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Structure and stability of fluorine-substituted benzene-argon complexes:
The decisive role of exchange-repulsion and dispersion interactions
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The van der Waals complexes benzene-argon~BAr!, fluorobenzene-argon ~FAr!,
p-difluorobenzene-argon~DAr! are investigated at the second-order Møller–Plesset~MP2! level of
theory using the 6-311G(d), cc-pVDZ, aug-cc-pVTZ, and@7s4p2d1 f /4s3p1d/3s1p# basis sets.
Geometries, binding energies, harmonic vibrational frequencies, and density distribution are
calculated where basis set superposition errors are corrected with the counterpoise method. Binding
energies turn out to be almost identical~MP2/@7s4p2d1 f /4s3p1d/3s1p#: 408, 409, 408 cm21! for
BAr, FAr, and DAr. Vibrationally corrected binding energies~357, 351, 364 cm21! agree well with
experimental values~340, 344, and 339 cm21!. Symmetry adapted perturbation theory~SAPT! is
used to decompose binding energies and to examine the influence of attractive and repulsive
components. Fluorine substituents lead to a contraction of thep density of the benzene ring, thus
reducing the destabilizing exchange-repulsion and exchange-induction effects. At the same time,
both the polarizing power and the polarizability of thep-density of the benzene derivative decreases
thus reducing stabilizing induction and dispersion interactions. Stabilizing and destabilizing
interactions largely cancel each other out to give comparable binding energies. The equilibrium
geometry of the Ar complex is also a result of the decisive influence of exchange-repulsion and
dispersive interactions. ©2001 American Institute of Physics.@DOI: 10.1063/1.1400137#
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I. INTRODUCTION

A large number of experimental and theoretical inves
gations in the recent past have focused on van der W
heteroclusters consisting of rare gas atoms bound to m
or poly-cyclic aromatic molecules,1–6 because of their utility
in understanding the structural and dynamic aspects of
solvation processes, condensed-phase properties in liq
and solids, and cluster dynamics. The experimental inve
gations, which have employed a wide variety of spect
scopic methods, have rendered important information on
structure, binding energies, spectral shifts, intermolecular
brations, and ionization potentials of these rare g
complexes.7–27 In addition, theoretical investigations, whic
include high-levelab initio calculations, have probed th
structures, binding energies, and intermolecular vibratio
frequencies of these complexes.28–36However, none of these
theoretical studies has quantitatively examined the interp
of attractive and repulsive forces governing the interacti
of the inert rare gas atom and thep-electron system of an
aromatic or olefinic molecule.

There have been qualitative attempts to describe
magnitude of the various attractive and repulsive forces
their role in the formation of these complexes where th
attempts have been based on the analysis of BSSE~basis set
superposition error!-corrected electron difference densi
distributionsr~r !.37–39 One of the crucial factors, which im
pedes quantitative investigations, is the high level of the
needed to accurately describe the interaction of an inert
6010021-9606/2001/115(13)/6018/12/$18.00
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gas and the diffusep electron clouds of the benzene ring6

This is because the major attractive component of these
teractions is predominantly dispersive in nature, which c
only be adequately described at correlated levels of theo

At this juncture, it is useful to recall that attractive force
are mainly comprised of electrostatic, dispersive, and ind
tive interactions, while the repulsive forces are mostly due
exchange repulsions. Each of these components has a d
ent physical origin, magnitude, and directionality. Thus ele
trostatic forces result from interactions between the perm
nent electric multipole moments of the complex partne
induction forces result from interactions of the perman
electric multipole moment of one monomer with the elect
multipole moment induced in the other monomer; dispers
forces result from the mutual polarization of the electr
densities of the two interacting monomers; repulsive for
result from the Pauli exclusion principle, which prevents t
electrons of one monomer from penetrating into the occup
space of the other monomer. Exchange repulsion incre
with increasing overlap and is always destabilizing.

The recent experimental binding energies of a numbe
closely related p systems ~benzene, fluorobenzene
p-difluorobenzene! with argon seem to indicate that the pre
ence of electron-withdrawing substituents on the ring d
not have a substantial effect on the observ
magnitudes.13,14,16–20,39This is contrary to what was ob
served for the interactions of water with thesep systems
where the binding energy of thep bonded complexes de
8 © 2001 American Institute of Physics
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creases significantly as one progresses from benzen
p-difluorobenzene.40–42 It should be noted that both electro
static and dispersive interactions have a significant role in
binding of water with thesep systems. Thus it is interestin
and desirable to determine the magnitude of each of the
dividual interaction energy components ofp-argon com-
plexes and explain both the observed equilibrium geomet
and the resulting binding energies. Given the earlier attem
of some of the authors of this study to explain the stability
p-rare gas complexes using a novel electron density anal
we have also examined the efficacy of this analysis in
plaining the stability of thesep-argon complexes.37–39

The argon complexes of various aromaticp systems
have been theoretically investigated by a number of gro
in the past.28–36 Thus Hobza and co-workers evaluated t
geometries, binding energies and vibrational stretch
modes of the benzene-argon, fluorobenzene-argon,p-
difluorobenzene complexes at the second-order Møll
Plesset~MP2! level of theory using a 6-311G(d) basis set
to describe thep system and a@7s4p2d# basis set to de-
scribe the argon atom.28–30,32Their calculated binding ener
gies and geometries were fairly close to the experime
values.30 They, however, conjectured that the stabilization
the argon complexes of the fluorinated benzenes was p
bly due to a charge transfer from thep system to argon.30

Kraka and co-workers, however, observed that the cha
transfer is more of an artifact of calculations not includi
BSSE corrections.37 The benzene-argon complex was r
cently investigated by Kochet al. employing high-levelab
initio methods.33 These authors carried out CCSD~T! calcu-
lations ~coupled cluster theory with single and double ex
tations and a perturbative inclusion of triple excitations! with
a large basis set of QZ quality for the experimentally det
mined geometry of the benzene-argon complex and obta
a binding energy of 385 cm21 in reasonable agreement wit
the experimental values13,16of (D05340,316 cm21), consid-
ering that that zero point energy corrections are of the or
of 50 cm21 ~see Sec. III!. Due to a fortuitous cancellation o
basis set and correlation errors, the experimental estima
the binding energy is also close to the BSSE corrected b
ing energy of 394 cm21 evaluated at the MP2/aug-cc-pVD
level.33

The experimental binding energies of the benzene-ar
complex merit special mention because of the presenc
two different experimental estimates.13,16 The earlier experi-
mental estimate of an upper limit of (D05340 cm21) for the
C6H6-Ar complex was obtained by Krause and Neusse13

However, based on the infrared spectra of jet-cooled C6H6

and C6D6 cations complexed with Ar, Satinket al. observe
that aD0 of 316 cm21 would be a more stringent upper lim
for the dissociation energy of the neutral C6D6-Ar complex.16

Therefore, in our comparisons of the calculated binding
ergies to the experimental estimates, we use both the a
mentioned values.

The complexes of oxazole, isoxazole, and chlorobenz
with argon were at the focus of a series of theoretical inv
tigations by Kraka and co-workers.37–39 In their investiga-
tions, which were carried out using Spackman’s 6-3
3(1sd,1sp) basis set to describe thep system and a
Downloaded 18 Feb 2005 to 129.16.100.35. Redistribution subject to AIP
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(14s10p2d1 f )@7s4p2d1 f # basis to describe the argo
atom,43–45 the rotational constants of the equilibrium geom
etries of these complexes were evaluated. Their studies
involved an innovative use of electron density maps to
ravel the electronic factors determining the stability and
configuration of the equilibrium geometry. Thus an analy
of the Laplace concentration of the monomers enabled th
to detect regions of strong contraction of negative charge
small exchange repulsion.

In this work, we will combine three different theoretica
methods to analyze the complex stability of benzene-ar
~BAr!, fluorobenzene-argon~FAr!, and p-difluorobenzene-
argon~DAr! in terms of dispersive, inductive, and exchan
repulsion forces. First, we will apply the conventional sup
molecular ~SM! approach to determine various comple
properties, but in particular the complex stabilization ener
Then, we will decompose the latter into dispersive, indu
tive, and repulsive contributions employing symmet
adapted perturbation theory~SAPT!.46 Finally, we will merge
the SM and SAPT results with the electron density analy
of Kraka and Cremer37–39 to obtain a unified description o
the three complexes where we will concentrate specific
on the following questions:

~1! Does theory confirm the experimental observation of
most identical complex binding energies for BAr, FA
and DAr?

~2! How is the accuracy of calculated complex binding e
ergies influenced by basis set size, BSSE correctio
and vibrational corrections? How do calculated geo
etries compare with the available experimental data?

~3! What are the dominant interaction terms determining
complex stability? Does the analysis of these terms l
to an explanation for the insensitivity of complex bin
ing energies to F substitution?

~4! Do SAPT and the electron density analysis lead to
same, complementary, or controversial descriptions
the complex properties? Can one use the latter as a
saving qualitative alternative for the time consuming a
expensive SAPT description?

~5! How does F substitution influence the complex prop
ties and can these electronic influences be explai
within a simple model?

~6! What predictions can be made for otherp-rare gas com-
plexes on the basis of what is learned from the curr
investigation?

The paper is organized as follows: In the next secti
we briefly describe the computational details. Then, in S
III, we present and discuss the results obtained from the
composition of the binding energies of thep-argon com-
plexes BAr, FAr, and DAr. Furthermore, we also examine
results obtained from the electron density distributions
these complexes. Finally, we compare the results obta
from both methods.

II. METHODS

In most theoretical investigations of van der Waals co
plexes, the interaction energy is evaluated either using
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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SM variational method or the perturbational SAPT method46

In the SM method, the interaction energy is the differen
between the energy of the complex and the energies of
isolated systems. Although the SM method is conceptu
and computationally simple, it can not provide a clear pict
of the interaction forces. However, the SAPT method47 com-
putes the interaction energy directly as a sum of theelectro-
static, exchange, dispersion, and inductioncontributions,
which provide a physical interpretation of the interactio
between the complex monomers.

Given the aims of this study, we initially carried ou
conventional SM calculations to obtain the optimized geo
etries, binding energies, and vibrational frequencies of B
FAr, and DAr. SAPT calculations were then performed
decompose the binding energy of these complexes into i
vidual interaction energy components.48 The details of the
calculations are briefly elaborated to aid the discussion of
results.

A. Supermolecular calculations

Complete geometry optimization of all the complex
investigated in this study were carried out at the MP2 le
of theory using Pople’s 6-311G(d) basis44 as well as Dun-
ning’s aug-cc-pVDZ and and aug-cc-pVTZ basis sets.49 Vi-
brational frequencies were then evaluated for all the o
mized structures at the MP2/aug-cc-pVDZ level. While
the electrons were explicitly included in the calculations c
ried out with VDZP basis sets, only the valence electro
were correlated in the MP2/aug-cc-pVTZ calculations.

The zero point vibrational energy~ZPVE! corrections
were computed from the frequencies evaluated at
MP2/aug-cc-pVDZ level of theory. The BSSE corrections
the SM calculations were computed using the counterp
~CP! method of Boys and Bernardi50 according to the follow-
ing calculational strategy. First, calculated binding energ
DEe

N were corrected by referencing them to BSSE-correc
monomer energies, which led to binding energiesDEe

B . Al-
though this leads to an improvement of calculated values,
binding energies are still flawed by a geometry error cau
by the fact that geometries also suffer from BSSEs.37–39,51

Hence, in a second step, binding energiesDEe
B were recal-

culated for BSSE-corrected complex geometry thus yield
final binding energiesDEe

F , which represent the most rel
able values.

The correction of complex geometries by the CP meth
was carried out in three steps.~i! The geometries of thep
systems were initially optimized at the MP2/aug-cc-pVT
level of theory.~ii ! The binding energies of the complexe
for different intermolecular separations were then obtain
at the MP2 level using a@7s4p2d1 f /4s3p1d/3s1p#
basis which is based on Spackman’s 6-31G(1sd,1sp)
basis set43,44 to describe the p system and the
(14s10p2d1 f )@7s4p2d1 f # basis set of Chalasin´ski and
co-workers45 to describe the argon atom. For this purpo
the MP2/aug-cc-pVTZ optimized geometry of thep system
was frozen and the location of the Ar atom above the r
was varied. For the sake of brevity, this calculation w
henceforth be denoted as MP2/@7s4p2d1 f /4s3p1d/3s1p#.
~iii ! BSSE-corrected binding energies were fitted to a po
Downloaded 18 Feb 2005 to 129.16.100.35. Redistribution subject to AIP
e
he
ly
e

-
r,

i-

e

l

i-
l
-
s

e
r
e

s
d

e
d

g

d

d

,

g

-

nominal depending on the position of the Ar atom, and
equilibrium geometry was determined as the geometry
leads to a maximum binding energy.

All the SM calculations reported in this study were ca
ried out using theGAUSSIAN52 andCOLOGNE2000programs.53

B. Symmetry-adapted perturbation theory
calculations

SAPT47 provides a rigorous quantitative quantum m
chanical description of the intermolecular forces and a
enables one to identify the physically meaningful term
originating from classical theories of intermolecular force
Unlike most other decomposition procedures, SAPT allo
for a natural description of the interaction energy in the fo
of a sum ofelectrostatic, induction, dispersion, andexchange
interactions. One can also examine the changes obtaine
stepwise inclusion of electron correlation effects on the
forces. In this study, the SAPT calculations were carried
using theoretical~obtained from SM calculations! or experi-
mental geometries of the complexes. The SAPT interac
energy accurate to third order,Eint

~SAPT! , is given by Eq.~1!

Eint
~SAPT)5Eelst

~1!1Eexch
~1! 1Eind

~2!1Eexch-ind
~2! 1Edisp

~2!

1Eexch-disp
~2! 1dint

HF , ~1!

whereEelst
(1) is the electrostatic energy of the monomers w

the unperturbed electron distribution,Eexch
(1) is their first-order

valence repulsion energy due to the Pauli exclusion p
ciple, Eind

(2) stands for the second-order energy gain result
from the induction interaction,Eexch-ind

(2) represents the repul
sion change due to the electronic cloud deformation,Edisp

(2) is
the second-order dispersion energy,Eexch-disp

(2) denotes the
second-order correction for a coupling between the excha
repulsion and the dispersion interaction, andd int

HF includes the
higher order induction and exchange corrections.

The SAPT interaction energy can also be represente
the sum ofEint

~HF) andEint
~corr) , whereEint

~HF) is the sum of all the
energy components evaluated at the Hartree–Fock level
Eint

~corr) is the sum of all the energy components evaluated
the correlated level. Given the size of the systems inve
gated and the level of theory employed in this study to eva
ate the various energy components, it was not feasible
evaluate the computationally demanding higher order co
ponents. Hence, one should expect a slight deviation of
total interaction energies evaluated using SAPT and SM
culations. This, however, does not affect our conclusio
based on the magnitude of the individual interaction ene
components, as was shown in a recent paper.54 A detailed
description of SAPT and some of its applications can
found in some recent references.41,42,55–59

III. RESULTS AND DISCUSSION

A. Geometries and energies

The optimization of thep-Ar complexes BAr, FAr, and
DAr at the MP2/aug-cc-pVDZ level of theory yielded th
structures shown in Fig. 1. An analysis of the optimized g
ometries shown in Fig. 1 of both the uncomplexed~p mono-
mers! and complexed forms~p-Ar complexes! reveals that
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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there is no perceptible change in the geometries of thp
system upon complex formation~changes in bond lengths
,0.001 Å; similarly small deviations from planarity!. This is
also evident from experiments of Weberet al.7 In order to
evaluate the effect of the individual interaction energy co
ponents on the observed geometries, we have also carrie
calculations on the forms shown in Fig. 2.

While in the case of both the BAr and DAr complexe
the argon atom is directly located over the center of
aromatic ring, it is slightly shifted toward the C–F bon
in the FAr complex. This is in line with experimenta
observations8–11 and, therefore, no attempts were made
locate other plausible conformers. It can be seen fr
Tables I, II, and III that as one progresses from the BAr
the DAr complex, there is a gradual decrease in the in
molecular distanceRpCM-Ar defined as the distance betwe
the Ar atom and the the center-of-mass of the~substituted!
benzene. This decrease ranges from about 0.014
(MP2/@7s4p2d1 f /4s3p1d/3s1p#), 0.03 Å ~MP2/aug-cc-

FIG. 1. MP2/aug-cc-pVTZ geometries of the benzene-Ar~BAr!,
fluorobenzene-Ar~FAr!, andp-difluorobenzene-Ar~DAr! complexes. Values
in parentheses correspond to MP2/aug-cc-pVDZ calculations. The pos
of the Ar atom was determined at the MP2/@7s4p2d1f /4s3p1d/3s1p# level
of theory using BSSE corrections as described in the text. CM denote
center-of-mass for the monomer, CR the center-of-ring for fluorobenz
Experimental~exp! values from Refs. 7, 9, and 10. All distances in Å.
Downloaded 18 Feb 2005 to 129.16.100.35. Redistribution subject to AIP
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pVDZ!, 0.018 Å~MP2/aug-cc-pVTZ! to about 0.032 Å~ex-
perimental values!.7,9,10

The calculated intermolecular separationsRpCM-Ar

@aug-cc-pVDZ: 3.364~BAr!; 3.335 ~DAr!, Table I; aug-cc-
pVTZ: 3.373~BAr!; 3.355 Å ~DAr!, Table III# are compara-
tively smaller than the experimentally determined distan
~BAr: 3.582; DAr: 3.550 Å!.7,9,10 This is due to the BSSE
which becomes obvious when considering BSSE-correc
geometry optimizations~Table II!. Thus in case of the BAr
complex, the BSSE-corrected geometry optimization at
MP2/aug-cc-pVDZ level yielded an intermolecular sepa
tion RpCM-Ar of 3.534 Å and a binding energyDEe

F of 399
cm21. However, the computational effort involved in dete
mining BSSE-corrected geometries with extended basis
for FAr and DAr is considerable and, therefore, these cal
lations were carried out at the MP2 level using t
@7s4p2d1 f /4s3p1d/3s1p# basis set.

As can be seen from Table II, the intermolecular sepa
tions RpCM-Ar ~BAr: 3.592; DAr: 3.578 Å! obtained at this
level are close to the experimental values. Moreover, a c
parison of the sum of the calculated rotational constantsA
1B52220 MHz) of DAr with the experimentally deter
mined sum of (A1B52234.662 MHz) indicates that the
calculated structure closely resembles the experimentally
served structure.12 For FAr it is useful to give the intermo
lecular separation in terms ofR' , which is the perpendicula
distance of the argon atom from the ring plane of fluorob
zene, andRi , which is the distance between the geomet
center of the C6-ring and the intersection ofR' with the ring
plane. Values of 3.588 and 0.154 Å were determined at
MP2/@7s4p2d1 f /4s3p1d/3s1p# level of theory ~without
BSSE-corrections at MP2/aug-cc-pVTZ: 3.364 and 0.300!,

on

he
e.

FIG. 2. Various forms of the benzene-Ar andp-difluorobenzene-Ar com-
plexes, whose interaction energies are decomposed in Tables II and III.
values ofRp-Ar for the BAr and DAr complexes are 3.364 and 3.335 Å
the MP2/aug-cc-pVDZ level of theory and 3.592 and 3.578 Å at
MP2/@7s4p2d1f /4s3p1d/3s1p# level of theory.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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TABLE I. Total binding energies and binding energy components calculated at the MP2/aug-cc-pVDZ level of theory for different forms of the b
fluorobenzene-, andp-difluorobenzene-argon complexes.a

BAr FAr DAr

I II III IV V I I II III IV

Rp-Ar 3.364 3.364 3.364 3.646 3.582 3.367 3.335 3.335 3.335 3.6
A 2806 2942 3331 3097 2845 1773 1203 1464 1924 1573
B 1299 1299 1299 1145 1181 1215 1119 960 830 834
C 1299 1272 1210 1103 1181 972 733 733 733 678
DEe

N 2653 2679 2698
DEe

B 2365 2353 2349
DEo 2314 2295 2305
DEcor 21114 21177 21203
Eint

~SAPT) b 2391 2172 731 2201 2411 2390 2394 2212 555 2273
Eint

~corr) c 2956 21080 21487 2811 2684 2971 2987 21119 21545 2847
Eelst

(1) 2398 2645 21610 2441 2197 2404 2410 2626 21434 2396
Eexch

(1) 1084 1709 4146 1154 542 1090 1101 1661 3836 1051
Eind

(2) 2413 21037 23432 2822 2192 2408 2396 2920 22633 2638
Edisp

(2) 21110 21287 21888 2950 2770 21120 21133 21307 21923 2969
Eexch-ind

(2) 386 1011 3367 807 173 390 384 908 2583 633
Eexch-disp

(2) 112 165 348 114 59 111 111 157 312 103
d int

HF 252 288 2199 263 225 251 251 285 2186 257

aAll energies are in cm21; distances are in Å. See Figs. 1 and 2 for a description of the various complex forms. Form I corresponds to the MP2/aug-c
optimized geometry, form V to the experimental geometry. ‘ ‘DEe

N’ ’ and ‘‘ DEe
B’ ’ represent the supermolecular binding energies without and with basis

BSSE correction, respectively.DEo is the ZPVE-correctedDEe
B . The frequencies for ZPVE were evaluated at the MP2/aug-cc-pVDZ level. The ele

correlation energyDEcor is the value of theEe(MP2) subtracted byEe(HF) at the MP2 optimized geometry.RpCM-Ar is the distance from the center-of-mas
of benzene, fluorobenzene, andp-difluorobenzene to the argon atom. A, B, C are the rotational constants in MHz.

bEint
~SAPT) is the interaction energy of the complex form evaluated using SAPT according to Eq.~1! ~see text!.

cEint
~corr) is the sum of all the energy components evaluated at the correlated level.
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which indicates that BSSE corrections increaseR' of FAr to
a value between the two correspondingR'5RpCM-Ar values
for BAr and DAr. With increasingR' the horizontal shift
parameterRi becomes smaller because the electronic effe
of the F atom are less experienced by the Ar atom.

The influence of the BSSE is also reflected by the c
culated binding energies~2653,2679,2698 cm21, Table I!.
Errors are in the range of 339–349 cm21 with the complex
stabilities doubled because of an unbalanced descriptio
the monomers. They become smaller for the aug-cc-pV
basis ~,200 cm21, Table III! in line with the well-known
fact that the BSSE decreases with increasing basis set
The BSSE-corrected SM binding energiesDEe

B at the
MF2/aug-cc-pVDZ level~365, 353, and 349 cm21, Table I!
are 40–60 cm21 smaller than the corresponding energ
DEe

F evaluated at the MP2/@7s4p2d1 f /4s3p1d/3s1p# level
~408, 409, 408 cm21, Table II!. One has to correct calcu
lated binding energies by ZPVEs to obtain quantitiesDEo

which are directly comparable with experimental bindi
energies (D0). MP2/aug-cc-pVDZ values ofDEo ~314, 295,
305 cm21, Table I! and MP2/@7s4p2d1 f /4s3p1d/3s1p#
values ~357, 351, 364 cm21, Table II! both agree reason
ably with experimental values of 340~BAr!, 344 ~FAr!,
and 339 cm21 ~DAr!,13,17–20 where the MP2/aug-cc-pVDZ
values are 26–59 cm21 too small and the
MP2/@7s4p2d1 f /4s3p1d/3s1p# values 7–25 cm21 too
large. If one employs the experimental estimates of 3
cm21 ~BAr!,16 in the comparison, the MP2/aug-cc-pVD
values are 2–59 cm21 too small and the
MP2/@7s4p2d1 f /4s3p1d/3s1p# values 7–41 cm21 too
large. Actually, the latter binding energies are closer to
Downloaded 18 Feb 2005 to 129.16.100.35. Redistribution subject to AIP
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perimental values in line with the fact that this approach a
gives a better account of the experimental geometries.

The binding energies obtained using VDZ basis sets
combination with the BSSE-corrected geometries are in b
ter agreement with experimental values than those obta
with large basis sets for BSSE-uncorrected geometr
Hence, MP2/VDZ calculations, in general, but in particu
the MP2/@7s4p2d1 f /4s3p1d/3s1p# approach provide a
useful description of the complex properties due to a for
itous cancellation of basis set truncation and correlation
rors, as pointed out previously by Kraka an
co-workers.37–39 Noteworthy in this connection is the fac
that the most accurate estimate of the binding energy of
BAr complex obtained at the CCSD~T!/aug-cc-pVQZ level
of theory yielded a value of 385 cm21 corresponding to
DEo5334 cm21.33

Although the ZPVE corrections employed in th
study, i.e., 51~BAr!, 58 ~FAr!, 44 ~DAr!, were obtained
using the harmonic vibrational frequencies evaluated at
MP2/aug-cc-pVDZ level, it is useful to illustrate the effect
the inclusion of both BSSE and anharmonic effects on
magnitude of the ZPVE corrections. A few studies have d
cussed the effect of the BSSE corrections on the calcula
force constants and zero point vibrational energies.51,60 Al-
though the intermolecular vibrational frequencies or for
constants are influenced upon optimization using BSSE
rections, the extent of the effects varies from extremely sm
to quite large depending on the complex and the calcu
tional method. In the case of these weakly bound comple
these effects are expected to be very small. Furthermore
intermolecular stretching and bending frequencies exh
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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Downloaded 18 Fe
TABLE II. Total binding energies and binding energy components calculated at
MP2/@7s4p2d1f /4s3p1d/3s1p# level of theory for different forms of the benzene-, fluorobenzene-,
p-difluorobenzene-argon complexes.a

BAr FAr DAr

I IV V I I IV

Rp-Ar 3.592 3.853 3.582 3.607 3.578 3.830
A 2853 3104 2845 1806 1140 1495
B 1176 1051 1181 1099 1080 804
C 1176 1020 1181 898 689 641
DEe

F 2408 2409 2408
DEo 2357 2351 2364
Eint

~SAPT)b 2420 2283 2421 2416 2416 2324
Eint

~corr)c 2685 2579 2696 2680 2685 2582
Eelst

(1) 2199 2221 2206 2192 2192 2184
Eexch

(1) 533 577 552 510 507 479
Eind

(2) 2177 2366 2184 2159 2150 2250
Edisp

(2) 2772 2661 2785 2759 2761 2644
Eexch-ind

(2) 159 355 166 150 146 249
Eexch-disp

(2) 59 61 60 56 55 50
d int

HF 223 229 224 222 221 223

aAll energies are in cm21; distances in Å. See Figs. 1 and 3 for a description of the various complex fo
Form I corresponds to the MP2/@7s4p2d1f /4s3p1d/3s1p# optimized geometry, form V to the experimenta
geometry.DEe

F represents the supermolecular binding energy including BSSE corrections and being calc
at the BSSE-corrected geometry.DEo is the ZPVE-correctedDEe

F . Frequencies for ZPVE were evaluated
the MP2/aug-cc-pVDZ level. The electron correlation energyDEcor is given by the differenceEe(MP2)
2Ee(HF) calculated at the MP2 geometry.RpCM-Ar is the distance from the center-of-mass of benzene, fl
robenzene, andp-difluorobenzene to the argon atom. A, B, C are the rotational constants in MHz.

bEint
~SAPT) is the interaction energy of the complex form evaluated using SAPT according to Eq.~1! ~see text!.

cEint
~corr) is the sum of all the energy components evaluated at the correlated level.
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differing trends, with the former generally decreasing and
latter generally increasing, upon BSSE corrections. This
dicates that the magnitude of the ZPVE correction is
significantly effected when the force constants are correc
for BSSE.51

In the case of anharmonic effects, earlier efforts to eva
ate accurate ZPVE corrections inclusive of them ha
yielded values of 59 cm21,35 and 54 cm21,15 for the BAr
complex. These values indicate that the noninclusion of
harmonic effects in the evaluation of ZPVE corrections do
not significantly influence the magnitude of the calcula
binding energies in these complexes. Hobza and co-wor
have arrived at similar conclusions in their investigation
anharmonic effects in the more strongly bound wa
dimer.60

The MP2/@7s4p2d1 f /4s3p1d/3s1p# data listed in
Table II confirm that complexes BAr, FAr, and DAr posse
a complex binding energyDEe

B of 40861 cm21, which is
slightly varied when adding ZPVE corrections. This simila
ity is remarkable in view of the calculated variation in th
distanceRp-Ar of 0.03 Å ~BSSE-corrected: 0.014 Å, Tabl
II !. As it is hardly possible that all interaction terms are
sensitive to F substitution of the benzene ring, the ratio
attractive and repulsive forces in complexes BAr, FAr, a
DAr must be conserved in some way, despite change
individual interaction terms. Therefore, it has to be clarifi
how this balance of attractive and repulsive forces is retai
for the three complexes.

Such an analysis must be based on BSSE-corre
SAPT values obtained at BSSE-corrected geometries
b 2005 to 129.16.100.35. Redistribution subject to AIP
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cause a comparison of the data in Tables I and II reveals
the former~calculated for BSSE-uncorrected geometries! dif-
fer considerably from the latter~calculated for BSSE-
corrected geometries!. The magnitude of all the interactio
energy components is significantly higher in the structu
optimized at the~not BSSE-corrected! MP2/aug-cc-pVDZ
level of theory. Even though this increase can be read
attributed to the decreased intermolecular separation
served for these structures as a consequence of the BSS
can be seen that the increase observed in the attractive
ponents is partially balanced by an equally large increas
the repulsive components.

Changes in the magnitude of electrostatic, dispers

TABLE III. Total binding energies and binding energy components cal
lated at the MP2/aug-cc-pVTZ level of theory for different forms of th
benzene-, fluorobenzene-, andp-difluorobenzene-argon complexes.a

BAr~I! FAr~I! DAr~I!

Rp-Ar 3.373 3.393 3.355
A 2853 1821 1197
B 1299 1198 1140
C 1299 969 735
DEe

N 2683 2688 2696
DEe

B 2501 2505 2502
DEo 2450 2446 2458
DEcor 21210 21200 21220

aAll energies are in cm21; distances are in Å. See Figs. 1 and 3 for
description of the various complex forms. The frequencies for ZPVE w
evaluated at the MP2/aug-cc-pVDZ level. See footnote of Table I for ot
definitions.
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and exchange-repulsion interaction energy compon
caused by the F substituent~s! also depend on how th
geometry optimizations were carried out. Thus in t
MP2/aug-cc-pVDZ calculations without BSSE correctio
~Table I!, one observes an increase in these component
one progresses from BAr to DAr, with the increase be
more pronounced in the case of dispersion energies, tha
the exchange-repulsion and electrostatic energies. A decr
is, however, observed in the calculations~Table II! carried
out at the MP2/@7s4p2d1 f /4s3p1d/3s1p# level, with the
decrease being more pronounced in the case of excha
repulsion than dispersive energies. Although the trends in
net interaction energies are very similar for both calcu
tional procedures, one notes that the noninclusion of BS
in the geometry optimization dramatically alters the tren
observed in the case of individual interaction energy com
nents.The altered trends can also be attributed to the diff
ent distance dependencies of the individual interaction
ergy components because the intermolecular separation
the BSSE-uncorrected geometries are far smaller than
corrected geometries. Therefore, we will base the following
discussion~if not otherwise noted! on energy data based o
the BSSE-corrected geometries of Table II.

It can be seen from the magnitude of the total interact
energyEint

~SAPT) and the sum of all the interaction energy com
ponents evaluated at the correlated level~Eint

~corr) , Tables I and
II ! that all p-Ar complexes are strongly repulsive at th
Hartree–Fock level of theory. However, for both the HF a
correlation corrected contributions it holds that BAr, FA
and DAr do not differ much~Table II!. The magnitude of the
electrostatic energiesEelst

(1) ~2199, 2192, 2192 cm21, Table
II ! has little effect on the relative magnitudes of total inte
action energies. The major attractive force in all of the
complexes is the dispersive interactionEdisp

(2) ~2772, 2759,
2761 cm21, Table II! with its contribution being nearly fou
times larger than that of the corresponding electrostatic
teraction. The dominance of dispersive interactions in
attractive forces ofp-Ar complexes BAr, FAr, and DAr is in
marked contrast to the dominance of electrostatic and ind
tive interactions observed in the case of conventional hyd
gen bonded systems. The magnitude of the repulsive co
bution, which predominantly emerges from the exchan
repulsive term Eexch

(1) , is of particular interest for the
equilibrium geometry of these complexes, an issue wh
will be examined in more detail when analyzing the electr
density distributions of BAr, FAr, and DAr~see Sec. III B!.

A fluorine substituent leads to a contraction of t
p-density of the ring, which can be made visible by subtra
ing ther~r ! of benzene fromr~r ! of p-difluorobenzene~see
Fig. 3!. If one keeps the geometry of benzene fixed to tha
p-difluorobenzene~apart from the C–X bonds in para
position!, differences in the electron density can be direc
analyzed for regions far from the C–X bonds. Thus the
substituents diminish thep-density above and below the six
membered ring~dashed contour lines! and contract it toward
the C atoms~solid contour lines!. The s-electron withdraw-
ing power of the F substituents is reflected by the decreas
the electron density in the ring plane~in particular the ring
center! and is actually responsible for the changes in
Downloaded 18 Feb 2005 to 129.16.100.35. Redistribution subject to AIP
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p-space. For the complex formation, however, the most
portant effect of the F substituents is the reduction of
density above and below the ring plane.

The decrease in the outerp-electron density of FAr fa-
cilitates a closer approach of the argon atom because o
duced exchange-repulsion interactions~Table II!. The pres-
ence of an electron-withdrawing substituent such as F a
leads to a decrease in the magnitude of the induction en
Eind

(2) which can be readily attributed to the diminishe
p-electron density above the ring as one progresses f
benzene top-difluorobenzene. Sincep-s* interactions also
contribute to the induction energies, the enhanced stabilit
the highest occupied molecular orbitals~HOMOs! in the flu-
orinated benzenes also decreases the induction energy
tribution in their argon complexes.

A contraction of the p-electron density in the
F-substituted complexes also influences the magnitude o
dispersion energy, which becomes smaller~less stabilizing!
~Table II!. Although the corresponding water monomer co
plexes of thesep systems also exhibit a similar decrease
the magnitudes of the various interaction energy com
nents, the decrease is much more pronounced therein a
in sharp contrast to what is observed in case of thep-Ar
complexes.40,61 Thus as one progresses from benzene
p-difluorobenzene, the magnitude of the total binding ene
of their water monomer complexes decreases by about 6
electrostatic by about 60%, exchange-repulsion by ab
40%, induction by about 40%, and dispersion by ab
20%.61

Given the definition of exchange-repulsion,62 its magni-

FIG. 3. Contour line diagram of the MP2 difference electron density dis
bution Dr~r !5r~p-difluorobenzene!-r~benzene! calculated with the
@4s3p1d/3s1p# basis at MP2/aug-cc-pVTZ optimized geometries. Ref
ence plane is the plane perpendicular to the benzene ring that contain
C–X bonds ~X5H or F!. Contour lines range from 231026 to 2
31021@e/Bohr3#. Solid lines correspond to an increase of the electron d
sity upon change from benzene top-difluorobenzene, dashed lines to a d
crease.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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tude can be directly correlated to both the magnitude of
overlap of the filled orbitals of thep system and the argo
atom ~four-electron repulsion effects! and the extent of
penetration of negative charge. Since the magnitude of
overlap increases exponentially with decreasing in
molecular separations, it is of interest to examine on how
substitution would influence the energetics and hence the
sition of the argon atom over the ring. In order to do so,
carried out calculations on forms II, III, and IV~Fig. 2! of
the BAr and DAr complexes. While calculations on form I
were carried out using both the aug-cc-pVDZ a
@7s4p2d1 f /4s3p1d/3s1p# basis sets, forms II and III were
investigated using only the aug-cc-pVDZ basis set.

It can be seen from Tables I and II that a shift of t
argon atom from the center of the aromatic ring~form I! to a
position directly above one of the aromatic carbon ato
~form IV! leads to a decrease in the~stabilizing! dispersive
energiesEdisp

(2) for both the BAr and DAr complexes~by 111
from 2772 to2661 and by 117 from2761 to2664 cm21,
Table II!. The magnitude of the exchange-repulsion ene
Eexch

(1) , however, distinguishes between the BAr and D
complexes in the way that BAr is destabilized~by 552
2533544 cm21, Table II!, while DAr is stabilized~by 479
25075228 cm21! when converting the complex from I int
IV. There are also changes in the electrostatic ene
Eelst

(1) @21772~2366!52189 cm21, Table II# and the induc-
tion energyEind

(2) @21502~2250!52100 cm21#, however,
the latter is largely canceled out by an accompanying
crease in the exchange-induction energyEexch-ind

(2) ~3552159
51196 and 24921465103 cm21, Table II!. The changes in
the electrostatic energies do not compensate for the obse
reduction of the stabilizing dispersive energies by 111 a
117 cm21, respectively, and, as a result, the net binding
ergy of form IV is lower than that of form I in both the BA
and DAr complexes@by 137522832~2420! and 9252324
2~2416! cm21, Table II#.

Calculations on forms II and III~Table I! also distinguish
between the characteristics of the BAr and DAr complex
Thus while stabilizing dispersive interactions become lar
for DAr @219232~21133!52790 cm21, Table I# than for
BAr @218882~21110!52778 cm21#, the increase in desta
bilizing exchange-repulsion is more pronounced in the c
of BAr ~41462108453062 versus 38362110152735 cm21,
Table I!. This is parallel to the fact that exchange interactio
distinguish between BAr and DAr, as discussed above for
differenceEexch

~1! ~IV) 2Eexch
~1! ~I).

An important point, which emerges from the above d
cussion, is that the magnitude of both the exchange-repul
and dispersion interactions have a crucial role in determin
the equilibrium geometry of thesep-argon complexes. As
the dispersive effects are maximized both by a decreas
the intermolecular separation and an increase in the num
of p-electrons participating in the interaction, the decre
observed in the exchange-repulsion of DAr as one progre
from form I to form IV also explains the shifting of the argo
atom toward the C–F bond in the case of FAr.
Downloaded 18 Feb 2005 to 129.16.100.35. Redistribution subject to AIP
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B. Electron density analysis

Changes accompanying the complex formation can a
be investigated by calculating difference electron density d
tributions

Dr~r !5r~complex!2(
i

r i~monomer!DCBS, i 51,2,

~2!

where the monomer density distributionsr i(monomer!DCBS

are calculated in the dimer-centered basis set~DCBS! to cor-
rect for BSSE. In Fig. 4, MP2/@7s4p2d1 f /4s3p1d/3s1p#
difference density distributionsDr~r ! determined for BAr,
FAr, and DAr at their equilibrium geometries are shown w
regard to a plane containing the Ar atom, the center of
benzene ring, and the C–X bonds~X5H or F! in para-
position. An increase of the difference density due to co
plex formation is indicated by solid contour lines, a decrea
by dashed contour lines.

Complex formation leads to an increase of the elect
density distribution in regions 1 and 3, however, to a d
crease in regions 2 and 4, i.e., regions of positiveDr~r ! are
followed by regions of negativeDr~r ! in a regular pattern.
This pattern is similar for complexes BAr, FAr, and DAr an
can be explained in the following way. The Ar atom push
p-electron density out of the intermolecular region 2~Fig. 4!
toward and through the center of the benzene ring~region 3!.
The benzene ring, in turn, pushes the density of the Ar a
toward its back~region 1!, however, part of this density is
stopped by the Ar nucleus so that a build up of electr
density in a small region in front of the Ar nucleus can
observed~region 2c!. Overall the calculatedDr~r ! indicates
that complex formation leads to polarization of both the de
sity at Ar and thep-density of the benzene ring. Small dipo
moments are induced for both the Ar atom and the benz
ring @see Fig. 4~a!# thus creating some attractive inductio
forces.

The calculated difference electron density distributi
Dr~r ! reflects the important role of exchange repulsio
which leads to a polarization of the charge distribution of t
monomers upon complex formation. For BAr and DAr, t
energetically favorable position is above the ring center
cause the destabilizing exchange-repulsion effects are sm
In this position, the Ar atom can approach the ring closely
that stabilizing dispersion effects involving the electrons
the six C atoms become large.

Comparison of Figs. 4~a! and 4~c! shows that less elec
tron density is pushed out of region 2 in the case of D
Accordingly, the polarization of the density at Ar and at t
benzene ring is smaller, which can be verified by inspect
of Fig. 4~b!. There, the density at the Ar atom is distorted
the way that the stronger effect of thep-density associated
with C4H ~as compared to that associated with C1F! be-
comes visible@see arrows indicating polarization direction
of the density in Fig. 4~b!#. While a quantification of these
effects is difficult, they can be better illustrated when depi
ing the changes in the electron density distribution caused
a variation of complex formation due to substituent effec
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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FIG. 4. Contour line diagram of the MP2 difference electron density dis
bution Dr~r ! @see Eq.~2!# of ~a! benzene-argon~BAr!, ~b! fluorobenzene-
argon ~FAr!, and ~c! p-difluorobenzene-argon~DAr! calculated with a
@7s4p2d1f /4s3p1d/3s1p# basis at optimized geometries. The referen
plane is the plane perpendicular to the benzene ring containing Ar and
C–X bonds ~X5H or F!. Contour lines range from 231026 to 2
31021@e/Bohr3#. Solid lines correspond to an increase of electron den
upon complex formation, dashed lines to a decrease. Regions of inc
and decrease of electron density are marked by small numbers. Loca
duced dipole moments are schematically indicated by arrows where the
of the arrow indicates the negative end of the dipole~chemical notation!.
Downloaded 18 Feb 2005 to 129.16.100.35. Redistribution subject to AIP
Differences between the density distributions of the th
complexes are analyzed by calculating the difference den
distribution:

DDr~r !5Fr~complex 1!2(
i

r i~1,monomeri
DCBS!G

2Fr~complex 2!2(
j

r j~2,monomerj
DCBS!G ,

~3!

where 1 and 2 denote complexes BAr, FAr, and DAr and
monomers of a given complex correspond to Ar and one
the three benzenes. For the purpose of determiningDDr~r !,
complex 2 is recalculated in the geometry of complex

-

he

y
se
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FIG. 5. Contour line diagram of the MP2 difference electron density dis
bution DDr~r ! @see Eq.~3!# of ~a! DAr-BAr and ~b! DAr-FAr calculated
with a @7s4p2d1f /4s3p1d/3s1p# basis at optimized geometries. The re
erence plane is the plane perpendicular to the benzene ring that contai
and the C–X bonds~X5H or F!. Contour lines range from 231026 to 2
31021@e/Bohr3#. Solid lines correspond to an increase of electron den
upon complex formation, dashed lines to a decrease. Regions of incr
and decrease of electron density are marked by small numbers.
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~apart from the C–X bond lengths with X5H or F!. In this
way, the differences caused by the replacement of H b
become visible@see Figs. 5~a! and 5~b!#. In DAr, there is
more density in the region between the monomers~region 2!,
which means that exchange-repulsion is smaller for D
than for BAr ~533 versus 507 cm21, Table II!. Accordingly,
the polarization of the electron density of the complex pa
ners of DAr is also smaller. There is less density in region
and 2c, more in region 2@Figure 5~a!#, thus decreasing the
absolute magnitude of the induction term relative to that
BAr ~2177 versus2150 cm21, Table II!.

The decrease in exchange-repulsion calculated for D
leads also to a decrease in the coupling termsEexch-ind

(2) and
Eexch-disp

(2) ~159 versus 146, 59 versus 55 cm21, Table II! thus
stabilizing complex DAr relative to complex BAr. Th
tighter binding of thep-density toward the nuclear frame
work does not only decrease exchange repulsion but
stabilizing dispersion interactions~from 2772 to 2761
cm21, Table II!. This is due to the fact that tighter bindin
of the density reduces thep-component of the dipole polar
izability ~benzene: 6.33; fluorobenzene: 6.18; difluorob
zene: 6.04 Å3, MP2/@7s4p2d1 f /4s3p1d/3s1p#, Table IV!.
Hence, in total the changes in exchange repulsion~see Figs.
4 and 5!, which increase the stability of DAr, are compe
sated by changes in the induction and the dispersion te
which decrease the stability of DAr. Accordingly, complex
BAr and DAr possess the same stability.

Complex FAr takes an intermediate position as to
changes in the various interaction terms@see Fig. 4~b! and
Table II# and, therefore, similar considerations as in the c
of BAr and DAr apply to explain the fact that the comple
stability does not change significantly. The Ar atom is shift
toward the F atom because of the decrease in excha
repulsion~also, the Ar atom can interact with seven rath
than six atoms possessingp-electrons!. The shift in the
position of Ar leads to some asymmetry in the charge po
ization in regions 1, 2, and 3. The charge build up in 1
shifted slightly from 1b toward 1a. Also, there is more ele
tron density depleted from region 2b than from 2c while t
build up of density is somewhat stronger in region 3b th
in region 3a.

IV. CONCLUSIONS

A number of conclusions can be drawn from this inve
tigation.

TABLE IV. Polarizabilities of benzene~B!, fluorobenzene~F!, and difluo-
robenzene~D! evaluated at the MP2/@7s4p2d1f /4s3p1d/3s1p# level of
theory.a

Polarizability
Å3 ~B! ~F! ~D!

ap 6.33 6.18 6.04
as1 11.81 11.88 11.96
as2 11.81 11.70 11.67
a iso 9.98 9.91 9.89
aexp 10.0 10.3

aThe polarizability components are given for the principle axis syste
where one axis complies with thep direction and the other two with the
in-plane directions.
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~i! BSSE- and ZPVE-corrected binding energiesDEo

calculated at the MP2/@7s4p2d1 f /4s3p1d/3s1p# level of
theory ~357, 351, 364 cm21, Table II! agree reasonably~de-
viations between 7 and 25 cm21! with experimental binding
energies of 340 ~BAr!, 344 ~FAr!, and 339 cm21

~DAr!.13,17–20We note that the inclusion of BSSE correctio
improves binding energies by 80% and more, but at le
another 10% improvement is due to ZPVE correctio
which is often overlooked.

~ii ! BSSE-corrected complex geometries are in line w
experimentally determined geometries. In particular,
MP2/@7s4p2d1 f /4s3p1d/3s1p# values of the distance
RpCM2Ar @3.592~BAr!; 3.588~R' for FAr; Ri50.154!; 3.578
Å ~DAr!# agree well with the corresponding experimen
values of 3.582, 3.572~0.228!, and 3.550 Å.7,9,10 BSSE-
uncorrected geometry optimizations, however, underestim
this parameter by;0.03 Å.

~iii ! The BSSE also has serious consequences for
SAPT analysis of binding energies. The noninclusion
BSSE corrections in the geometry optimizations influen
the magnitude and trends of the various interaction ene
components. The absolute magnitude of the calculated c
tributions to the binding energy is exaggerated, which
mainly due to an underestimation of the distanceRpCM2Ar .

~iv! The presence of electron-withdrawing substitue
such as F in the aromatic ring has a strong effect on
electronic structure of the benzene ring and, by this, on
complex formation. As shown in Fig. 3, thep-density above
and below the ring is depleted by contraction toward the
atoms of the ring. This leads to a reduction of exchan
repulsion and explains the shorterR' values for FAr~3.588!
and DAr ~3.578 compared to 3.592 Å for BAr!.

~v! The contraction of thep-density caused by F sub
stituents also has consequences for stabilizing induction
dispersion forces. Both are reduced where in the first case
decrease in exchange repulsion decreases also the pola
power of the benzene monomer. Induced moments at a
become smaller and hence the induction contribution. T
decrease of dispersion interactions results from the fact
with a tighter binding of thep-density thep-component of
the polarizability becomes smaller~Table IV!.

~vi! Both the exchange-repulsion and dispersion en
gies influence the location of the argon atom in the equi
rium geometries of these complexes, albeit in different wa
Thus the diminished electron density of the fluorobenze
leads to a much closer approach of the argon atom to
fluorine atom in its attempt to maximize the dispersive int
actions. Since the smaller intermolecular separation a
leads to an increase in the exchange-repulsion terms, the
binding energies are similar for both benzene and the flu
nated benzenes.

~vii ! Using results obtained in this work, we can pred
that with increasing F substitution the complex stabil
should not change strongly because there will be a bala
between decreasing exchange-repulsion effects and dec
ing dispersion interactions. This balance is more pronoun
for highly symmetrical complexes. Similar predictions d
not hold for other halogen-substituted benzene-argon c
plexes because in these cases the polarizability increases

,
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nificantly in the series of F-, Cl-, Br-, and I-substituted be
zenes, as well as with the number of halogen substitue
This leads to larger dispersion forces accompanied only b
small increase in exchange-repulsion so that the overall c
plex stability increases.

~viii ! In the halogen-substituted benzene-argon co
plexes, exchange-repulsion and dispersion effects domin
An adequate description of the latter requires correlation c
rected methods. Conventional methods such as HF th
can only be used for predicting complex properties if the
are dominated by electrostatic and exchange forces,63,64as is
the case for conventional hydrogen bonded complexes.

~ix! The SAPT and electron density descriptions, if c
rectly carried out, after considering BSSE corrections, le
to similar, largely complementary descriptions of the co
plexes investigated in this work. This supports argume
that the density description can be used~a! for a qualitative
rationalization of complex properties such as equilibrium
ometry, binding energy, dipole moment, etc., and~b! for the
interpretation of SM binding energies and the SAPT deco
position of binding energies.

~x! Analysis of difference electron density distribution
reflects, in particular, exchange-repulsion effects by indic
ing areas with a decrease or an increase of electron de
caused by complex formation. The pattern of depletion a
concentration regions indicates induced dipole~multipole!
moments and can be used to estimate induction forces.
persion forces are proportional to the dipole polarizabilit
of the monomers, as volume quantities are related to
space filled out by the density of the monomer~as, e.g.,
given by the 0.001 a.u. contour line of the electron densi!.
By comparing this space with the help of the difference el
tron density distribution of closely related monomers
those in the current case, the relative polarizabilities and
relative magnitude of dispersion forces can be estimated
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