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The van der Waals complexes benzene-argdBAr), fluorobenzene-argon (FAr),
p-difluorobenzene-argofDAr) are investigated at the second-order Mgller—Pledder) level of

theory using the 6-31 G(d), cc-pVDZ, aug-cc-pVTZ, anfi7s4p2d1f/4s3pld/3slp] 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 identi¢&IP2[ 7s4p2d1f/4s3p1d/3slp]: 408, 409, 408 cm®) for

BAr, FAr, and DAr. Vibrationally corrected binding energigd57, 351, 364 cmt) agree well with
experimental value§340, 344, and 339 cit). Symmetry adapted perturbation thedSAPT) is

used to decompose binding energies and to examine the influence of attractive and repulsive
components. Fluorine substituents lead to a contraction ofrttensity 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 thelensity 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. @001 American Institute of Physic§DOI: 10.1063/1.1400137

I. INTRODUCTION gas and the diffuser electron clouds of the benzene rifig.
) o _ This is because the major attractive component of these in-
_A Iarge number of experimental and theoretical INVesti-eractions is predominantly dispersive in nature, which can
gations in the rece'f“ .past have focused on van der Waag‘nly be adequately described at correlated levels of theory.
heteroclusters consisting of rare gas atoms bound to mono- At this juncture, it is useful to recall that attractive forces

_ . . —6 . oy
or poly-cyclic gromatlc molecules, because.of their utility are mainly comprised of electrostatic, dispersive, and induc-
in understanding the structural and dynamic aspects of thg

. 7 T ve interactions, while the repulsive forces are mostly due to
solvation processes, condensed-phase properties in liquids . .
. ) . . exchange repulsions. Each of these components has a differ-
and solids, and cluster dynamics. The experimental investi- . . . o .
. . . . ent physical origin, magnitude, and directionality. Thus elec-
gations, which have employed a wide variety of spectro-

scopic methods, have rendered important information on thEOStatlc forces result from interactions between the perma-

structure, binding energies, spectral shifts, intermolecular vi:nent e_Iectrlc multipole momgnts of .the complex partners;
nduction forces result from interactions of the permanent

brations, and ionization potentials of these rare gaéI ; tinol ¢ it the el .
complexed~?’ In addition, theoretical investigations, which €'€ctfic multipole moment of one monomer with the electric

include high-levelab initio calculations, have probed the Multipole moment induced in the other monomer; dispersion
structures, binding energies, and intermolecular vibrationaforc€S result from the mutual polarization of the electron
frequencies of these complex®s3However, none of these densities of the two interacting monomers;_repulswe forces
theoretical studies has quantitatively examined the interplayeSult from the Pauli exclusion principle, which prevents the
of attractive and repulsive forces governing the interaction§lectrons of one monomer from penetrating into the occupied
of the inert rare gas atom and theelectron system of an SPace of the other monomer. Exchange repulsion increases
aromatic or olefinic molecule. with increasing overlap and is always destabilizing.

There have been qualitative attempts to describe the The recent experimental binding energies of a number of
magnitude of the various attractive and repulsive forces anglosely related = systems (benzene, fluorobenzene,
their role in the formation of these complexes where thes#-difluorobenzenewith argon seem to indicate that the pres-
attempts have been based on the analysis of B®&8&s set ence of electron-withdrawing substituents on the ring does
superposition errorcorrected electron difference density not have a substantial effect on the observed
distributionsp(r).3’~3° One of the crucial factors, which im- magnitudeg®!416=203%This is contrary to what was ob-
pedes quantitative investigations, is the high level of theoryserved for the interactions of water with thesesystems
needed to accurately describe the interaction of an inert rane@here the binding energy of the bonded complexes de-
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creases significantly as one progresses from benzene (44s10p2d1f)[7s4p2dlf] basis to describe the argon
p-difluorobenzené®~*21t should be noted that both electro- atom?*~**the rotational constants of the equilibrium geom-
static and dispersive interactions have a significant role in thetries of these complexes were evaluated. Their studies also
binding of water with theser systems. Thus it is interesting involved an innovative use of electron density maps to un-
and desirable to determine the magnitude of each of the irravel the electronic factors determining the stability and the
dividual interaction energy components afargon com- configuration of the equilibrium geometry. Thus an analysis
plexes and explain both the observed equilibrium geometriesf the Laplace concentration of the monomers enabled them
and the resulting binding energies. Given the earlier attemptto detect regions of strong contraction of negative charge and
of some of the authors of this study to explain the stability ofsmall exchange repulsion.
m-rare gas complexes using a novel electron density analysis, In this work, we will combine three different theoretical
we have also examined the efficacy of this analysis in exmethods to analyze the complex stability of benzene-argon
plaining the stability of theser-argon complexe¥’~3° (BAr), fluorobenzene-argoiiFAr), and p-difluorobenzene-
The argon complexes of various aromaticsystems argon(DAr) in terms of dispersive, inductive, and exchange
have been theoretically investigated by a number of groupgepulsion forces. First, we will apply the conventional super-
in the past®*° Thus Hobza and co-workers evaluated themolecular (SM) approach to determine various complex
geometries, binding energies and vibrational stretchingProperties, but in particular the complex stabilization energy.
modes of the benzene-argon, fluorobenzene-argen, Then, we will decompose the latter into dispersive, induc-
difluorobenzene complexes at the second-order Mgllertive, and repulsive contributions employing symmetry
PlessetMP2) level of theory using a 6-3tG(d) basis set adapted perturbation theof$APT).*® Finally, we will merge
to describe ther system and d7s4p2d] basis set to de- the SM and SAPT results with the electron density analysis
scribe the argon ato¥~3*2Their calculated binding ener- Of Kraka and Creméf~**to obtain a unified description of
gies and geometries were fairly close to the experimentdihe three complexes where we will concentrate specifically
values®® They, however, conjectured that the stabilization ofon the following questions:
the argon complexes of the fluorinated benzenes was possity poes theory confirm the experimental observation of al-

0
bly due to a charge transfer from the system to argort most identical complex binding energies for BAr, FAr,
Kraka and co-workers, however, observed that the charge 5,4 DAr?

transfer is more of an artifact of calculations not including (2) How is the accuracy of calculated complex binding en-
i 37
BSSE corrections The benzene-argon complex was re- ergies influenced by basis set size, BSSE corrections,

cently investigated by Kockt al. employing high-levelab and vibrational corrections? How do calculated geom-
initio methods™ These authors carried out CCED calcu- etries compare with the available experimental data?

lations (coupled cluster theory with single and double exci-(3) \what are the dominant interaction terms determining the
tations and a perturbative inclusion of triple excitatiowith complex stability? Does the analysis of these terms lead

a large basis set of QZ quality for the experimentally deter- 5 an explanation for the insensitivity of complex bind-
mined geometry of the benzene-argon complex and obtained  jng energies to F substitution?

a binding energy of 385 citt in reasonable agreement with (4) Do SAPT and the electron density analysis lead to the

: 16 _ =~ H . ..
the experimental valué. of (Do=340,316cm™), consid- same, complementary, or controversial descriptions of
ering that that zero point energy corrections are of the order  the complex properties? Can one use the latter as a cost
=1 H H . . . . . .
of 50 cm ~ (see Sec. Il Due to a fortuitous cancellation of saving qualitative alternative for the time consuming and

basis set and correlation errors, the experimental estimate of expensive SAPT description?

the blndlng energy is also close to the BSSE corrected bln(t'S) How does F substitution influence the Comp]ex proper-
ing energy of 394 cm' evaluated at the MP2/aug-cc-pVDZ  ties and can these electronic influences be explained
level within a simple model?

The experimental binding energies of the benzene-argo(s) What predictions can be made for otherare gas com-
complex merit special mention because of the presence of plexes on the basis of what is learned from the current

two different experimental estimat&$'® The earlier experi- investigation?

mental estimate of an upper limit oD =340 cm 1) for the

CeHg-Ar complex was obtained by Krause and Neus3er. The paper is organized as follows: In the next section,
However, based on the infrared spectra of jet-coolgdC we briefly describe the computational details. Then, in Sec.
and GDg cations complexed with Ar, Satinkt al. observe lll, we present and discuss the results obtained from the de-

that aD,, of 316 cm ! would be a more stringent upper limit composition of the binding energies of theargon com-
for the dissociation energy of the neutrallg-Ar complex®  plexes BAr, FAr, and DAr. Furthermore, we also examine the
Therefore, in our comparisons of the calculated binding enfesults obtained from the electron density distributions of
ergies to the experimental estimates, we use both the aforéhese complexes. Finally, we compare the results obtained
mentioned values. from both methods.

The complexes of oxazole, isoxazole, and chlorobenzene
with argon were at the focus of a series of theoretical invesn METHODS
tigations by Kraka and co-worke?5-%% In their investiga-
tions, which were carried out using Spackman’s 6-31G  In most theoretical investigations of van der Waals com-
X (+sd,+sp) basis set to describe the system and a plexes, the interaction energy is evaluated either using the
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SM variational method or the perturbational SAPT metffod. nominal depending on the position of the Ar atom, and the
In the SM method, the interaction energy is the differencesquilibrium geometry was determined as the geometry that
between the energy of the complex and the energies of thieads to a maximum binding energy.

isolated systems. Although the SM method is conceptually  All the SM calculations reported in this study were car-
and computationally simple, it can not provide a clear pictureried out using thesAUSSIAN®? and COLOGNE2000programs.>

of the interaction forces. However, the SAPT metHambm-

putes the interaction energy directly as a sum ofdleetro-  B. Symmetry-adapted perturbation theory

static, exchange, dispersion, and inductioontributions, calculations

which provide a physical interpretation of the interactions

between the complex monomers. chanical description of the intermolecular forces and also

Given the aims of this study, we initially carried out enables one to identify the physically meaningful terms

conventional SM calculations to obtain the optimized geom+;vinating from classical theories of intermolecular forces.

etries, binding energies, and yibrational frequencies of BAr Jnlike most other decomposition procedures, SAPT allows
FAr, and DAr. SAPT calculations were then performed t0¢, 5 natyral description of the interaction energy in the form

SAPT* provides a rigorous quantitative quantum me-

decompose the binding energy of these complexes into indis¢  gm ofelectrostatic, induction, dispersipandexchange

vidual interaction energy componer‘l?;?l’he details of the jeractions. One can also examine the changes obtained by
calculations are briefly elaborated to aid the discussion of thgtepwise inclusion of electron correlation effects on these

results. forces. In this study, the SAPT calculations were carried out

A. Supermolecular calculations using theoreticalobtained from SM calculation®r experi-
Complete geometry optimization of all the complexesmental geometries of the complexes. The SAPT interaction

. ; - I : energy accurate to third orde>A"" | is given by Eq.(1

investigated in this study were carried out at the MP2 level 9y int g y Ba.(1)

of theory using Pople’s 6-31G(d) basié* as well as Dun- E = ESdt ESut ERJ+EQ) ingt ERL

ning’s aug-cc-pVDZ and and aug-cc-pVTZ basis $ét¥i- £Q SF L

brational frequencies were then evaluated for all the opti- *+ Eexchedisp” it » @

mized structures at the MP2/aug-cc-pVDZ level. While allwhereE(}), is the electrostatic energy of the monomers with

the electrons were explicitly included in the calculations carthe unperturbed electron distributicﬁg)ch is their first-order

ried out with VDZP basis sets, only the valence electronssalence repulsion energy due to the Pauli exclusion prin-

were correlated in the MP2/aug-cc-pVTZ calculations. ciple, E{2) stands for the second-order energy gain resulting
The zero point vibrational energfZ PVE) corrections  from the induction interactiorE(2),, .4 represents the repul-

were computed from the frequencies evaluated at thgjon change due to the electronic cloud deformatielf), is
MP2/aug-cc-pVDZ level of theory. The BSSE corrections forthe second-order dispersion ener ei)ch_disp denotes the
the SM calculations were computed using the counterpoisgecond-order correction for a coupling between the exchange
(CP) method of Boys and Bernatliaccording to the follow-  repuision and the dispersion interaction, aiji includes the
ing calculational strategy. First, calculated binding energiesjigher order induction and exchange corrections.
AE{ were corrected by referencing them to BSSE-corrected ~ The SAPT interaction energy can also be represented as
monomer energies, which led to binding energés® . Al-  the sum oEHP andE(©™ | whereE!HP is the sum of all the
thOUgh this leads to an improvement of calculated values, th@nergy Components evaluated at the Hartree—Fock level and
blndlng energies are still flawed by a geometry error Causegi(gf”) is the sum of all the energy Components evaluated at
by the fact that geometries also suffer from BSSES®®"  the correlated level. Given the size of the systems investi-
Hence, in a second step, binding energds? were recal-  gated and the level of theory employed in this study to evalu-
culated for BSSE-corrected complex geometry thus yieldingite the various energy components, it was not feasible to
final binding energie?\E{, which represent the most reli- evaluate the computationally demanding higher order com-
able values. ponents. Hence, one should expect a slight deviation of the
The correction of complex geometries by the CP methodotal interaction energies evaluated using SAPT and SM cal-
was carried out in three step§) The geometries of ther  culations. This, however, does not affect our conclusions
systems were initially optimized at the MP2/aug-cc-pVTZ based on the magnitude of the individual interaction energy
level of theory.(ii) The binding energies of the complexes components, as was shown in a recent pahar.detailed
for different intermolecular separations were then obtainediescription of SAPT and some of its applications can be
at the MP2 level using a[7s4p2d1f/4s3pld/3sip]  found in some recent referencB¢2:55-59
basis which is based on Spackman’s 6-31G(, +sp)
basis séf* to describe the = system and the || RESULTS AND DISCUSSION
(14s10p2d1f)[7s4p2d1f] basis set of Chalasski and . .
co-workeré® to describe the argon atom. For this purpose,A' Geometries and energies
the MP2/aug-cc-pVTZ optimized geometry of thesystem The optimization of ther-Ar complexes BAr, FAr, and
was frozen and the location of the Ar atom above the ringDAr at the MP2/aug-cc-pVDZ level of theory yielded the
was varied. For the sake of brevity, this calculation will structures shown in Fig. 1. An analysis of the optimized ge-
henceforth be denoted as MP2¢4p2d1f/4s3pld/3slp]. ometries shown in Fig. 1 of both the uncomplexedmono-
(ili) BSSE-corrected binding energies were fitted to a polyimers and complexed formémAr complexe$ reveals that
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FIG. 2. Various forms of the benzene-Ar apetifluorobenzene-Ar com-

@ plexes, whose interaction energies are decomposed in Tables Il and Ill. The
values ofR,_,, for the BAr and DAr complexes are 3.364 and 3.335 A at
DAr the MP2/aug-cc-pVDZ level of theory and 3.592 and 3.578 A at the
exp. 3.550 3.578 MP2[7s4p2d1f/4s3p1d/3slp] level of theory.

pVvDZ), 0.018 A(MP2/aug-cc-pVTZ to about 0.032 Alex-
perimental values’%1°
The calculated intermolecular separatiorB,TCM_Ar
[aug-cc-pVDZ: 3.364(BAr); 3.335(DAr), Table I; aug-cc-
fG 1 Mp Tz i ‘e b BAD pVTZ: 3.373(BAr); 3.355 A(DAr), Table Ill] are compara-
L aug-cc-p geometries 0 e benzene-fBAr), . . . -
fluorobenzene-A(FAr), andp-difluorobenzene-A(DAr) complexes. Values tlvely smaller than the eXpsgrlT)emfa”Y determined distances
in parentheses correspond to MP2/aug-cc-pVDZ calculations. The positiohBAr: 3.582; DAr: 3.550 A."*1°This is due to the BSSE,
of the Ar atom was determined at the MP234p2d1f/4s3p1d/3sip] level which becomes obvious when considering BSSE-corrected
of theory using BSSE corrections as described in the text. CM denotes ‘h@eometry optimizationﬁTabIe [). Thus in case of the BAr
center-of-mass for the monomer, CR the center-of-ring for fluorobenzene; o
Experimental(exp) values from Refs. 7, 9, and 10. All distances in A. complex, the BSSE'COFTE(?ted geomgtry optimization at the
MP2/aug-cc-pVDZ level yielded an intermolecular separa-

tion RaoyAr of 3.534 A and a binding energ&Eg of 399

cm L. However, the computational effort involved in deter-

there is no perceptible change in the geometries of7the mining BSSE-corrected geometries with extended basis sets
system upon complex formatiofthanges in bond lengths: for FAr and DAr is considerable and, therefore, these calcu-
<0.001 A; similarly small deviations from planarjtyThis is  lations were carried out at the MP2 level using the
also evident from experiments of Weberal.” In order to  [7s4p2d1f/4s3p1d/3sip] basis set.
evaluate the effect of the individual interaction energy com-  As can be seen from Table I, the intermolecular separa-
ponents on the observed geometries, we have also carried didns R, (BAr: 3.592; DAr: 3.578 A obtained at this
calculations on the forms shown in Fig. 2. level are close to the experimental values. Moreover, a com-

While in the case of both the BAr and DAr complexes, parison of the sum of the calculated rotational constaAts (
the argon atom is directly located over the center of ther B=2220MHz) of DAr with the experimentally deter-
aromatic ring, it is slightly shifted toward the C—F bond mined sum of A+B=2234.6-2 MHz) indicates that the
in the FAr complex. This is in line with experimental calculated structure closely resembles the experimentally ob-
observation¥ ** and, therefore, no attempts were made toserved structur& For FAr it is useful to give the intermo-
locate other plausible conformers. It can be seen fromecular separation in terms &, , which is the perpendicular
Tables I, 1I, and Ill that as one progresses from the BAr todistance of the argon atom from the ring plane of fluoroben-
the DAr complex, there is a gradual decrease in the interzene, andR;, which is the distance between the geometric
molecular distanc®,_ ar defined as the distance between center of the G-ring and the intersection d¥, with the ring
the Ar atom and the the center-of-mass of teabstitutedd  plane. Values of 3.588 and 0.154 A were determined at the
benzene. This decrease ranges from about 0.014 AMP2[7s4p2d1f/4s3pld/3slip] level of theory (without
(MP2[7s4p2d1f/4s3p1d/3slp]), 0.03 A (MP2/aug-cc- BSSE-corrections at MP2/aug-cc-pVTZ: 3.364 and 0.300 A
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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 benzene-,
fluorobenzene-, ang-difluorobenzene-argon complexes.

BAr FAr DAr

[ I Il \Y \Y I [ I Il \Y
R ar 3.364 3.364 3.364 3.646 3.582 3.367 3.335 3.335 3.335 3.606
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
AEY —653 —679 —698
AEE —365 —353 —349
AE, -314 —295 —305
AE -1114 -1177 -1203
ESAPID —301 —-172 731 —-201 —-411 -390 -394 —212 555 —273
Elcom e —956 —1080 —1487 -811 —684 -971 —-987 —-1119 —1545 —847
EGY -398 —645 -1610 —-441 -197 —-404 -410 —626 —1434 —396
S5 1084 1709 4146 1154 542 1090 1101 1661 3836 1051
ER) —413 —1037 —3432 —-822 —-192 —408 —396 —-920 —2633 —638
EG2 -1110 —-1287 —1888 —950 —770 -1120 -1133 -1307 -1923 —-969
E), ind 386 1011 3367 807 173 390 384 908 2583 633
ECdisp 112 165 348 114 59 111 111 157 312 103
o -52 -88 -199 -63 -25 -51 -51 -85 -186 -57

3All energies are in cm'; distances are in A. See Figs. 1 and 2 for a description of the various complex forms. Form | corresponds to the MP2/aug-cc-pVDZ
optimized geometry, form V to the experimental geometrx&E‘:” and “* AEE” represent the supermolecular binding energies without and with basis set
BSSE correction, respectivellE, is the ZPVE-correctec EE. The frequencies for ZPVE were evaluated at the MP2/aug-cc-pVDZ level. The electron
correlation energ\E, is the value of théE(MP2) subtracted b¢(HF) at the MP2 optimized geometiR, - is the distance from the center-of-mass

of benzene, fluorobenzene, apdlifluorobenzene to the argon atom. A, B, C are the rotational constants in MHz.

PE(SAPT) s the interaction energy of the complex form evaluated using SAPT according td)Egee text

°E{%M js the sum of all the energy components evaluated at the correlated level.

which indicates that BSSE corrections increRseof FArto  perimental values in line with the fact that this approach also
a value between the two correspondiRg= R prAr values gives a better account of the experimental geometries.

for BAr and DAr. With increasingR, the horizontal shift The binding energies obtained using VDZ basis sets in
parameteR, becomes smaller because the electronic effectsombination with the BSSE-corrected geometries are in bet-
of the F atom are less experienced by the Ar atom. ter agreement with experimental values than those obtained

The influence of the BSSE is also reflected by the calwith large basis sets for BSSE-uncorrected geometries.
culated binding energigs-653, —679, —698 cm %, Table ). Hence, MP2/VDZ calculations, in general, but in particular
Errors are in the range of 339—349 chwith the complex the MP2[7s4p2d1f/4s3p1d/3slp] approach provide a
stabilities doubled because of an unbalanced description afseful description of the complex properties due to a fortu-
the monomers. They become smaller for the aug-cc-pVTZtous cancellation of basis set truncation and correlation er-
basis (<200 cm %, Table Ill) in line with the well-known rors, as pointed out previously by Kraka and
fact that the BSSE decreases with increasing basis set sizeo-workers?’~*° Noteworthy in this connection is the fact
The BSSE-corrected SM binding energi&? at the that the most accurate estimate of the binding energy of the
MF2/aug-cc-pVDZ level365, 353, and 349 cnt, Table ) BAr complex obtained at the CC$D)/aug-cc-pVQZ level
are 40-60 cm' smaller than the corresponding energiesof theory yielded a value of 385 cm corresponding to
AE? evaluated at the MPR7s4p2d1f/4s3p1d/3sip] level ~AE,=334cm 1%

(408, 409, 408 cm', Table Il). One has to correct calcu- Although the ZPVE corrections employed in this
lated binding energies by ZPVEs to obtain quantitds,  study, i.e., 51(BAr), 58 (FAr), 44 (DAr), were obtained
which are directly comparable with experimental bindingusing the harmonic vibrational frequencies evaluated at the
energies Dy). MP2/aug-cc-pVDZ values diE, (314, 295, MP2/aug-cc-pVDZ level, it is useful to illustrate the effect of
305 cml, Table ) and MP2/7s4p2d1f/4s3p1d/3slp] the inclusion of both BSSE and anharmonic effects on the
values (357, 351, 364 cm!, Table Il both agree reason- magnitude of the ZPVE corrections. A few studies have dis-
ably with experimental values of 34BAr), 344 (FAr), cussed the effect of the BSSE corrections on the calculated
and 339 cm?® (DAr),*31"-2where the MP2/aug-cc-pVDZ force constants and zero point vibrational energtéS.Al-
values are 26-59 cnt too small and the though the intermolecular vibrational frequencies or force
MP2[7s4p2d1f/4s3p1d/3slp] values 7-25 cm' too constants are influenced upon optimization using BSSE cor-
large. If one employs the experimental estimates of 318ections, the extent of the effects varies from extremely small
cm ! (BAr),*® in the comparison, the MP2/aug-cc-pVDZ to quite large depending on the complex and the calcula-
values are 2-59 cnt too small and the tional method. In the case of these weakly bound complexes,
MP2[ 7s4p2d1f/4s3p1d/3slp] values 7-41 cm' too these effects are expected to be very small. Furthermore, the
large. Actually, the latter binding energies are closer to exintermolecular stretching and bending frequencies exhibit
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TABLE II. Total binding energies and binding energy components calculated at the
MP2[7s4p2d1f/4s3pld/3slp] level of theory for different forms of the benzene-, fluorobenzene-, and
p-difluorobenzene-argon complexés.

BAr FAr DAr
I v % [ [ v

Roar 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
AEL —408 -409 —408
AE, -357 -351 —364
E(SAPTI —-420 —283 —-421 -416 -416 —-324
E(come —685 —579 —696 —680 —685 —582
EGY -199 -221 —206 -192 -192 —184
EQL, 533 577 552 510 507 479
E®) -177 -366 -184 -159 -150 -250
E{2 —-772 —661 —785 —759 -761 —644
EQ) ina 159 355 166 150 146 249
ECngisp 59 61 60 56 55 50

e -23 -29 —24 -22 -21 -23

int

2All energies are in cm'; distances in A. See Figs. 1 and 3 for a description of the various complex forms.
Form | corresponds to the MRZk4p2d1f/4s3pld/3slp] optimized geometry, form V to the experimental
geometryAEF represents the supermolecular binding energy including BSSE corrections and being calculated
at the BSSE-corrected geomettyE, is the ZPVE-corrected EY . Frequencies for ZPVE were evaluated at

the MP2/aug-cc-pVDZ level. The electron correlation eneidy.., is given by the differencé (MP2)
—E¢(HF) calculated at the MP2 geomet®y,. is the distance from the center-of-mass of benzene, fluo-
robenzene, ang-difluorobenzene to the argon atom. A, B, C are the rotational constants in MHz.

PE(*APT s the interaction energy of the complex form evaluated using SAPT according {d)Egee text

°E{%M js the sum of all the energy components evaluated at the correlated level.

differing trends, with the former generally decreasing and theeause a comparison of the data in Tables | and Il reveals that
latter generally increasing, upon BSSE corrections. This inthe former(calculated for BSSE-uncorrected geomeiritis
dicates that the magnitude of the ZPVE correction is nofer considerably from the lattefcalculated for BSSE-
significantly effected when the force constants are correctedorrected geometriesThe magnitude of all the interaction
for BSSE>! energy components is significantly higher in the structures

In the case of anharmonic effects, earlier efforts to evaluoptimized at the(not BSSE-correctgdMP2/aug-cc-pVDZ
ate accurate ZPVE corrections inclusive of them havdevel of theory. Even though this increase can be readily
yielded values of 59 ci',® and 54 cm?® for the BAr  attributed to the decreased intermolecular separation ob-
complex. These values indicate that the noninclusion of anserved for these structures as a consequence of the BSSE, it
harmonic effects in the evaluation of ZPVE corrections doesan be seen that the increase observed in the attractive com-
not significantly influence the magnitude of the calculatedponents is partially balanced by an equally large increase in
binding energies in these complexes. Hobza and co-workeithe repulsive components.
have arrived at similar conclusions in their investigation of =~ Changes in the magnitude of electrostatic, dispersion,
anharmonic effects in the more strongly bound water
dimer-? TABLE IIl. Total bindi [ d bindi ts cal

H H . lotal binding energies an Inding ener components calcu-
Tabl-ghlel szfrazséﬂzcijhf]SZigidB/iil E]Ar d;;z le:esosgesslated at the MPZ/aug-(?c-pVTg_level of theor%/ for 3i¥ferentpforms of the
L B ! B . > benzene-, fluorobenzene-, apdiifluorobenzene-argon complexes.

a complex binding energpE; of 408+1 cm ~, which is

slightly varied when adding ZPVE corrections. This similar- BAr(l) FAr(l) DAr(l)
ity is remarkable in view of the calculated variation in the R 3373 3.393 3.355
distanceR,,.,, of 0.03 A (BSSE-corrected: 0.014 A, Table a 2853 1821 1197
II). As it is hardly possible that all interaction terms are in- B 1299 1198 1140
sensitive to F substitution of the benzene ring, the ratio of C e 1299 969 735
attractive and repulsive forces in complexes BAr, FAr, and 2 g :ggi :ggg :ggg
DAr must be conserved in some way, despite changes mAEe 450 446 458
individual interaction terms. Therefore, it has to be clarified Ag_, —~1210 —~1200 —~1220

how this balance of attractive and repulsive forces is retained
for the three complexes 3All energies are in cmt; distances are in A. See Figs. 1 and 3 for a

. 8escr|ptlon of the various complex forms. The frequencies for ZPVE were
Such an analysis must be based on BSSE-correcte@yajyated at the MP2/aug-cc-pVDZ level. See footnote of Table | for other

SAPT values obtained at BSSE-corrected geometries bedefinitions.
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and exchange-repulsion interaction energy components
caused by the F substitués)t also depend on how the
geometry optimizations were carried out. Thus in the
MP2/aug-cc-pVDZ calculations without BSSE corrections | |,
(Table ), one observes an increase in these components as '
one progresses from BAr to DAr, with the increase being '
more pronounced in the case of dispersion energies, than inf ‘
the exchange-repulsion and electrostatic energies. A decreas{/}
is, however, observed in the calculatiofi@ble 1) carried
out at the MPZ/7s4p2d1f/4s3pld/3slp] level, with the
decrease being more pronounced in the case of exchange
repulsion than dispersive energies. Although the trends in the Q\\
net interaction energies are very similar for both calcula- R
tional procedures, one notes that the noninclusion of BSSE

in the geometry optimization dramatically alters the trends ;
observed in the case of individual interaction energy compo- [ .
nents.The altered trends can also be attributed to the differ-
ent distance dependencies of the individual interaction en-
ergy components because the intermolecular separations in
the BSSE-uncorrected geometries are far smaller than the
corrected geometriesTherefore, we will base the following gy 3. contour line diagram of the MP2 difference electron density distri-
discussion(if not otherwise notedon energy data based on bution Ap(r)=p(p-difluorobenzenep(benzeng calculated with the
the BSSE-corrected geometries of Table II. [4s3pld/3slp] basis at MP2/aug-cc-pVTZ optimized geometries. Refer-

: : . ence plane is the plane perpendicular to the benzene ring that contains the
It ca?SEF?T)seen from the magnitude of the total interactio "X bonds (X=H or F. Contour lines range from 210°° to 2

energyEjy ’and the sum of all the interaction energy com- % 10~ e/Bohr?]. Solid lines correspond to an increase of the electron den-
ponents evaluated at the correlated |E(E§,ftorr), Tables I and  sity upon change from benzene padifluorobenzene, dashed lines to a de-

II) that all -Ar complexes are strongly repulsive at the crease.
Hartree—Fock level of theory. However, for both the HF and
correlation corrected contributions it holds that BAr, FAr,
and DAr do not differ mucliTable Il). The magnitude of the z-space. For the complex formation, however, the most im-
electrostatic energieBlY (—199, —192, —192 cmi’!, Table  portant effect of the F substituents is the reduction of the
II) has little effect on the relative magnitudes of total inter-density above and below the ring plane.
action energies. The major attractive force in all of these  The decrease in the outerelectron density of FAr fa-
complexes is the dispersive interactiErffs)p (=772,—759, cilitates a closer approach of the argon atom because of re-
—761 cm'%, Table 1)) with its contribution being nearly four duced exchange-repulsion interactigfigble Il). The pres-
times larger than that of the corresponding electrostatic inence of an electron-withdrawing substituent such as F also
teraction. The dominance of dispersive interactions in thdeads to a decrease in the magnitude of the induction energy
attractive forces ofr-Ar complexes BAr, FAr, and DArisin  E{2) which can be readily attributed to the diminished
marked contrast to the dominance of electrostatic and inducs-electron density above the ring as one progresses from
tive interactions observed in the case of conventional hydrobenzene tq-difluorobenzene. Since-c* interactions also
gen bonded systems. The magnitude of the repulsive contrgontribute to the induction energies, the enhanced stability of
bution, which predominantly emerges from the exchangethe highest occupied molecular orbitél4$OMQOs) in the flu-
repulsive term E{Y.,, is of particular interest for the orinated benzenes also decreases the induction energy con-
equilibrium geometry of these complexes, an issue whicHribution in their argon complexes.
will be examined in more detail when analyzing the electron A contraction of the m-electron density in the
density distributions of BAr, FAr, and DAfsee Sec. Il B. F-substituted complexes also influences the magnitude of the
A fluorine substituent leads to a contraction of thedispersion energy, which becomes smalless stabilizing
w-density of the ring, which can be made visible by subtract{Table Il). Although the corresponding water monomer com-
ing the p(r) of benzene fronp(r) of p-difluorobenzendsee plexes of theser systems also exhibit a similar decrease in
Fig. 3). If one keeps the geometry of benzene fixed to that othe magnitudes of the various interaction energy compo-
p-difluorobenzene(apart from the C—X bonds in para- nents, the decrease is much more pronounced therein and is
position, differences in the electron density can be directlyin sharp contrast to what is observed in case of thar
analyzed for regions far from the C—X bonds. Thus the Fcomplexe$%6! Thus as one progresses from benzene to
substituents diminish the-density above and below the six- p-difluorobenzene, the magnitude of the total binding energy
membered ringdashed contour ling@nd contract it toward of their water monomer complexes decreases by about 60%,
the C atomdsolid contour lines The o-electron withdraw- electrostatic by about 60%, exchange-repulsion by about
ing power of the F substituents is reflected by the decrease @0%, induction by about 40%, and dispersion by about
the electron density in the ring plari] particular the ring  20%°*
centey and is actually responsible for the changes in the  Given the definition of exchange-repulsithits magni-
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tude can be directly correlated to both the magnitude of thé. Electron density analysis

overlap of the filled orbitals of ther system and the argon Changes accompanying the complex formation can also

atom (four-electron repulsion effedtsand the extent of e jnyestigated by calculating difference electron density dis-
penetration of negative charge. Since the magnitude of thigiputions

overlap increases exponentially with decreasing inter-
molecular separations, it is of interest to examine on how F

substitution would influence the energetics and hence the po- A p(r)=p(complex — 2 pi(monome)PCBS =12,
sition of the argon atom over the ring. In order to do so, we ! 5
carried out calculations on forms I, Ill, and I{Fig. 2) of @

the BAr and DAr complexes. While calculations on form IV
were carried out using both the aug-cc-pvDZ andWhere the monomer density distributiopgmonomey°“®s
[7s4p2d1f/4s3pld/3sip] basis sets, forms Il and Il were @are calculated in the dimer-centered basiSB&BS) to cor-
investigated using only the aug-cc-pVDZ basis set. rect for BSSE. In Fig. 4, MPRTs4p2d1f/4s3p1d/3sip]

It can be seen from Tables | and Il that a shift of the difference density distributiondp(r) determined for BAr,
argon atom from the center of the aromatic rifgrm 1) to a FAr, and DAr at their equilibrium geometries are shown with
position directly above one of the aromatic carbon atom regard fo a plane containing the Ar atom, the center of the

. o . . $enzene ring, and the C-X bondX=H or F) in para
(form _IV) (Igads to a decrease in titetabilizing dispersive position. An increase of the difference density due to com-
energiesE g, for both the BAr and DAr complexety {111 plex formation is indicated by solid contour lines, a decrease
from —772 to—661 and by 117 from-761 to —664 cm -, by dashed contour lines.

Table ). The magnitude of the exchange-repulsion energy * complex formation leads to an increase of the electron
E(L, however, distinguishes between the BAr and DArdensity distribution in regions 1 and 3, however, to a de-
complexes in the way that BAr is destabilizédy 552  crease in regions 2 and 4, i.e., regions of positlygér) are
—533=44 cm !, Table 1)), while DAr is stabilized(by 479  followed by regions of negativAp(r) in a regular pattern.
—507=—28 cm 1) when converting the complex from | into This pattern is similar for complexes BAr, FAr, and DAr and
IV. There are also changes in the electrostatic energgan be explained in the following way. The Ar atom pushes
EX) [-177—(—366)=—189 cm %, Table 1] and the induc-  7-€lectron density out of the intermolecular regio(Fdy. 4)

elst

tion energyEi(rf(} [—150—(—250=—100 cmil], however, toward and thrqugh the center of the benzer_1e (iagion 3.
The benzene ring, in turn, pushes the density of the Ar atom

the latter is largely canceled out by an accompanying int d its back(region 3, h + of this density i
crease in the exchange-induction enefdf,. ,(355—159 oward [ts back(region J, NOWEVEr, part ot this density IS
g B in stopped by the Ar nucleus so that a build up of electron

=+196 and 249-146=103 cm %, Table I). The changes in . T
. . density in a small region in front of the Ar nucleus can be
the electrostatic energies do not compensate for the observeg . -

ducti £ th bilizing di . ies by 111 servedregion 2¢. Overall the calculatedp(r) indicates
re uct|c3rl1 of the s:ta izing dISpersive energies y L aNGhat complex formation leads to polarization of both the den-
117 em*, respectively, and, as a result, the net binding €Ny 4t Ar and ther-density of the benzene ring. Small dipole
ergy of form IV is lower than that of form I in both the BAr  yoments are induced for both the Ar atom and the benzene
and DAr complexegby 137=—283-(-420 and 92=—-324  (ing [see Fig. 4a)] thus creating some attractive induction
_(—416) cmfl, Table |[| forces.

Calculations on forms Il and Ii{Table )) also distinguish The calculated difference electron density distribution
between the characteristics of the BAr and DAr complexesAp(r) reflects the important role of exchange repulsion,
Thus while stabilizing dispersive interactions become largewhich leads to a polarization of the charge distribution of the
for DAr [—1923-(—1133=-790 cm !, Table | than for =~ monomers upon complex formation. For BAr and DA, the
BAr [—1888-(—1110=—778 cm 1], the increase in desta- energetically favorable position is above the ring center be-
bilizing exchange-repulsion is more pronounced in the cas€ause the destabilizing exchange-repulsion effects are small.
of BAr (4146-1084=3062 versus 38361101=2735 cmi,  In this position, the Ar atom can approach the ring closely so
Table ). This is parallel to the fact that exchange interactionghat stabilizing dispersion effects involving the electrons of

distinguish between BAr and DAY, as discussed above for thi1€ Six C atoms become large.
differencee® {IV) _EW ) Comparison of Figs. @) and 4c) shows that less elec-
exc "

¢ tron density is pushed out of region 2 in the case of DAr.

An mportant point, V\.IhICh emerges from the above dIS._Accordineg, the polarization of the density at Ar and at the
cussion, is that the magnitude of both the exchange-repulsm@

. L X . ) -~ “benzene ring is smaller, which can be verified by inspection
and dispersion interactions have a crucial role in determlnm%f Fig. 4b). There, the density at the Ar atom is distorted in

the equilibrium geometry of these-argon complexes. AS o \yay that the stronger effect of thedensity associated
the dispersive effects are maximized both by a decrease Rith caH (as compared to that associated with C1e-

the intermolecular separation and an increase in the numb@pmes visiblg/see arrows indicating polarization directions
of m-electrons participating in the interaction, the decreasef the density in Fig. 4)]. While a quantification of these
observed in the exchange-repulsion of DAr as one progressesfects is difficult, they can be better illustrated when depict-
from form | to form IV also explains the shifting of the argon ing the changes in the electron density distribution caused by
atom toward the C—F bond in the case of FAr. a variation of complex formation due to substituent effects.
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FIG. 5. Contour line diagram of the MP2 difference electron density distri-
bution AAp(r) [see Eq.(3)] of (a) DAr-BAr and (b) DAr-FAr calculated

with a[7s4p2d1f/4s3pld/3slp] basis at optimized geometries. The ref-
erence plane is the plane perpendicular to the benzene ring that contains Ar
and the C—X bond$X=H or F). Contour lines range from:21076 to 2

X 10" e/Bohr®]. Solid lines correspond to an increase of electron density
upon complex formation, dashed lines to a decrease. Regions of increase
and decrease of electron density are marked by small numbers.

Differences between the density distributions of the three
complexes are analyzed by calculating the difference density
distribution:

AAp(r)=

FIG. 4. Contour line diagram of the MP2 difference electron density distri-

bution Ap(r) [see Eq.(2)] of (a) benzene-argokBAr), (b) fluorobenzene-

argon (FAr), and (c) p-difluorobenzene-argoriDAr) calculated with a —
[7s4p2d1f/4s3pld/3slp] basis at optimized geometries. The reference

plane is the plane perpendicular to the benzene ring containing Ar and the

C-X bonds (X=H or F). Contour lines range from 2107°% to 2 (3)

% 10" [ e/Bohr®]. Solid lines correspond to an increase of electron densityywhere 1 and 2 denote complexes BAr, FAr, and DAr and the

upon complex formation, dashed lines to a decrease. Regions of increaﬁ:ﬁonomerS of a given complex correspond to Ar and one of

and decrease of electron density are marked by small numbers. Local in- L
duced dipole moments are schematically indicated by arrows where the hedf€© three benzenes. For the purpose of determinifg(r),

of the arrow indicates the negative end of the dip@leemical notation complex 2 is recalculated in the geometry of complex 1

p(complex D— >, p;(1,monomef°Es)

p(complex 2— 2 p;(2,monomer°®s)
]
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TABLE IV. Polarizabilities of benzenéB), fluorobenzenéF), and difluo- (i) BSSE- and ZPVE-corrected binding energi®k,
robenzengD) evaluated at the MPR7s4p2d1f/4s3pld/3sip] level of calculated at the MPE754p2d1f/433p1d/351p] level of

theory” theory (357, 351, 364 cm', Table ) agree reasonablide-
Polarizability viations between 7 and 25 ¢rh with experimental binding

A3 (B) P (D) energies of 340 (BAr), 344 (FAr), and 339 cm?
. 6.33 6.18 6.04 (DAr).2*17=20/e note that the inclusion of BSSE corrections
g 11.81 11.88 11.96 improves binding energies by 80% and more, but at least
@2 11.81 11.70 11.67 another 10% improvement is due to ZPVE corrections,
%iso 9.98 9.91 9.89 which is often overlooked.
Qexp 10.0 10.3

(i) BSSE-corrected complex geometries are in line with
The polarizability components are given for the principle axis system,experimentally determined geometries. In particular, the
yvhere one axi; complies with the direction and the other two with the MP2[7s4p2d1f/4s3pld/3slp] values of the distance
in-plane directions. Ry, —ar [3.592(BAI); 3.588(R, for FAr; R;=0.154; 3.578

A (DAr)] agree well with the corresponding experimental
(apart from the C—X bond lengths with=H or F). In this values of 3.582, 3.5720.228, and 3.550 A9.10 BgSE-
way, the differences caused by the replacement of H by funcorrected geometry optimizations, however, underestimate
become visible[see Figs. &) and 8b)]. In DAr, there is  this parameter by-0.03 A.
more density in the region between the mononteggion 2, (i) The BSSE also has serious consequences for the
which means that exchange-repulsion is smaller for DAISAPT analysis of binding energies. The noninclusion of
than for BAr (533 versus 507 c, Table 1). Accordingly,  BSSE corrections in the geometry optimizations influences
the polarization of the electron density of the complex partthe magnitude and trends of the various interaction energy
ners of DAr is also smaller. There is less density in regions komponents. The absolute magnitude of the calculated con-

and 2c, more in region PFigure §a)], thus decreasing the triputions to the binding energy is exaggerated, which is
absolute magnitude of the induction term relative to that ofmainly due to an underestimation of the distafe. _,, .
BAr (—177 versus—150 cm %, Table 1. e

. : (iv) The presence of electron-withdrawing substituents
The decrease in exchange-repulsion calculated for DA, a5 F in the aromatic ring has a strong effect on the
|eg§j5 also to a decrease in the coupling teEff @ glectronic structure of the benzene ring and, by this, on the
Ecienaisp(159 versus 146, 59 versus 55 chnTable I) thus  complex formation. As shown in Fig. 3, thedensity above
stabilizing complex DAr relative to complex BAr. The anq below the ring is depleted by contraction toward the C
tighter binding of ther-density toward the nuclear frame- gtoms of the ring. This leads to a reduction of exchange
work does not only decrease exchange repulsion but alsfépulsion and explains the shor®r values for FAr(3.589
stabilizing dispersion interactionfrom —772 to —761  gpg DAr (3.578 compared to 3.592 A for BAr
cm L Table_ I). This is due to the fact that tighter binding (v) The contraction of ther-density caused by F sub-
of the density reduces the-component of the dipole polar- ityents also has consequences for stabilizing induction and
izability (benzene: 6.33; fluorobenzene: 6.18; difluorobenyispersion forces. Both are reduced where in the first case the
zene: 6.04 A MP2{7s4p2d1f/4s3p1d/3slp], Table IV).  gecrease in exchange repulsion decreases also the polarizing
Hence, in total the changes in exchange repulése® Figs. power of the benzene monomer. Induced moments at argon
4 and 3, which increase the stability of DAr, are compen- hecome smaller and hence the induction contribution. The
sated by changes in the induction and the dispersion teMyecrease of dispersion interactions results from the fact that
which decrease the stability of DAr. A_c_cordmgly, complexesyith a tighter binding of ther-density them-component of
BAr and DAr possess the same stability. the polarizability becomes small€Fable 1V).

Complex FAr tqkes an |nte_rmed|ate position as to the  (vi) Both the exchange-repulsion and dispersion ener-
changes in the various interaction terfisee Fig. 4b) and e influence the location of the argon atom in the equilib-
Table 1] and, therefore, similar .conS|derat|ons as in the casgj;m geometries of these complexes, albeit in different ways.
of BAr and DAr apply to explain the fact that the complex Thys the diminished electron density of the fluorobenzene
stability does not change significantly. The Ar ato'm is shiftedigads to a much closer approach of the argon atom to the
toward the F atom because of the decrease in exchangfiyorine atom in its attempt to maximize the dispersive inter-
repulsion(also, the Ar atom can interact with seven ratheracions. Since the smaller intermolecular separation also
than six atoms possessing-electrons. The shift in the |eads to an increase in the exchange-repulsion terms, the net
position of Ar leads to some asymmetry in the charge polaryinging energies are similar for both benzene and the fluori-
ization in regions 1, 2, and 3. The charge build up in 1 isy5ted benzenes.
shifted slightly from 1b toward_la. Also, there is more elec- (vii) Using results obtained in this work, we can predict
tron density depleted from region 2b than from 2c while theyha; with increasing F substitution the complex stability

build up of density is somewhat stronger in region 3b thanspoyid not change strongly because there will be a balance
in region 3a. between decreasing exchange-repulsion effects and decreas-
ing dispersion interactions. This balance is more pronounced
for highly symmetrical complexes. Similar predictions do

A number of conclusions can be drawn from this inves-not hold for other halogen-substituted benzene-argon com-
tigation. plexes because in these cases the polarizability increases sig-

IV. CONCLUSIONS
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