A perturbational study of some hydrogen-bonded dimers
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We present a detailed study of several hydrogen-bonded dimers consistin@pfNH;, and HF
molecules using the Symmetry Adapted Perturbation The@#PT) at different levels of
approximations. The relative importance of each individual perturbational components and the
quality of the total interaction energies obtained are discussed. The dependence of the results on the
relative orientation of the molecules of the dimers and on the intermonomer distance is also
investigated. ©1995 American Institute of Physics.

I. INTRODUCTION In order to take account of the continuum contribution
present in the infinite sums involved in the perturbational

i . ith the level of ired by the ph components (except, of course, for the first-ordera
lon energies wi € level ol accuracy required by the p ySi/ariation-perturbation scheme is usually employiedan be

|fps ﬁnchr:]hemstry (i:‘NcorEplgx molecular fS yst:ahmts "T’:_Vetry ?Af'shown that this can be reduced to a calculation in a suitable
.'Ctu ' " ere ared f.o daS|cthrezZI§f(?ns or b ?' Irfh, ¢ Cdimer basis sef"® In their pioneering work on the use of
interaction energydefined as the difference between the to- APT Jeziorski and van HemetfvH)* have proposed to

tal energy of the c_omplex_and the sum of the t(_)tal Energies o ompute the interaction energy using the following minimal
the individual noninteracting specjes really a tiny fraction representation:

of the total energies involved. Typically, this fraction can

vary from about 107 (weakly interacting van der Waals AEn~ER+ED +E32)+ Egﬁ;p, )
complexe¥ to about 104 (strong hydrogen-bonded sys-

tems. Second, there is nexactmethod to computelirectly where all quantities are computed using the wave functions
this very small difference. In absence of such a procedurdssued from a SCF calculation of the monomdigY is the

two different theoretical strategies are usually employed. Astandard  Rayleigh—Scldimger first-order component
first natural strategy consists in computing the total energy ofPhysically, the classical electrostatic interaction of the un-
each species separatétiie complex and the individual mol- Perturbed charge distributions in the monomeEs;). ,is the
ecules and then to subtract out these energies according tfrst-order exchange part resulting from the change of the
the very definition of the interaction energthe so-called antisymmetry property of the wave functigphysically, the
supermoleculamethod. To do that is difficult due to the dominant part of the repulsive interaction at short distances
very high level of control required on the different sources ofand __Wherl?Ei(ﬁ,)j and E7), are the second-order Rayleigh—
approximation of the particular method used to compute thé&chralinger induction and dispersion energy, respectively
total energies. Without entering into the technical details(physically, the energy of interaction of one monomer within
(choice of the basis set functions, finite-basis-set error, bast§e electric field of the other, and the major attractive contri-
set superposition erraiBSSH, etc..) it is fair to say that bution to the interaction energy for neutral systems, respec-
current state-of-the-aeb initio calculations are not able to tively). Itis important to emphasize that Ed) describes the
reach the necessary level of accuracy, except of course fénain physical facts of the intermolecular interactiefectro-
very small interacting species. A second quite natural apstatic interaction, repulsive force, induction and dispersive
proach is to consider that the interaction energy is the resuforces. However, a number of corrections are neglected
of a very small physical perturbation of the isolated mono-when using Eq(1). The numerical experience shows that
mers and thus to employ some kind of perturbationaltheir importance is very system-dependent. It is therefore
method. This line of research has been intensively followed/ery important to compute them if a reliablelthough ap-
during the last decades and has led to the so-called Symmproximate answer for any interacting system and not just for
try Adapted Perturbation Theori¢SAPT) (see e.g., Refs. 1, a specific class of systems is wanted. Three types of correc-
2, or 3, a variety of methods based on the usual Rayleigh-tions may be distinguished:

Schralinger perturbation theory supplemented by some tech(-I
nique to force the change of antisymmetry property of the
wave function between the monomers and the interactingii)
complex(as known there is not a unique way to do that and,
then, various schemes have been proposed, see reference?iiiﬂ
Ref. 1). It is this constraint which is at the origin of the
strong repulsion at short distanc@xchange contributions

It is well-known that evaluating intermolecular interac-

corrections to the exchange part due to effects beyond
the first-order,

corrections due to higher-order perturbational
Rayleigh—Schidinger componentsE{ with n>2),
corrections due to the intramolecular correlation ef-
fects.

A great deal of activity has been devoted to the calcula-
IE-mail: jl@dim jussieufr tion of these corrections. First of all, it has been very soon
YE-mail: jc@dim.jussieu.fr real_iz_ed that 'the first-order exc;hqnge contributiop was not
9E-mail: mc@dim.jussieu.fr sufficient to give a proper description of the repulsive part at
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8044 Langlet, Caillet, and Caffarel: Hydrogen-bonded dimers

intermediate distances and different methods have been proeunt, see application to the He—He interaction in Refs.
posed to evaluate the second-order exchang@1,29. However, it should be noted that the method is in
contributions>~*2Note that at much shorter distances no sat-ractice limited to the case of two-electron systems because
isfactory approach seems to exidincorporating these im- of the celebrated fermionic “sign problen{see, e.g., Refs.
portant contributions we arrive at the following decomposi-30,3J.

tion The purpose of this paper is to present a detailed study
of several hydrogen-bonded dimeimnging from weak to
SAPT _E(1) (1) (2) (2) (2) . .
AEjn" ~Erst Eexent Eing+ Eexch-ina+ Edisp rather strong bonded-systemssing the perturbational for-
(2) malism with different levels of descriptioftwo different
+Eexcl‘rdisp1 (2)

pure perturbational approaches and the hybrid method
which we shall refer to in the following as the SAPT decom-More precisely, using the original formalism presented by
position. An alternative way of going beyond E@) is to  Hesset al!? a few years ago we investigate the dependence
combine both perturbational and supermolecular worlds aef the different perturbational contributions on the geometry

follows: of the dimer(both the intermonomer distance and the relative
. orientation) for five different hydrogen-bonded dimefson-
hybrid__ (2) (2) L . . .
AER "~ AEscrt Egigpt Eexen-disps () sisting of HO, NH;, and HF. We discuss in detail the va-

whereAEgcr is the SCF binding energy computed with the lidity of the different representations for the interaction en-
supermolecular methogcorrected for the BSSE Such a ergy presented above an_d invgstigate the peculiar role of the
procedure is attractive since the SCF interaction energy i§econd-order exchange-induction energy.

supposed to contain most of the second-order exchange- |N€ Organization of the present paper is as follows. In
induction energy, some induction part of third- and higher_sectlon Il we give a rapid summary of the formalism used in

order perturbational terms and even some intramolecular coffliS WOrk. In particular we give the rather unfamiliar expres-

relation contribution introduced when doing a SCFsmnsfortheexchange-inductionand-dispersionenergiesde-

. . . . 12 .
supermolecular calculatidd,contributions which are all ne- f1ved within SAPT theories by Hesat al."* Section il con-
glected when using Edd). In the following we shall refer to tains the computational details. In section IV, we present our

it as thehybrid method. However, when resorting to E) numerical results for the different contributions of the inter-
it is important to realize that mixing both approaches rendé_m)lecu'f”‘r |nterac_t|on energy a”?' a comparison between the
difficult the control on the errors made. How much of the INteraction energies obtained with the different approaches.

higher-order perturbational contributions, what part of theFnally, some conclusions are presented in section V.
exchange-induction energy, etc... is gotten with a SCF super-

molecular calculation is not easy to estimate. Note that it catl. METHOD

be argued that a pure perturbational treatment where indi-

vidual errors are in a better control may be preferable. In the In this section we give a rapid overview of the formalism
. . . y bep " used in this work; for a very detailed and self-contained pre-
same idea of incorporating nonperturbational effects it ha

. 33entation the reader is referred to the original work of Hess
been proposed to include the so-called apparent correlatio

or self-consistency effects into the second-order induction. al-# In the perturbation theory of interactions the total
2) 15_18y "Hamiltonian is decomposed &$=H,+ V"B whereH, de-

energy, Ejfg. In_short, it consists In resorting 10 & e the sum of the non-interacting Hamiltonians of the two
F:qupled Hartreg—FocKCHF) Wh'.Ch |_mpI|C|tIy sums up to monomersA and B (we shall consider here only dimers
|nf|n|ty cert{;un dlggrams appearing in the many-bpdy eXPaNt s mulas can be trivially generalized to an arbitrary number
sion of the induction energy. This is expected to give a betteg)f monomers and VA8 is the intermolecular interaction po-
approximation of the total induction energy. Note that this

Iso be d for th h induction 5 tential.
can aiso be done for the exchange-induction oncern- Following standard Symmetry Adapted Perturbation
ing the explicit calculation of higher-order perturbational

components very little is found in the literatu(see, refer- Theories(SAPT) (see, e.g., Refs. 13&nd using standard

in Refs. 1.20 21Finally. let te that " notations, the complete first- and second-order interaction
ences In Rets. 4, 2 inally, Iet us note that very recently energies are written in the form:
a great deal of attention has been focused on the calculation

of intramolecular correlation contributions to the interaction (1)_<‘P§‘IIE|VABA|‘IIQ\IIE>
energy*132922-8The monomer Hamiltonians are decom- T (UAYEA[VAYE) (4)
posed as a sum of the Fock operator and some residual in-

tramonomer correlation operataiMdller-Plesset partion-

(WU GIVAPRA(VAS—EW) | 5w E)

ning). Using a many-body expansion framework a double E®= R HINR A ) ' (5)
perturbation theory(in the correlation operators of each )
monomey may be written down for any of the interaction WNereRo denotes the reduced resolventttf given by
components. Some calculations of the leading corrections to ) |xpiA\pB><q;iAq;B|

the first- and second-order perturbational components have R0=E ; J (6)

T (EMHED)—(Ef+Ep)

been presentedsee previous referengesNote also that
guantum Monte CarldQMC) techniques can be used to (the prime in2’ means as usual that the term corresponding
computeexactly perturbational quantitie@n particular, the toi=0 andj=0 is excluded from the summatipandA is
intramonomer correlation effects can be fully taken into acthe intersystem antisymmetrizer:
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A=1-A'=1-Py+Po— ..+t (=DNnPy ,  (7) PL=PHDE + D WO+ DI, (12
where P(;)=3=/'SPP;; denotes the sum of all permutations it is clear that the second-order exchange energy may be
exchangingspace and spjrcoordinates of electronof mol-  decomposed into three terms
ecule A with coordinates of electrop of moleculeB, and
similar definitions hold forP(,y,P(sy,... (Nins denotes the EQ.,= Eg()cmmd(AeB)JrEézx)cmmd(BaA)nLng()chisp_
smallest ofN, andNg, the numbers of electrons of molecule

A. and B.’ respect}vgl_y The role played by t.he antisymme- The sum of the first two terms in E¢L3) are referred to
trizer A is essential: it forces the correct antisymmetry of the . . )

dimer wave function with respect to the exchange of elec?® the exc.hange.—mductlon energy aﬁ&mdisp as thg .
trons between both monomers. In formuld$—(6) ‘IfiM (M e?<ch.ange-d|spers'|on energy. Thesg two tgrms takg thelr' ort-
—A,B) are supposed to be thexacteigenfunctions of the gin in the coupling between the induction or dispersion
HamiltonianH™ (M =A,B). In what follows we shall re- forcles ar:jd the electron e;:change: bational .
strict ourselves to the use of approximate wave functions anges n order to compute these various perturbational quanti-

energies calculated at the SCF level. The role of the intra]; we zavctehused _thgdformaltlsm presented r']n Ref. 12‘t IB e}
monomer correlation effects will not be considered here. v WOrds. the main idea IS to express exchange contribu
As usual the first-order interaction energg. (4)) is tions as a combination of formal electrostatic interaction en-
written as a sum of two contributions: ergies be.tween sun_ably generalized _charge distributions, a
form particularly suitable for calculations. To do that, the
EV=eQR+EL.,, (8)  main ingredients used are:
) ) (i) The possibility of reducing the action of the intersys-
where E(Rl% (the subscript RS stands for Rayleigh- antisyrr?metrizeéppearing il’? SAPJon factorized SCIBZI

Schralingep can be interpreted as the energy of the electroy, e functions to a sum of simple products of SCF determi-

static interaction of the unperturbed charge distributions Ohants corresponding to each subsystem, namely:
the isolated monomerihis quantity is often referred to as ’

the electrostatic part or also as the first-order polarization b a;
energy andE(Y., is the first-order exchange energy resulting P(l)[‘I’A‘I’B]:iEA J_ZB WA W b. )’ (14
e € i i

from the presence of the antisymmetrizer. Note that in the
present work all multiple exchange of electrofggiantum-
mechanical tunnelingoetween molecule& andB have been
considered when calculatirgfy).,..

In the same way the second-order perturbation energ
E® (Eq. (5)) is decomposed into two terms: the usual
second-order Rayleigh-Schiinger(RS) perturbation energy
EZ) (obtained by settingh=1 in Eq. (5)) and the second-
order exchange enerds(2.,, given by

where\PA(g!') denotes the Slater determinant of molecélle

in which the occupied spin-orbital; has been replaced by
e spin-orbitab; of moleculeB, the summation is over the
pin-orbitals of determinant®¥” (here labeled byi) and
VB (labeled byj). Using Eq.(14) all integrals involving
functions of the typeP ;[ WAW®] are reduced to sums of
integrals involving simple produc@A(gi) VB of “op-
i i
posite transfer” determinants.
EQ@ —p@_gQ@ » i
exch— RS (i) The use of the so-called Longuet—Higgins represen-
<q,/gq,g|(VAB_ E(l))(A,_<A,>)|¢<1>> tation of the .intgrac_tion ’aperatMAB in terms of the molecu-
=-— A . (9 lar charge distributiong™ (M =A,B), namely:
, . , A(FA\ B/ B
where(A’) and (A) are the expectation values &f and VAB=f JMdedFB 15
A calculated with the ground-state wave functi#g¥ 5 and |FA—FE| :
®() stands for the first-order correction to the wave function
in the perturbation theory with

(H— _ AB\y ANy B N N >
® ROV WOWO' (10) pM(r)zprl\mlluclear(r)+p2/:ectronic(r)

Now, we shall suppose that multiple exchanges contrib-
ute6 \l/xeakly in the region ground the nghb(r;)um geome- = ;M Zl,ﬁ(r—rl,“)—iglI é(r—ry), M=AB.
try,”*" so that only the leading contribution ;3 corre- #
sponding to a single exchange of electrons between mol- (16
eculesA andB is considered. Thus, the approximate expres-

sion fOfE(ezx)ch used here is obtained by settiig = Py, in (iii) The possibility of using a variational-perturbation

Eq. (9). Neglecting terms which correspond to contributionsMethod to compute efficiently the infinite sums involved in
of order higher thai§? (whereS stands for overlap integrals the second-order expressions. In practice, this can be easily

between orbitals of monomersandB), we get implemented by making a variational calculation in a dimer
' basis set?
2 _ _ Ay Bl \/AB__ /\/AB _ (1)
Eexer= — (Vo Wol(V (VEDP = (Pap)|® >1'1 Let us now describe briefly the main steps followed to
1D derive the rather unfamiliar formulas used in this work to
By rewriting @ (Eq. (10)) in the form: compute the exchange-induction and dispersion energies.
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8046 Langlet, Caillet, and Caffarel: Hydrogen-bonded dimers

A. Exchange—induction energy B. Exchange-dispersion energy
By using Eqs(11) and(12), E&Z).,._i.4(A—B) is written A similar route to that followed for the exchange-
as induction energy can be used for the exchange-dispersion

component. WritingP42 | (see, Eq(12) as:
Eech”Hnd(A_’B): _<\I’8\P3|(VAB_<VAB>) °P

by
X(Pgy=(PoN)|WoPhg),  (17) DGicp= E > 2 > ‘I’A( )‘I’o(bl> (22)

keA leB reA seB

with a similar formula forE$ xcr‘rlnd(BHA) Afirst pointis  where indicesk and| are associated with summations over

that it is possible to rewrite} , in the form: the corresponding set accupiedspin orbitals whiles and|
refer to summations over the corresponding setidfual
Of = E ‘1’0( ) (18  spin orbitals and where;j are some coefficients analogous
to the linear coefficients of the “induction functions” intro-

where the summation runs over all occupied spin orbitalﬁdaurctidEab?Ige) we can eXprEEgCh‘d'spm a form very simi-
b, of monomerB and where the so-called “induction func- q

tions” f’'s are some well-defined linear combinations of the 'S/ IAB s

virtual spin orbitals ofB (one associated with each occupied EechdISp ze: ;B EA ng G (VP

orbital). Using Eq.(18) it is not difficult to show that the

exchange induction energy may be now written —(VAB[P)Tis = (P VARLD), (23

with the notation
Een ing(A—B)= —kEB ([VABP (1) k= (VB[ P (1) Ik

[0]k|_< vows o’qf’* )\IIB(E )> (24)
—(P)IVA]), (19 A |
, . Exactly in the same way as before it is possible to write the
with the notation elementary contributions CEexch—dlsp as a combination of
fB some electrostatic interactions between generalized charge
[O]kz<qf’3qf§ o’qf’wo( b )> (200 distributions which are ultimately written in terms of mono-
k

and bi-electronic integrals. As an example, the major contri-

whereO stands for an arbitrary operator. Now, by using thebution toEG ;. 4, writes:

fact that the action of the permutation operaRy, on a

product of two determinant¥ , and ¥z may be expressed 00(

as a linear combination of simple products of determlnant?VABP f f akal

corresponding to subsysten#s and B and by using the

Longuet-Higgins representation of the interaction operator

VAB (Egs.(15),(16)) it is possible to show that the three basic

contributions in(19) may be written as some specific com- f f oo
ieA

bsaJ

00 bb

drAdrB

|#:k j¢|
a,bg
aka|

(al
O

b
B drAdr®

binations of electrostatic interactions between some general-
ized intermolecular charge densities. For example, we obtain Sk
for the major contributiot?

00 b b

bsar)

drAdrB

) fka)

00

b.b JJ
KL grAdr® ’Ji?

[VABP 1) 1k= 2 > JJ-

jEB

o (a)
00 bl
f f |r drAdrB, (25)

f j — L drAdr®, (22)
'EA and similar formulas for the other contributions.
where
I1l. COMPUTATIONAL DETAILS
b; b; .
j j
fg\o( a E<\p0A PA(rA) q’é( a-) > A. Dimers
1 |

We have studied five different hydrogen-bonded dimers
with similar definitions for the other generalized charge dis-made of the molecules®, NH;, and HF. The intramolecu-
tributions involved in Eq(21). Finally, explicit expressions lar geometry of the monomers has been taken to be the ex-
for the generalized charge distributions in terms of mono-perimental geometry for isolated monoméssater molecule:
and bi-electronic integrals involving spin orbitas,b;, and  Ry4=1.8088 bohr, 604=104.87°; ammonia molecule:

fB may be easily obtained. Ryu=1.9219 bohr, 6yyy=107.81°; HF molecule:
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H1

H1( DH2
§=60" 850 o,

ammonia molecule acts as a proton donor. Here, tj@.H
HNH, dimer has been studied as a prototype of a H-bonded
dimer with NH; as a proton donor. A stronger but still weak
example of H-bonded dimer i&NH3),. Since the ammonia
molecule exhibits no tendency to proton donation, the
(NH3), complex is expected to be a case of H-bonded dimer
not easy to treat. In this work a linear H-bonded structure has
been chosen for the dimer. Earlig initio calculations have
predicted such a structu?&® However, this picture is not
supported by microwave experimeRts? which predict a
cyclic structure. More recent theoreticalab initio)
calculation! indicate that cyclic and linear complexes are
almost degenerate in energy and that which one is found to
be the most stable is extremely sensitive to details of the

basis set as well as to the amount of correlation effects in-
cluded. In fact, three kinds of tunneling motions exist for the
ammonia dimer: interchange of tkhenorandacceptorroles
¥l 9\=68 __________ G0, of the monomers, internal rotation of the monomers about
f R”;2.837s,:m CFZ el their C; symmetry group andmbrellainversion tunneling?
I A computational exploration of the six-dimensional
vibration-rotation-tunneling dynamics ofNH3), by van

H5 Bladel et al*® has concluded that thé\Hj), structure can
H2 be obtained from thab initio equilibrium structure by vibra-
tional averaging. Here, the radial evolution of the intermo-
lecular interaction(and its componentf (NH3), has been
mainly studied in order to compare the ammonia dimer with
the dimer HOH...NH. The dimergH,0), and(HF), can be
considered as good examples of intermediate H-bonded

FIG. 1. The five hydrogen-bonded dimers studied. For a definition of thedimers. Finally, we treat the 4M...HOH dimer as an ex-
anglesd, and 65, see text. ample of a rather strong H-bonded system.

% """"""""""""" I
01 R)()”'3'15A H3 ¢
H4

R.r=1.71362 bohx In Figure 1, we present the different B- Basis set

dimers in their equilibrium geometry as obtained by the pure  Qur calculations for the different dimers have been per-
perturbational treatmen{SAPT, see Eq.(2)), note that formed with a very large basis s&t3s 8p 3d)/(7s 2p) con-
slightly different geometries can be obtained with other theotracted into(8s 5p 3d)/(4s 2p) (the first set of basis functions
retical schemes, see discussion in the next section. In th-é‘orresponds to the heavy atom N, O, or F, the second to the
work, we shall denoté the proton acceptor molecule aBd  hydrogen atoms The basis set used has been taken from
the proton donor molecule. The dimer geometries will bevpisin** and has been built as follows. First, based on atomic
described by the quantitiey, 65, and Ryg where: calculations the sets of primitives optimized by van Duijn-
(i) 6, defines the angle between the principal axes of th&Veldt (125 7p)/ (6s),** have been contracted into some re-

proton acceptor molecul@isector in HO, C, axis in duced set7s 4p)/(3s). Then, a set of diffuse functiorssand
NHs, and bond axis in HFand the axisA...B con- P has been added. Their exponents have been obtained ac-

necting the two heavy atomss and B. cording to the averaging procedure presented in Ref. 46. Fi-
(i) g is the angle between the B-H bond axis of the Nally, to better describe the heavy atofhs O, and B, three
proton donor and the axi...B. polarization functionsd have been added according to the
(i) Rag is the (intermolecular distance between the two Tules proposed by Werner and MeyéfThe two orbitalsp of
heavy atomsA andB of the two monomers. The val- hydrogen are those given by Christiansen and McCulldfigh.
ues of these different quantities at the SAPT equilib-'” order to evaluate the quality of our basis set we have
rium geometry are given in Figure 1. performed a number of checks.

The five different dimers have been chosen from very
weak to rather strong hydrogen-bonded dimers. The less
bounded system is the dimer®...HNH,. In fact, there is The SCF energy and dipole moment have been com-
no experimental evidence of its existence. It is well-knownpared to the some recently estimated Hartree—Fock limits for
that NH; acts as a proton acceptor when it is involved in athe three moleculeéTable ). Our values for the SCF ener-
H-bonded syster?3® For example, this is the case for gies appear to be quite close to the nearly-infinite-basis-set
H3N...HF3* NCH...NH;,% and HCCH...NH.%® There is so results. The values of the dipole moments are also quite
far no known example of systems in the gas phase where thgood. It is important to emphasize that reproducing correctly

. Basis-set quality: Some monomer properties
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TABLE I. SCF energies and dipole moments obtained with the basis sewhy this quantity, which may be viewed as a correction to
used in this work. Comparison with the corresponding near Hartree—Fockhe ordinary exchange energy, is called “complementary ex-
limits. All energies in a.u. Dipole moments in Debye. change energy.” Now, the important property we shall use is
thatwithin the one-exchange approximatitre complemen-

Molecule Escr Enear HF timit HscF Mnear HF limit ; ' . .
- tary exchange energy vanishes if and only if the approximate
H:0 ~76.0606 ~76.0673 1.98 1.98 functions used for the unperturbed monomers are the exact
NH; —56.2179 -56.2246  1.56 1.62 Y Fock soluti Si f i
= ~100.064 ~100.0706 1.93 1.92 artreg— ock solutions. Since for not too small intermono-
mer distances the exact and one-exchange complementary
°Reference 49. exchange energies are almost identi€@l,pi-excn iS @ good

by
Reference 53. indicator of how far an approximate SCF wave function built

from some given basis set is from the Hartree—Fock limit. Of

the permanent dipole moments is crucial since the interactioROUrse, for very small values @tomp-excnit would be nec-

energy of hydrogen-bonded systems is dominated by th&SSary to consider the true one-exchange complementary en-
electrostatic interaction. ergy instead ofecompi-exch- IN Table 1l we present for the

different dimers treated the values obtained &g¥yp-exch
at a few representative distanceggR To compare with, we

also report the values of the Heitler—London exchange en-
a. Complementary exchange energyA very useful  ergy defined as

guantity to evaluate the quality of a given finite basis set for

computing intermolecular interactions is the so-called

“complementary exchange energy.” A very detailed presen- " @

tation of this quantity can be found in referen¢@8 How- Eexch-HL= Eexch €compl-exch- (28
ever, since the use of this quantity is not very common, let us

first give a short presentation of it. The complementary ex-

change energcompl-exch, IS defined via the following for- - The yalues obtained fofcompl-exch are found to be rather

2. Basis-set quality: Some dimer properties

mula small when compared with typical valuésee, e.g., Refs. 1
(WOWEIHA| WO WE) - or 51). This illustrates the good quality of the basis sets used
Eo= <\I’A\I’B|A|\I’A\PB> =EoT €compl-exch in this work.
0=0 00 b. Counterpoise correction at the SCF leviel a super-
(VoW VABA| W oW E) molecular calculation of a complex the better the basis set
(WAEIA WD) (26)  used for describing each monomer is, the smaller the basis-
set-superposition errofBSSBH is. We have computed this
where error by using the standard counterpoise method of Boys and
<‘1’§‘1’3|(Eg— Ho)A/ |\PQ\I,(E)S> Bernardi®? some of our results are displayed ir! Table Il As
Ecompl-exch™ (WA B[ A[WATE) (270  a general rule, we get a very small counterpoise corrl?)gtlon.

c. Second-order dispersion energgzalewicz et a
In Eq. (26) E, denotes the total Heitler—London energy andpointed out that the use éfunctions improved considerably
EJ the total energy corresponding to the approximate wavéhe dispersion energy. Their estimate of the exact value was
function |WoWE) for the unperturbed Hamiltoniad,.  —2.0 kcal/mol for the water dimer near the equilibrium dis-
When ¥} (M=A,B) are chosen to be the exaground- tance(Ro_o=3. A). In a recent work, Rybakt al?° have
statg wave functions of the monomers the complementaryobtained a value of-1.90 kcal/mol by using a very large
exchange energy vanishes and the Heitler—London interabasis set. Here, although ridunctions are present in our
tion energy(defined asE,— EJ) coincides with the complete calculations, our 122 atomic-orbital dimer basis set leads, for
first-order interaction energy. Note that, due to the presencthe water dimer, to a value of 1.89 kcal/mol which is al-

of the operatorA’ at the numeratore.,mpi-exch decreases most identical to the value obtained by Rytetkal. and quite
exponentially as a function of the distance. This is the reasonlose to the exact one estimated by Szaleweital.

TABLE Il. Complementary exchange energy,mp-exch and first-order Heitler—London exchange energy
E(ef()ch_HL for some representative values of the distangg Between the heavy atoms. Energies in kcal/mol,
distances in A.

Rag H,O..HNH, H,N..HNH, H,0..HOH HF..HF  HN..HOH
2.75 €comp-exch —-0.05 0.43 -0.22 -0.30 0.03
ESh hL 19.70 30.49 12.80 4.91 19.84
3.00 €comp-exch -0.16 -0.10 -0.15 -0.26 -0.10
ESh hL 8.12 13.69 5.18 1.78 8.72
3.70 €comp-exch 0.00 0.01 0.02 -0.02 0.00
EX L 0.64 1.40 0.40 0.09 0.85
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TABLE lIl. Counterpoise-corrected SCF interaction eneryk,

SCF
CP

representative distances. Energies in kcal/mol. Distances in A .

8049

, and counterpoise correctioggp for some

Ras H,0...HNH, HsN...HNH, H,0...HOH HF..HF HN...HOH
2.75 AESSF 3.84 5.84 —-2.46 —3.64 -2.78
€cp 0.09 0.10 0.10 0.20 0.10
3.00 AESEF —-0.01 0.60 —-3.65 —3.48 —4.54
€cp 0.05 0.06 0.06 0.16 0.06
3.70 AESEF -1.38 -1.73 —-2.50 —-1.90 -3.29
€cp 0.02 0.03 0.02 0.11 0.02

IV. PERTURBATIONAL RESULTS

A. Total interaction energies at equilibrium
geometries

In Table IV we present the total interaction energies ob-
tained for the different dimers studied. We also present the
optimized geometries, R, 65, andég. We have used three been optimized by varying the anglés (I=A andB) and
the distance Rz around the estimated equilibrium geometry

different approaches:

AERP = AERTHE

ergy (counterpoise-correct¢dand the complete dis-
persion contribution calculated with SAPT:

int int

(2)
disp

+E2)

exch—disp- (31)

For the three different approaches the geometries have

L AAo ° exp ; o
(i) The pure perturbational approach, SAPT, including allg' W't.?r']r.] _30040an,§+38 0 ercl)&t\mda, dufsé'?g thO (s)tgep;,
perturbational components up to the second-order st/g?o;w n ' and ©. aroun wi '
From a qualitative point of view, both SAPT,
SAPT_(1) , (1) (2) (2 (2)
AEni =ErstEexerit Einat Eexe-ina ™ Edisp SAPT,une, and the hybrid methods lead essentially to the
TED, 29 same results. The force of the hydrogen béntportance of
exch-disp- ( ) . . . .
. . the total interaction energyfor the dimers we have studied
(i)  Atruncated approach we shall refer to in the follow- lassifi foll }
ing as SAPT.. in which the exchange part of the may be classified as follows: J@...HNH, <H3N...HNH'2
induction is rrgclectecdthis method will blay an im- <H,0...HOH ~ HF...HF <H;3N...HOH, where the notation
ortant role in t?]e discussion to follow play X<Y means that the dimef is less bounded than the dimer
P Y. We verify the well-known result that NHacts preferen-
tially as a proton acceptor rather than a proton donor since
SAPRunc_ =(1 1 2 2 2 .
AE W= EQ B B HER A+ EZ gisp (300 here HN...HOH is much more stable than,8...HNH,.
(iii) The hybrid approach mixing the SCF interaction en-Note also that NK acts as a better acceptor thapCHsince

TABLE IV. Intermolecular interaction energ®E;,,, obtained from different methodsee texk at the corre-

sponding equilibrium geometry. The values&yf, g, and Rg are given together with the known experimen-
tal values. Energies in kcal/mol, distances in bohr.

H,O..HNH,  HyN..HNH,  H,O..HOH HF...HF HN...HOH
AESRPT —2.09 —-2.50 —4.22 —-3.75 -5.19
AESATTune —2.50 -3.15 —5.45 —-5.82 —-7.55
AE!"nytb”d —-2.49 -3.13 -5.31 —-4.89 -6.76
AESXP -2 b —5.4+0.7 —4.9+0.1¢ ~6°
RSAPT 3.40 3.50 3.15 2.83 3.15
REAPTrune 3.20 3.20 2.68 2.48 2.70
Rﬁgb”d 3.25 3.30 2.91 2.68 2.93
RSXP A - 2.98 2.68 2.99

N 50° 0° 60° 68° 20°
65xP -2 b 60 629 11°<gy<23°"
0g 0° 0° 0° 0° 5°
Htéxp a b Oof 119 2:I_Soh

@Unphysical molecule, see text.

PLinear H-bonded structure, no experimental values, see text.

‘Reference 55.
YReference 20.

To our knowledge no experimental value available. The value quotedab aritio estimate given by Latajka

and ScheinefRef. 56.
Reference 57.
9Reference 58.
"Reference 59.
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H3N...HOH is more stable than@...HOH. Concerning the 0. HOH
geometrical parameters it appears that the value of the angle ]
0, defining the angle between the ax¥es.B (A andB being
the heavy atoms of the compleand the principal axis of the 5.0
proton acceptor depends strongly on the chemical nature of
the acceptor. A value of about 60° has been obtained when
the proton acceptor is4D or HF. A smaller value is obtained
when the proton acceptor is NH The value of the angle

0z characterizing the position of the bond A{A being N,

O, or P of the proton acceptor is always very close to 0°.
The smallest distance R g between the two heavy atoms at
the equilibrium geometry has been obtained for the HF
dimer. We get the following series:[Rr(HF), < Ry o
(H,0), < Ry n(NH3),. The equilibrium distance R g ] . V.

Kcal/mole

calculated for the heterodimer involving NHind H,0 in- = = o
creases from the most stable diniei;N...HOH) to the less T T T T T T T
stable OI"IE(HzOHNHz) -90 -60 -30 0 30 66 90 120 150

o . . o 9
From a more quantitative point of view, the first impor- ante O

tant point to note is that values of the interaction energy,

AEner,» depend appreciably on the method used and/or thE!C- 2. Interaction energy curvesE;,, as a function ofj, (see text for

dimer considered. First, it is clear thAIE;?{?‘PT is always the water dimer as calculated by SAPT, SART., and the hybrid methods.

smaller in magnitude thad E%P" ' or AE>A™rune The sys-

tematic difference is about 20%. The comparison betweemery similar but also the general shape of the interaction

AE>APtune and AENYP" depends on the dimer. We can dis- energy curves with respect to the relative angles for all

tinguish three different cases: dimers presented here. To illustrate this point we present in
(i) the weak H-bonded dimers casgmcluding HO... Figure 2 the energy curve obtained for the water dimer as a

HNH, and (NH5),) for which AEﬁI?P-Erunc and AEMYP"1d g)- function of the angled,. Clearly, there exists some impor-

most coincide. tant radial dependence of the interaction energy on the pro-
(i) the intermediate case of medium H-bonded dimer<edure used but a much smaller one for the relative position

((H,0), and (HF),) for which we obtain two different re- of_ the molecules. In what follows we study in more detail

sults. For the(H,0), dimer the total interaction energy cal- this radial dependence.

culated with SAPTY,,c and the hybrid methods are almost . ]

identical (the difference is less than 3%This is a result B- Radial dependence of the perturbational

which has already been obtained by Refs. 4, 12, and 2@°ntributions

However, this is no longer true for ttielF), dimer for which Keeping the angular parametetg and 65 of each dimer

AE>APRune and AEMYPMY are off by about 20%, therefore, fixed at their optimized values, we have investigated the ra-

the equality of these two quantities cannot be considered asdial dependence of the intermolecular interaction energy per-

general rule. We shall return to this important point later afteiturbational components.

having presented the individual components of the interac- Our main purpose is to study which contributions to the

tion energy(sec. C below interaction energy are actually dominant in stabilizing the
(i) the rather strong H-bonded dimergM..HOH, for  five studied complexes. We are also interested to trace back

which an important difference between the truncated and hyto its origin the poor stability of the dim&NH3), and also

brids results is observed. the very short F...F distance in tlieF), dimer.
Regarding the equilibrium distance.Rwe find that the In the next few tables we present the radial dependence
SAPT results are systematically larger than those obtaine@f the following contributions:
with the two other methods. Once again, the situgtion is no; E%ls)’ Eg()ch and the complete first-ordeE(MSAPT
so clear when we compare the values obtained with (Table V);

SAPTrunc and the hybrid methods. Almost identical results i) the second-order induction energ{g), its exchange
have been obtained for the case of weakly bonded dimers part Egzzx)ch—ind' and the complete induction energy

while shorter distances have been calculated with the E@SAPT (Table VI):
SAPT,, e approach for the other dimers. If we compare with ... ng (Table Vi : 2

trunc ; Lo _\(iii) the second-order dispersion ener@f) , its ex-
the known experimental values it is clear that the hybrid ) pr .

. . . . change parEg . qisp, and the complete dispersion

method is the method which gives the most plausible results. enerqvE@SAPT (Tablz Vi)
Now, regarding the calculated angular parametés §nd 9YEdisp '
0g) defining the relative position of the two molecules We make the following comments on the results pre-
within the H-bonded dimer we have systematically obtainedsented in Tables V-VII:
almost the same values with the three different procedures. (i) All contributions of the Rayleigh—Schdinger (RS
We have also found that not only the equilibrium angles argreatment(no exchange terms namely ES2, E(2), and
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TABLE V. First-order Rayleigh—Schidinger energyES2, first-order exchange energg{Y.,, and complete
first-order,ESpr = EQL + E(., for different values of Rg. Energies in kcal/mol and distances in A.

Rag H;0..HNH,  HN..HNH,  H,0..HOH  HF..HF  HN..HOH
EGL -11.28 -17.00 —-11.51 —6.63 -16.36

2.75 ESLh 19.75 30.07 13.10 5.21 19.87
EWSAPT 8.48 13.08 1.59 -1.42 3.44
ER ~7.62 —12.00 —8.40 -5.16 -12.30

2.90 EQ., 11.40 18.90 7.40 2.98 12.23
EWSAPT 3.78 6.90 -1.00 -2.18 -0.07
EGL -6.20 —9.60 -7.15 —4.42 -10.27

3.00 EQ., 8.32 13.80 5.33 2.04 8.83
E(DSAPT 2.12 4.20 -1.82 —-2.38 —-1.44
ELS -4.32 -6.71 -5.39 -3.47 -7.72

3.17 EX. 454 8.02 2.84 1.06 5.03
EWSAPT 0.22 1.31 -255 -241 -2.70
ER —-1.24 -1.76 —-1.94 -1.39 -2.61

4.00 EGLh 0.21 0.52 0.12 0.03 0.31
E(DSAPT -1.03 —-1.24 -1.82 -1.36 -2.30

Eﬁﬁgp, have a stabilizing effect. Of course, the major contri-tion at intermediate distances, while the second-order induc-
bution is the electrostatic interaction energy which representson and dispersion exchange components have been ob-
between 55 and 70 % of the total RS contribution. When weaained to represent 14% and 6% of the total exchange,
compare the relative force of the RS interaction energy fofespectively. Regarding the total exchange contribution
the different H-bonded dimers we get the following order:\e obtain the following order(NHs), > (H,O...HNH,)
(NH3)z = H3N...HOH< HZO:HNI'&"Z_: (H20)2< (HF)2. — (4 N...HOH)> (H,0),> (HF),. We have investigated the
For an average distance oOhR=3 A, it appears that for the o ayior of each individual exchange component as a func-
dimers(H,0), and (HF), the electrostatic energy represents ;. ot yhe distance Rs. We have found that for distances

0 0, i .
gﬁn/oerz?lﬁ (5)? /;nc:j (:] Fe) vallzlzze) ?:t?gi?] t;a?;i)zng);(t)g/e of greater tha 3 A the exchange contribution may be very well
2-2 2, Sind F€P 0 ™" represented via a single exponential functigre *(R~Ro).

the value obtained fofNH3),, respectively; and for(H h . .
vau ! (NH3) pectively (H, The set of parameters obtained for the different dimers and

0), and (HF), E{), represents, 50% and 20% of/E, of _ .
(NH,),, respectively. for the different components of the exchange part using the

(i) The total first- and total second-order exchange conf€sults for Rg=3.00, 3.17, 3.70, and 4.00 A are given in
tributions (including both induction and dispersion contribu- Table VIII (note thaR, has been chosen to be fixed at & A
tions reduce the stabilizing effect of the Rayleigh— The values of the parameters depend essentially on the na-
Schralinger terms just discussed. As expected, the majoture of the exchange contributioffirst-order, exchange-
exchange contribution results from the first-order exchangénduction or exchange-dispersijoand on the chemical na-
term which represents 80% of the total exchange contributure of the molecules involved in the complex.

TABLE VI. Second-order induction energi(?), second-order exchange induction enefg$)_.,.,, and
complete second-order inductidB(2)>A"T= EZ)+E2)_,,., for different values of Rg . Energies in kcal/mol

and distances in A.

Rag H0..HNH,  HN..HNH,  H,0..HOH  HF..HF  HN..HOH
E®) -6.10 -9.59 —-4.55 -2.39 -7.58

2.75 E@)exen 4.27 6.30 2.81 1.36 4.70
E2)SAPT -1.83 -3.29 —-1.74 -1.03 -2.88
E?) -3.26 —5.69 —2.49 -1.38 -4.63

2.90 EB)_een 2.17 3.61 1.40 0.70 2.74
E2)SAPT -1.09 -2.08 -1.00 -0.68 -1.89
ER@) -2.30 —4.04 -1.80 -0.96 —-3.36

3.00 E@ exeh 1.48 2.49 0.95 0.45 1.91
E(2)SAPT -0.82 —-155 -0.85 -0.51 -1.45
E®) -1.22 -2.30 -1.00 -0.54 -1.99

3.17 E@)oxen 0.71 1.32 0.45 0.20 1.04
E(Z)SAPT -0.51 -0.98 -0.55 -0.34 -0.95
E?) -0.10 -0.21 -0.10 -0.06 -0.21

4.00 E@)_een 0.02 0.07 0.02 0.01 0.06
E2)SAPT -0.08 -0.14 -0.08 -0.05 -0.15
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TABLE VII. Second-order dispersion enerdgfz),, second-order exchange dispersion enef), ccn. and
complete second-order dispersion enefgfgls”"'=E@) +EE) .., for different values of Rg. Energies in
kcal/mol and distances in A.

Ras HO..HNH,  HN.HNH,  H,0..HOH  HF..HF  H..HOH
ERp —4.63 -6.78 -3.38 -1.46 -4.82

2.75 EQ ) exch 1.28 2.28 0.82 0.24 1.35
EZSAPT -3.35 -4.50 -2.56 -1.22 -3.47
Eg%p -3.19 —4.88 —-2.32 -1.00 -3.45

2.90 E@ exen 0.77 1.45 0.48 0.14 0.88
E@ISAPT —-2.42 -3.43 -1.84 -0.86 -257
Efj%p -2.59 -3.93 -1.89 -0.79 -2.77

3.00 E@) exen 0.57 1.07 0.34 0.09 0.64
EZISAPT —2.02 —2.86 -1.55 -0.70 -2.13
Eg%p -1.79 —-2.74 -1.31 -0.53 -1.93

3.17 EZ) exen 0.33 0.64 0.19 0.05 0.38
EGISAPT -1.46 -2.10 -1.13 -0.48 -0.92
Egﬁzp —-0.34 -0.54 -0.24 -0.10 -0.38

4.00 E@) exen 0.02 0.05 0.01 0.00 0.03
ESOATT -0.32 -0.49 -0.23 -0.10 -0.35

(i) Clearly, at very short distances the repulsive ex-second-order exchange contributions is more important for
change part of the first-order dominates the attractive R$NH3), than for the(HF), dimer (see Tables 1V, VI, and
contribution. However, at sufficiently large distances the exVIl). In conclusion, the relative stability between the differ-
change part vanishes and only the electrostatic term survivent H-bonded dimers results from a subtle balance between
(it behaves as 1/1%). Accordingly, the total first-order en- Rayleigh-Schrdinger and total exchange contributions.
ergy displays a minimum. The location of the minimum de-
pends very much on the system studied. Looking at results of ] _ )

TableV we see that the weak H-bonded dirfieHs), has a C. Radlal_dependence of the_ total interaction energy:

shallow minimum at a relatively large distance1.30 kcal/ A comPparison between the different approaches

mol with Ry = 3.8 A). In contrast, the stronger-bounded In Table IX we present the total interaction energy as
dimers(H,0), and(HF), have a larger total first-order inter- calculated within SAPT, SAPJ, .. and the hybrid methods
action energyabout—2.50 kcal/mo). The minimum region (Egs. (29), (30), and (31)) as a function of Rg. We also

of (HF), is found to be quite broad within a range of valuespresent in Figures 3 and 4 the complete interaction energy
between 2.9 A and 3.3 A. curves for two representative examples: the ;N&khd HF

(iv) The positive (repulsive exchange contributions, dimers. A number of remarks are in order. First, it is clear
E& g and EQL gisp terms never dominate their that at very large distances the three approaches give the
Rayleigh—Schidinger counterpartss(?} andE{) . In fact, ~ same results for the total interaction energy and thus, the
the second-order RS terms tend to decrease the intermolecsame dissociative behavior. The results obtained by the dif-
lar interaction energy and to push the equilibrium distancderent methods at small and intermediate distances may be
Rag towards shorter distances, this effect is slightly reducedjuite different depending on the force of the hydrogen bond.
by the second-order exchange terms whose main effect is téor the two weak H-bonded case#l,O...HNH, and
bring back R to more reasonable values. The effect of the(NH3),) the agreement between the truncated and hybrid

TABLE VIII. Parameters of the representati@Gre” “(R~Ro) (R,=3 A) for: (a) the first-order exchange energy,
(b) the second-order exchange induction enefgythe second-order exchange dispersion energy. Paranizters
in kcal/mol anda in A1,

H,O...HNH, H,N...HNH, H,0...HOH HF...HF HN...HOH
Eten

a 3.685 3.280 3.777 4.205 3.351
C 8.404 13.910 5.397 2.121 8.860
E((ezx)ch—ind

a 4.317 3.585 3.906 5.489 3.450
C 1.473 2.444 0.893 0.474 1.893
Egzx)cf‘rdisp

a 3.392 3.053 3.518 3.115 3.085
C 0.572 1.077 0.344 0.088 0.636
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TABLE IX. Total interaction energy calculated with SAPT, SART. and the hybrid methods, see text.
Energies in kcal/mol and distances in A.

Rag H,O..HNH,  HyN..HNH,  H,0..HOH  HF..HF  HN..HOH
AESHPT 11.29 15.31 1.60 —-2.41 2.79
2.54 AE AP rune 1.31 2.04 —5.11 -5.73 —-7.14
AEI{‘HVP"" 6.63 9.15 —-2.51 —4.45 —-2.84
AESRPT 3.31 5.26 -2.71 -3.67 -2.90
2.75 AEAP frune —0.96 —-1.00 —-5.51 -5.03 —-7.60
AEDybrid 0.50 1.35 —-5.02 -4.86 -6.26
AESAPT 0.27 1.39 —3.94 -3.72 —4.53
2.90 AEDAF frune —-1.90 -2.22 —5.34 —4.42 -7.27
AEﬁnytb“d —-1.48 -1.29 -5.31 -451 —6.74
AESRFT -0.72 -0.21 —4.20 —-3.59 -5.02
3.00 AESA  Trune —2.19 —-2.70 —-5.10 —4.03 —-6.93
AE[ybrid -2.03 -2.25 -5.19 -4.18 —6.68
AERRPT -1.76 -1.75 —4.22 -3.23 -5.19
3.17 AEAP frune —2.46 —2.97 —4.68 —-3.42 —-5.57
AEDYPrid —2.47 —-2.98 —4.73 -3.57 -6.15
AESRPT -1.83 —-2.27 -2.84 -2.01 -3.72
3.70 AEAF Trune -1.90 -2.52 -2.89 -2.02 -3.88
AEDyPrid -1.92 —-2.53 —-2.90 —-2.07 —-3.88
AESAPT —1.43 -1.87 —2.13 -1.51 —-2.82
4.00 AEA  Trune —1.45 -1.93 —2.14 -1.51 —-2.86
AEDyPrid —1.46 -1.96 -2.16 -1.53 -2.88

results is very good except at small distantee Figure 8 tant to point out that the equality of the results obtained with
For the rather strong dimetsiF), and H,O...HOH the trun-  the truncated and hybrid methods should result from the fol-
cated and hybrid curves appear to differ quite substantiallyowing equality:

by about 20%. The water dimer appears as an intermediate AESCF_ED 4 E(@) (32)
species for which both methods are in reasonable agreement, int ind »

a result which has been already obtained by Refs. 4, 12, andhereE(® is the complete first-ordefelectrostatic and ex-
20. It should be noticed that for strong enough dimers thehange termsand El(rfc), is the Rayleigh—Schdinger part of
equilibrium distance obtained with the truncated method ighe induction energy. It has been argued that this equality
systematically smaller than with the hybrid method. Regardshould result from a fortunate cancellation between the ex-
ing the SAPT results it is clear thaiE>;"" is always change part of the induction energy and some part of the
smaller in magnitude thah E[X"" or AE>"rne. The sys-  higher-order perturbational contributions which are implic-
tematic difference for all dimers is about 20%. Note also thatitly included in a SCF supermolecular calculation of the in-
the equilibrium distance obtained by the pure perturbationaleraction energ§.Despite the fact that it is roughly true for
method is also systematically greater than with the two othethe water dimer, our results clearly demonstrate that it is
methods. In order to discuss further these results it is imporwrong for the (HF), and HN...HOH dimers. To illustrate

T T
—_ i 7 —_ 2 B 1
—g 4l ] E i ]
E 4 _ E o HF...HF ]
g | ] g of .
E T ] & 0 ]
> 2 ] > [ ]
2T i 2 0 ]
5 : 5-2 -
g L i g L i
st =
g O 7] g T ]
S ot ] St 1
5T ] o4 7]
o - B [ L -
=~ I
3R N 2T ]
g 7 T g r 1
L m _6 —
YR I T Y W RN WO GO SR I I SR E SO U SR S S Y S L L " | ) L ) |
3 4 5 6 7 2 4 8
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FIG. 3. Interaction energy curvedE;,, as a function of Rg for the FIG. 4. Interaction energy curvedE;,, as a function of Rg for the
(NH3), dimer as calculated by SAPTcurve with open squargs (HF), dimer as calculated by SAPTcurve with open squargs
SAPT,unc (solid squares and the hybrid methodErosses SAPT;,unc(solid squares and the hybrid method&rosses
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FIG. 5. Comparison between the SCF interaction energy clswiid line ~ FIG. 6. Comparison between the SCF interaction en¢sgjid line with
with crosses and the curve representing the perturbational sERY crossep and the curve representing the perturbational SHW+E()
+E(2) (dashed line with open squajyesr the (NH3), dimer. (dashed line with open squajesr the (HF), dimer.

this point we present in Figures 5% a comparison be- induction part of the SCF interaction energy. In order to dis-
tween the SCF interaction energy curve and the curve repreuss the status of the SAPT induction ene(mcluding or
senting the perturbational sui®)+ E{?) for the(NH3), and  not the exchange contributipnvith respect to the SCF in-
(HF), dimers, respectively. For the NHlimer the overall duction energy, we have presented in Table X the SCF in-
agreement between the two curves is strikingly good. In conduction energy, the difference between the SCF induction
trast, for the(HF), dimer there is a clear disagreement, theenergy and the total SAPT induction ener@ycluding ex-
main feature being an important difference in the location ofchange effecjsand the same difference without the ex-
the minimum. Although the difference of minimum energieschange terms, all quantities being given as a function of the
is small (about 0.2 kcal/molthis difference at the new cor- distance Rg. It immediately appears that at short and inter-
responding minima is magnified when the total dispersiormediate distances, the three calculated values of the induc-
energy is added to lead to the complete interaction energyion energy are different. The nice agreement obtained for
Following the Morokuma decompositidisee e.g., Ref. 94 the water dimer at B_o=3 A betweenE;S"™ and EZ) is
the SCF interaction energy may be written as: a?tl)JaIIy fortuitous. In factESS should not be compared to
SCF_ SCF E(2) because the so-calledpparent correlationor self-
ABint"=Eetect Eexcn-ni T Eind (33 C(I)nr?sistency effects are included in the supermolecular
whereE. is the electrostatic energydentical to ES%) as Hartree—Fock interaction energy but not in our computation
calculated here with SAPEycn . IS the Heitler—London  of El(ﬁc), 15 As emphasized by Sadféjthe second-order RS
exchange energy which reduces almosef3*""when a induction energy calculated within SAPT methodology by
very large basis set is usdédee discussion on the comple- using the first-order perturbed wave function is equivalent to

mentary exchange in Sec. III)BndEﬁ,CdFis by definition the that computed within a UnCoupled Hartree—FdtkCHF)

TABLE X. Comparison between the SCF induction energy and the perturbational induction energy. Energies in
kcal/mol and distances in A.

Ras HO..HNH,  HgN..HNH,  H;0..HOH  HF..HF  HN..HOH
ESCF —-4.57 —7.66 —3.84 -1.92 —-6.26

2.75 E@) o~ EDGT 2.74 4.37 2.10 0.89 3.39
E@—ERSF -153 -1.93 -0.71 -0.47 -1.32
ESSF -2.61 —-4.75 -2.25 -1.15 —-4.00

2.90 E@) o ESSF 1.52 2.67 1.25 0.47 2.11
E@-ESSF -0.65 -0.94 -0.24 -0.23 -0.63
ESGF -1.93 —-3.49 —-1.68 -0.84 -3.00

3.00 E@)_o— ESSF 1.11 1.94 0.83 0.33 1.55
E@—ESCF -0.37 0.55 -0.12 -0.12 -0.36
ESCF -1.10 —-2.00 —-0.99 -0.50 -1.85

3.17 E? o~ EDG" 0.59 1.02 0.44 0.16 0.90
EG—-ESSF -0.12 -0.30 -0.01 —0.04 -0.14
ExSF -0.23 -0.48 -0.23 -0.13 —0.46

3.70 EZ o~ EpGT 0.08 0.20 0.07 0.03 0.18

E@Q-ERSF 0.01 0.01 0.02 0.02 0.01
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FIG. 7. Comparison between the SCF interaction energy c(swid line FIG. 8. Comparison between the SCF interaction energy c(sokd line
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n

perturbation scheme. In particular, the perturbation-induced/hich gives the less plausible results. Results from the trun-

modification of the Hartree—FodkiF) potential is not taken ~Ccated approach demosrlspt;ate that the main pagAgL the dis-
into account. In a UCHF scheme, the results obtained foRrgreement betweeAE; """ on one hand, andE; ™ "

E() are underestimated. Sadlej emphasizes that if both urand AEf°"® on the other hand, comes from the second-
perturbed and perturbed many-electron systems are describeter exchange-induction energy which destroys the overall

in the HF approximation, then the appropriate perturbaﬂorﬂua“ty of the results. To illustrate this point Figures 7 and 8

theory is the Coupled Hartree—Fo@RHF) scheme. The in- display a comparison between theE>CF curve and the
duction computed at the CHF level is usually denoted agurve representing the perturbational sum

EZ) resps It SUMS Up to infinity certain linear diagrams with- EQ+ER+ES ing for the dimers HN..HNH, and

out rings and then fully accounts for the self-consistency(HF), (same curves as in Figures 5 and 6, except that the
effects. The CHF scheme corrects the HF potential of th&xchange-induction energy has been addedFigure 7 it is
unperturbed systems but no correlation corrections are intrsseen that the very good agreement found in Figure 5 is de-
duced. The total exchange-induction contributions are als§tr0yed This result shows that the calculated values for
present in the SCF induction energy. However, at the SCIEexch_,nd are overestimated since for a weak dimer such as
level, once again because of the self-consistency effects wdsN...HNH, the perturbational contributions beyond the
get Eexcand resp INstead ofE)., . 4. Finally, the SCF in- second-order should be small and a perturbational descrip-
duction contribution is written as: tion should be adequate. For stronger dimers (iK€), the
AESCF_E(@ L EC L SE 34 cle:_;w disagreement betW(_een the two curves does not neces-
ind ind,resp excrﬂnd resp mixt» sarily mean that we are in troubl@igher-order terms cer-
where5E i gathers all higher perturbational terms. A num- tainly play a role but there is no reason not to believe that,
ber of calculations oE{?) resp and Eexch—lnd resp Nave been in that case also, the exchange-induction term has been over-
presentedsee references in Ref. 28 estimated. Let us have a closer look to our estimate of the
Although results obtained with the hybrid approach areexchange-induction energy. Within the one-exchange ap-
good it is important to realize that escaping from a pureproximation used in this worle), .4 is calculated as a
perturbational treatment has some drawbacks. How much ¢fum of three termésee Sec. II, Eq.19)). The analysis of our
the higher-order perturbational contributions, what part offesults has shown that the first term is positive and represents
the exchange-induction energy, etc... is recovered from e major part oEZ).,, ing While the sum of the second and
SCF supermolecular calculation is not easy to estimate. Ithird terms is negative and essentially redugER.;, .4 by a
may be argued that the good results obtained with the hybriquantity which depends on sB8. For instance, for the
approach could result from a subtle balance between ned3N...HOH dimer this quantity has been calculated to be
glected contributions very different in nature. It is not clear24%, 15% and 11% for g =2.54 A, 2.75 A, and 2.93 A,
whether that balance will still hold when higher-order con-respectively. Quite similar results have been obtained with
tributions will be evaluated. Of course, a similar problem isthe other dimers. The sum of the two last terms entering into
present in a pure perturbational scheme but it is important tEgzchnd (see EQq(19)) may be rewritten as
emphasize that the neglected quantities not taken into ac-

count are much more clearly identified. Accordingly, in our EE> E k8+2 SAEZ’\SAB +Emd2 2 |S5)2.
opinion it is still important to study the pure perturbational K 1eB
treatments. From Tables IV and I¥n particular the com- (39

parisons with experimental value appears that the com- From Eq.(35) we see that an underestimation of the last term
plete pure perturbational treatme(8APT) is the approach related to the induction part leads to an overestimation of the
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exchange-induction energy. If, as emphasized by S&tlej, energies, dipole moments, complementary exchange ener-
the induction part is underestimated within the SAPT treatgies, etc.). From a qualitative point of view, the physical
ment, then, it is plausible that there exists some reducingesults obtained with the three approaches are essentially
effect for the exchange-induction energy related to the inducsimilar. The relative force of the different hydrogen bonds
tion part. In other words, higher-order terrtrelated to the are in agreement with experimental results and, in particular,
apparent correlation effe¢te/ould contribute significantly to the acceptor or donor properties are correctly reproduced.
the total exchange-induction energy. Besides this effect, werom a quantitative point of view, a number of differences
can also argue that the one-exchange approximation is onlgmerge when using the different approaches. These quantita-
valid for intermediate and large intermolecular distances antive differences are particularly important for the radial prop-
some bias could be introduced by neglecting multiple ex-erties, much less for the angular ones. A general result al-
changes. The neat effect of the neglect of multiple exchangeeady emphasized by some authors is that, at the level of
terms is not easy to estimate. approximation employed her€SCF level, perturbational
Finally, we would like to end with some remarks about components up to the second-order only, ))etthe hybrid
the intramonomer correlation effects on the results presenteabproach seems to be the most reliable apprdsed Table
here. Quite recently a number of studies have addressed tli¢). The pure perturbational approach including the main
problem of evaluating the intramonomer correlations contri-contributions up to the second-ord@alculated at the SCF
butions to the interaction enerdgy*>2°22-2lthough a com-  level) gives the less plausible results. Clearly, some of the
plete knowledge of all contributions is not at our disposal,neglected contributions must be introduced to get better re-
the calculations made so far show clearly the importance ofults. In particular, the second-order exchange-induction en-
such effects. Of course, this is expected for the electrostatiergy is certainly overestimated. We have argued that this
energy of hydrogen-bonded systems which depends esseguantity is very probably reduced by some intramonomer
tially on the magnitude of the permanent dipoles of the mol-correlation contribution. However, it is important to empha-
ecules known to be overestimated at the SCF level. Howevesjze that the error on the known experimental quantities is in
it is more surprising to get even stronger corrections for thegeneral of the same order of magnitude as the dispersion of
exchange contribution to the first-ordérSome important the results obtained using the different approaches. Accord-
effects(about 0.5 kcal/mglhave also been obtained for the ingly, there is still no clearcut conclusion on which method is
dispersion and induction paft-0.42 kcal/mol forE{?2) and  the best at the present time. To analyze further the impor-
—0.60 kcal/mol forE{?2) in the case of the water dimé‘hhe tance of each perturbational components is therefore essen-
second superscript indicating the perturbational order in théal if we want to reach in a controlled way the asymptotic
Mdller-Plesset expansionThese results are of particular im- regime of the perturbational expansion of the intermolecular
portance for the discussion just presented on the exchangwteraction energy.
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