, 4030, 4039, 3843, 3890 3761, 3649, 3670 3528, 3640 3505 3580
4079 4100 4112 3938) 38802) 38192), 37282), 36942),
3890 38482) 38222),
3871

4n 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 the butterfly
motion and rhombic distortion.
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various mixing$ can be discerned by noting that in the tri- '

mer and tetramer the intermolecular charge transfer from do-

nor to acceptor is the configuration that plays the more im-

portant role. Although the interplay between these coupling®PPENDIX A: INTERACTION OF HF WITH

is rather subtle, with respect to the topologies of the PESPOLARIZABLE PARTICLE

these contributions are quite significant. Quite clearly hydro- To illustrate the difference between the DIIS Hamil-

gen bOT‘d'”g in these clusters is dommated. by non<”‘ddlt'v%‘onian (2) and classical parametrizations of intermolecular
interactions that cannot be hoped to be retrieved from clas-

sical potentials. Yet, with a single set of input parameters thmteractions, we consider the model example of a dipolar
P o 9" putp Fnolecule interacting with a polarizable atom, as in the case
DIIS approach retrieves the delicate balance of forces.

. . : of HF—Ar. Consider the long-range interaction and assume
Finally, given the large second-order correction to total

; ; that the contribution oHp,y is zero. Classically, the energy
energy of oligomers, the convergence of the perturbation S85 due to the Coulombic interactions between the partial

ries becomes suspect. It is possible to estimate the neXt'Ordgﬁarges on the polar HF molecule and the polarizable par-
correction to total energy. To this end, we note that theti

second- and higher-order corrections are due to excited states

containing ionic configurations, while the first-order energy Ve — a’E _ a’G 52 (A1)

is the result of cancellation between electrostatic stabilization el N '

(|on-neutra_]_an<_j repulsion from the covalent core. The f'.rStf wherekE is the electric field due to the partial charges on H
order stabilization energy of the hexamer due to the ionic

configuration alone can be extracted directly 50 000 and F and we have defined the geometric faGas
1

cm -, and it is this contribution that should be compared to Farn TA—E
the second-order correction #8000 cm’. Based on a T Tan 30 (A2)
simple linear chain model for electrostatic interactions, we ) L
can estimate an overall contribution fo(3)~500cmt, ~ Whereas, the DIIS interaction is given as
Thus the cluster size dependent discrepancy between our val- aG? .
ues for total binding energy and the reference data collected Hint=— TQZ- (A3)
in Table Il can be entirely attributed to limiting the pertur-
bation treatment to second-order. In the [n)—|i) basis the X2 matrixH;, has only one non-
zero element:
aG?
(iHin1)=——~ (A4)
V. CONCLUSIONS If the splitting between the ground- and excited states of HF
|o) and|e) is large we can use the perturbation result
We have presented the perturbative extension of the e e
diatomics-in-ionic-systems formulation as a practical method v g=(i|H.Ji)=— T_c,inZ B=— — 5. (A5)

for describing many-body potentials with accuracy. The for-

mulation was applied to the description of HF clusters,Although the forms iNAl) and(A4) are the same, the clas-
where interactions are known to be dominated by nonaddisical solution is proportional to the square of partial charge,
tivities. With a single set of pair parameters as input, secongvhile the quantum result is linear in the partial charge on the
order perturbation expansion of the DIIS Hamiltonian de-atoms. This can lead to orders-of-magnitude difference in
scribes this well-studied prototype of hydrogen bonding withapplications such as the one considered in the body of the
accuracy. Beside the efficiency in the evaluation of the glotext. Which is the correct result?

bal surfaces through strictly algebraic equations, the method The proper answer to this question requires a more com-
provides a convenient means for dissecting the subtle inteplete quantum treatment, taking into consideration that
play between forces involved in hydrogen bonding, as alatomic polarization results from second-order coupling to ex-
ready discussed above. Given the general principles involvecdited states of the atom via the transition dipole. Represent-
in the formulation, we would expect it to be broadly appli- ing the excited-state manifold on Ar by the single stdbe
cable where accurate treatments of extended molecular syand denoting the ground-state |85 (see illustration in Fig.
tems is required. 4), the polarizability of the atom is given as
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ionic state,|i) with the mixing functionB(r) as given in the

1) ——— Ey, text by Eq.(5). The procedure for obtaining this decomposi-
tion is described here.

We start with the well characterized ground-state of the
le) E molecule described by the potential functioV,

eg =(g|Huelg) as a giverf. We assume the ionic state;

Hor =(i|Hueli) to be characterized by the sum of charge—
charge and charge—induced dipole terms at long range, and
by the exponentially screened Coulomb repulsion at short

}g> _— ‘0> E—— range:
HF Ar
14.396 5.45 2800 ..
FIG. 4. The schematic diagram of the energy levels in the HF—Ar system. Vi=— r - r_4 + Te ' (eV,A), (B1)
2#%0 in which the parameters for the repulsive wall are adjusted

a=E (A6)  empirically to reproduce the dimer PES with the assumed
form of the mixing function.

Itis a reasonable approximation to take the endfgyto be The mixing function,3(r), was formerly estimated from

the ionization limit of Ar. The interaction Hamiltonian then anab initio analysis to be a GaussidWe assume the same

couples thel) and|0) states of Ar via the electrostatic inter- functional form but with a shift of the Gaussian center:

action of transition dipole with charges. The second-order

perturbation expression gives the result for the interaction _ _ o2
energy Sir? B(r)=0.512"144r-12°, (B2)
A A 2 A~ 2
__g.02GQIg.HI" [(9.02GQle)| The shift is necessary to simultaneously ensure the proper
E1o Eiot Eeg dipole at the equilibrium geometry of the monomer and a

- . proper binding energy of the dimer. The increase of mixing

, [sin*B cos Bsir? B . e
=—ud,G = + S ) (A7) parameter with molecular bond length at the equilibrium ge-

10 10" Eeg ometry is mainly responsible for the dependence of the bond

This full expression has two limit€E,>Ey and Eg  length on the number of molecules in the H-bonded network.

<Eg. In the first limit we neglect the second term in the The function was accordingly adjusted to reproduce the HF

sum, the first term simply gives us the classical answer. I®ond lengths in thex=2-4 clusters. This is the extent of

the second limit we neglect tti&, in the denominator of the €mpiricism used in the present treatmenf[. All other poter_1t|al

second term and recover the quantum result. This solutioarameters are the same as those previously reported in the

gives the right physical picture: if the energy splitting of HF treatment of the dimer PES.

molecule is large, Ar sees it as a fixed partial charge, i.e., the

excited state of HF does not enter the treatment. If the energy
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