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Structure of the chlorobenzene—argon dimer: Microwave spectrum
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The rotational spectra of th&Cl and *'Cl isotopes of the chlorobenzene—argon van der Waals
dimer have been assigned using Fourier transform microwave spectroscopy techniques. Rotational
constants and chlorine nuclear quadrupole coupling constants were determined which confirm that
the complex ha€g symmetry. The argon is over the aromatic ring, shifted from a position above
the geometrical ring center towards the substituted carbon atom, and at a distance of about 3.68 A
from it. This distance is 0.1-0.2 A shorter than the similar distance in the benzene—argon and
fluorobenzene—argon complexes. Experimental results are confirmed and explained with the help of
second-order Miter—Plesset perturbation calculations using a VBT basis set. The complex
binding energy of the chlorobenzene—argon complex is 1.28 kcalffnofrobenzene—argon, 1.17;
benzene—argon, 1.12 kcal/maleflecting an increase in stability caused by larger dispersion
interactions when replacing one benzene H atom by F or by Cl. The structure and stability of Ar
CeHs—X complexes are explained in terms of a balance between stabilizing dispersion and
destabilizing exchange repulsion interactions between the monomer200@ American Institute

of Physics[S0021-960680)01644-3

I. INTRODUCTION carbon atom and to the ring compared to fluorobenzene in
The dimers between rare gag&G) and aromatic mol- ||n? ;’.‘”th a ?rtiwouﬁl Iowbresolutlon studydgnqﬁdg Al Xge.“r.‘tg cal-
ecules have been of considerable interest to theoretical arfi'21oNns of th€ chiorobenzene—argon dimer. nitio-—
calculations carried out in the present work verify the experi-

experimental structure chemists for approximately 25 years

Over the last decade, the application of high resolution mi_r'nental structure and provide a basis to rationalize the struc-

crowave spectroscopyand ab initio technique® have been ture and stability of the chlorobenzene—argon dimer and re-
brought to bear intensively on a variety of systems. A proto—lated complexes.

type investigation was the precise determination of the struc-

ture of the benzene—Ar dim@rOur laboratory has recently [l. EXPERIMENT

investigated the fluorobenzene complexes with Ne anti®Ar. The chlorobenzene—Ar complex was generated by su-

These studies showed that the rare gas atom moves Slightﬁérsonic expansion of about 1—2 bars of argon in the pres-
closer to the ring and shifts from the ring center towards the,ce of the vapor above some liquid chlorobenzene at room
fluorinated carbon atom. The distance to the ring is furthetemperature. The transitions were more intense when the ar-
shortened as more fluorines are added to the6r‘|ﬁbl.t Was  gon was bubbled through a sample of liquid chlorobenzene
suggested that these structural changes might be associatggk, e reaching the nozzle. The chlorobenzene was used

with the reduced repulsive interactions due to fluorination atihout purification from samples obtained from Fisher Sci-
the substituted carbon in analogy to arguments used byqsific.

. . . 2
Krakaet al. in studies of heterocyclic-RG compourids: The rotational transitions were observed with a Balle—

It seemed worthwhile to compare the fluorobenzene regyyqare.type Fourier-transform microwave spectrongter
sults to a chlorobenzene-rare gas complex, since chlorine {§ich gperated between about 6-17 GHz. The spectrometer
larger and more polarizable albeit less electronegative. Thig, 5 recently upgraded for automatic scanning using software

paper will report on the structure of the chlorobenzene—ny hargware modifications developed at the University of

argon complex deduced from its rotational spectrum. The Akq| 16 peak frequencies were reproducible to about 4 kHz.

atom is again found above the ring shifted towards the subrpg hised nozzle was a General Valve Series 9 model with

stituted carbon atom. It has moved slightly closer to thisy 5 g mm diameter orifice. It was controlled by a General

Valve lota One pulse controller at a repetition rate of
dAuthors to whom correspondence should be addressed. about 10 Hz. The gas expansion was directed perpendicular
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TABLE |. Observed rotational transition frequenci@dHz) for Ar—CgH5Cl.

Ar—CgHs>°Cl Ar—CgHs*'Cl Ar—CgH:>°Cl Ar—CgHs*'Cl
VKpKG—J'KiKy  2F" 2F"  yMHz AP WIMHzZ AP JKKG—J'KpKG  2F 2F" WIMHz AP IMHz AR
a-type 11 9  9078.196 5  8925.639 6
414313 11 9  6171.644 1 523-422 7 5  9308.247 5
5 3 6170.841 9 13 11 9307.247 -3
9 7  6170.325 1 9 7  9307.019 -4
7 5 6169512 -2 11 9  9306.030 1
404303 11 9  6219.819 1 615-514 9 7 9995589 3 9838371 -6
5 3 6219.565 3 15 13 9994.936 -2  9837.912 3
9 7 6217.434 4 11 9 9992585 -1  9836.117 -4
7 5 6217161 -3 13 11  9991.938 -1  9835.660 7
423-322 11 9 6811.338 -2 624-523 9 7 10954.431 4
7 7 6810.354 —14° 15 13 10953.411 0
7 5  6810.383 4 11 9 10951723 -1
9 7  6809.861 —1 13 11 10950.706 —3
413312 11 9 7138372 -3 b-type
7 5 7136.656 —4 404313 11 9 6149531 -1  6043.034 4
9 7 7134.590 7 9 7  6148.626 0 6042.302 5
515414 13 11 7628516 2 7499.699 1 5 3 6148574 -1
7 5 7627.966 —5 7499.253 -4 7 5 6147.667 -5
11 9  7627.439 -5 7498.870 -1 414303 11 9  6241.930 1 6141.507 1
9 7  7626.903 0 7498.433 0 5 3 6241.821 1 6141.362 6
505404 13 11  7644.386 5 7516.762 -2 9 7 6239.130 3 6139.399 -2
7 5 7643952 -4 7516.407 -3 7 5 6239.003 -3 6139.242 -3
11 9 7642999 -2 7515.708 0 505-414 13 11 7622.271 0 7492747 0
9 7 7642575 0 7515.355 0 7 5 7621695 -3 7492283 -1
524423 7 5 8377.412 -1 11 9  7621.307 4 7491999 -1
13 11 8377.012 -5 9 7 7620.734 0 7491535 —4
9 7  8375.647 3 515-404 13 11  7650.625 1 7523.716 2
11 9  8375.249 4 7 5 7650.224 -5 7523.383 -1
514413 7 5  8603.861 0 8469.276 -1 11 9  7649.141 0 7522578 -2
13 11  8602.549 -3  8468.349 0 9 7 7648743 -2  7522.250 1
9 7 8599.867 —1 8466.353 5 606-515 15 13 9073.246 5  8919.692 —1
11 9  8598.564 2 8465.418 -3 9 7 9072.819 2 8919.345 -6
616515 15 13  9074.892 -2 8921562 —17° 13 11 9072441 -2  8919.072 -8
9 7 9074.482 6 8921.243 2 11 9  9072.025 3 8918737 -3
13 11  9074.066 —6 616505 15 13 9081.136 0 8928531 2
11 9  9073.657 1 9 7 9080.744 -5  8928.216 1
606505 15 13  9079.485 1 8926.644 1 13 11  9080.209 -4  8927.826 8
9 7 9079.088 -2 8926.326 2 11 9  9079.826 0 8927.507 3
13 11  9078.598 15 8925.975 2h

FA V= vops Vearc iN KHZ.
PNot included in the fit. The transitions are not fully resolved due to other components nearby and Doppler effects.

to the mw cavity axis, resulting in linewidths 6f30 kHz  global-fit program employing 3 rotational constant and 5

FWHM with Doppler splitting usually unresolved. centrifugal distortion constantd.The coupling scheme used
was | +J=F, and coupling constantg,, and (¢,p— Xcc)
IIl. SPECTRAL ANALYSIS AND RESULTS were fit. After the more abundari®Cl isotopomer was as-

signed, the®'Cl species was measured and assigned in a
similar fashion. Table | lists the transition frequencies, most
A model for the complex based on the fluorobenzene—Awf which were fit to about 5 kHz with a Watsdkreduction

structure withC, symmetry(ab symmetry plangwas used to  Hamiltonian, I" representatiot® For the weaker?’Cl spe-
predict regions to expect transitions. The model predieted cies, several distortion constants were fixed to the values of
andb-type transitions of about equal intensity and candidateshe 3°Cl isotopomer. The spectral constants from the fit are
were readily found near the expected regions. The transitiongiven in Table II.

were split into multiplets due to coupling of the chlorine
nuclear electric quadrupole moment with the rotational mo-
tion (3Cl, 1=3/2, 75.5% abundanc@’Cl, | =3/2, 24,505, O Structure

Several regions were characterized by close paira- @nd The initial stacked structure with the argon above the
b-R branch multiplets which, aided by trial and error usingring provided a good model to estimate the spectral patterns.
model predictions, led to the correct initial assignment.After assignment of the transitions, there was no doubt that
The four strongest components of eath-J+1 multiplet  the complex had this configuration and possessedtsin-
were usually measured. They were fit using the SPFITertial symmetry plane based on the selection rules, quadru-

A. Spectra
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pole coupling constants and inertial moments. ComparisonEABLE lIl. Inertial planar moments and chlorine quadrupole coupling con-
of the pertinent planar inertial moment@)&) and chlorine stants for the chlorobenzene—argon and chlorobenzene monomer.
quadrupole coupling constantsy,() to chlorobenzene,
which lies in anab symmetry plane with thé axis perpen-

Ar—CgHg®CIF CgH:Cle Ar—CgH:SCl CeHSCl

dicular to theC, axis, are given in Table Ill. The small Paa’ 415.4856 820.5345 424.5473 829.7352
differences betweenP..(compley and P,,(monomey. Pob 285.5086 89.1187 288.7561 89.1190
cc P 1 bb ’ Pec 87.1460 0.0453 87.1284 0.0464
Xcc(comple®, and y,,(monomey are typical for weakly ) 504 7195 5 60 56.10
i Xaa 4 -4 s 0.
b(_)und rare gas complexes. They arise mo_stly from large am- e _3542 36.88 2463 29.03
plitude vibrational effects on the vibrationally averaged 38.36 34.37 30.23 27.07

ground state parameters, rather than from structural or elec
tronic reorganization in the complex. 2Py = 1yt 1~ 1,=25mp¢ (in u-A?). I,-B,=505 379.0 MHzu- A%,

One can determine from the Ar¢8s3°Cl moments of ~ Xe=€QU (iN MH2); Xaa+ Xpo+ Xcc=0.
. . . Data for chlorobenzene—Ar from this work.
inertia that the argon is about 3.57 R&“) from the center- dData for chlorobenzene monomer from Ref. 21 except for the *’Cl
of-mass of the chlorobenzene and that the angle bet®ggn  species from Ref. 22 and assuming: —0.035.
and theC, axis of the chlorobenzene is about 80.3°. How-
ever, two different structures will fit this model depending on
the direction of the angle. These two structures are illustrateghents of inertia for an isotopomésee Fig. 2 This model is
in Fig. 1. The structures differ depending on whether thedescribed more fully in the literature’:?°
argon shifts about 0.6 A from a point directly above the The values determined faR.,, 6, and(a) are given in
c.0.m. of the chlorobenzene either away from the chlorineTable V. These are considered the so-called effectiveyor
atom (structure ) or towards it(structure 1). The chlorine  parameters in the ground vibrational state. Experimental un-
atom coordinates are considerably different in the two formscertainties based on the rotational constants are about 0.0001
and hence the isotope shift for the ArgfG3’Cl species can A, 0.001° and 0.05°, respectively. Model errors are more
readily distinguish between the two possibilities. This is il- difficult to estimate; we suggest that these values may differ
lustrated in Table IV where the predicted rotational constantgy 294—4% from the true equilibrium valués.,, and 6 can
for the 3'Cl species for the two structures are compared withpe used to calculate alternative parameters, the perpendicular
experiment. Only structure | is consistent with the data. distance of the argon to the rin&(), and its shift parallel to

The preferred structural parameters are obtained by ushe ring plane from the center-of-mass of the chlorobenzene
ing a model first proposed by Klott al!® and extended by
Bauder in studies of furan—R@ef. 7) and pyridine—RG
(Ref. 20 complexes. It partially accounts for the large am-
plitude vibrational wagging motions in these complexes with
a planar aromatic partner. The model assumes that the pa-
rameters of chlorobenzene are unchanged by complex forma-
tion. The vibrational motion is described as a precession
about thec axis of the monomer which is averaged with a
value of{a) for this angular deformation. The center-of-mass
distance R.,) between the rare gas and the ring, the angle .
(#) formed betweerR.,, and the perpendicular to the ring,
and () are obtained by fitting the three ground state mo-

" c-axis of

chlorobenzene
TABLE Il. Spectroscopic constants for argon—chlorobenzene. monomer
Ar—CgHs*Cl Ar—CgHs*'Cl
A/MHz 1356.161423) 1344.505035)
B/MHz 1005.47018) 987.703612)
C/MHz 720.944%31) 708.504734)
Ay/kHz 4.81013 4.8036)
Ajx [kHz —18.20891) —18.72484) "
Ay IkHz 25.8344) 25.83
85/kHz 2.075389) 2.0753
S IkHz 0.29G108 0.290
Xea ~2.93528) ~5.59658 tructure 11
Xbb —35.41921) —24.63133) c-axis of Cl S
Av/kKHZ 3.20 3.50 chlorobenzene
NP 75 44 monomer

A V= Vops Veale- FIG. 1. Two possible structures of chlorobenzene—argon consistent with the
PNumber of transitions in the fit. data from one isotopic species. Only structure | is consistent with data from
“Distortion constants were fixed to the value for the main isotopic speciesthe **Cl and®’Cl isotopomers.
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TABLE IV. Comparison of the observed rotational constafi#Hz) of C
Ar—CgHs>"Cl with predicted values for two possible structures.

Rotational
constant Structure | Structure 1l Experiment
A 1339.7 1318.7 1344.5
B 985.0 1002.0 987.7
C 709.8 7125 708.5

(hem) - While hey, is useful to describe the structure of the
complex on the basis of the spectroscopic analysis, the pa-
rameterR, (indirectly related tchcy) is more useful for the
electronic analysis of the argon complex. It defines the hori-
zontal shift of the Ar atom away from a position above the
geometrical center of the benzene ring towarBs>0) or
away from ®,<0) the substituted C atortsee Fig. 2 Pa-
rameterR, is zero for the benzene—argon complex and be-
comes larger than zero for halobenzene—argon complexes. /
For the chlorobenzene—argon complex, the argon is shifted b,
(R)) about 0.38 A from the center of the ririgee below.

FIG. 2. Definition of the structural parameters used in Tables V and VI.
Rem, 6, and{a) are determined from Bauder’s equatidg®ef. 20. a,, b,

C,, indicate the position of the principal axes of chlorobenzene monomer
from its center-of-mass at point cm. Point G is the geometric center of the
monomer ring R, and h., are distances between these ring points and the
intersection ofR, and the ring plane.

IV. QUANTUM CHEMICAL INVESTIGATION

The requirements for getting a reliable description of
argon van der Waals complexes are well-knosee, e.g.,
discussion in Ref. 11 (1) large basis sets, which correctly
reproduce the polarizabilities of the complex partners must In this work, we are predominantly interested in the
be used;2) basis set consistent calculations, i.e., all calcuchanges in the properties of AgHs—X complexes upon
lations including geometry optimizations and property calcu+eplacing X and, therefore, we have sacrificed computational
lations have to be corrected for basis set superposition erroeccuracy[e.g., achieved by applying coupled clust&C)
(BSSES; (3) a size extensive correlation correctald initio methods such as CC$D with a large basis sgby employ-
method has to be applied. ing just second order Mier—Plesset(MP2) perturbation

In the case of the benzene—argon complex, Koch antheory® with an augmented VDZ basis set to reduce compu-
co-workeré obtained a reliable complex binding energy tational cost. MP2 covers electron pair correlation effects
AE(complex) at the CCSO)/aug-cc-pVQZ level of theory and, by this, is able to give a reasonable description of dis-
where the effect of the aug-cc-pVQZ basis was estimategersion interactions between the monomers of a van der
with the help of MP2/aug-cc-pVQZ calculations. Smaller ba-Waals complex, which may lead to rather accurate
sis sets of the aug-cc-phZ type (m=2 or 3 or a lower AE(complex values as shown for benzene—argon simi-
level of theory(CCSD, MP2 implied errors up to 35% in the lar complexeg!!?

AE(complex of benzene—argohHowever, due to a fortu- For the Ar atom, we have chosen the $1@p2dif)
itous cancellation of basis set and correlation errors the MP2K[ 7s4p2d1f] basis of Chalsinski, Funk, Simons, and
aug-cc-pVDZ result turned out to reproduce the experimentaBreckenridgé* since this basis is known to reproduce the Ar
complexation energy rather accurately. polarizability at the MP2 level with an accuracy of 96%. It is

TABLE V. Comparison of structural parametéf aromatic—Ar complexes.

Complex R, R hem Rem 0 (a) Ref.
CeHCI-Ar 3.540 0.387 0.563 3.585 9.04 12.2 this work
CeHs 'CI-Ar 3.539 0.379 0.609 3.591 9.76 12.3 this work
CeHg—Ar 3.586 0.00 0.00 3.586 0.00 4.81 3
CHsF—Ar 3.572 0.208 0.297 3.584 4.8 9.92 4,5
1,4-GH,F—Ar 3.550 0.00 0.00 3.550 0.00 0.00 6
1,2-GsH F—Ar 3.545 e 0.52% 3.583 8.40 7.38 7
1,2,3-GHgFs—Ar 3.522 0.187 0.532 3.562 8.60 4.63 8,9
1,2,4-GH3F3—Ar 3.517 e 0.379 3.537 6.19 e 10

®Distances in A; angles in deB,, 6, and(a) in Fig. 2 are calculated using the equations in Ref. 20 except for
CeHe—Ar, 1,4-GH,F—Ar, 1,2,4-GHsF;—Ar. Also see Fig. 2 for explanation &, , R, andhgy .
bThere are insufficient data to unambiguously determine the directibRpindR, .
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TABLE VI. MP2 energies and response properties of chlorobenzene, fluorobenzene, and their corresponding

argon complexe®.

Chlorobenzene

Fluorobenzene

AE(1) (kcal/mo) 7.00 7.86

AE(2) 1.12 0

u (Debye 1.649(1.69° 1.593(1.60°

Qaa» Qpb, Qcc (Buckingham —48.13,—-44.57,—52.68 —42.51,—36.29,—44.30
iy (A3) 12.00(12.3¢ 9.91(10.3¢

Qaa, Qpp, Qoo 15.88, 12.77, 7.35 11.88, 11.70, 6.18
Ar-complex

AE(complex (kcal/mo) {cm™Y} —1.28{—449 —1.17{-409

Lo (DEDYE 1.641 1.599(1.528¢

Has M 1.641, 0.051 1.598, 0.052

Qaas Qb Qcc (Buckingham —59.91,-56.36,—65.12 —54.30,-48.08,-56.75
R, (A) 3.560(3.540 3.588(3.572

R, 0.233(0.387 0.154(0.228

Rarci 3.741(3.68)) 3.790(3.752

Rarx 4.577(4.470 4.411(4.362

®Reaction energiedAE(1) andAE(2) calculated at MP2/G3MP2large refer to isodesmic reactibhand (2)

as described in the text. Response properties are calculated at /d®22d1f/4s3p1d/3slp]. Dipole mo-

ment, quadrupole moment, and dipole polarizability are denoted by symbd}s and «, respectively, and
components are given in the monomer inertial system. For the definition of their components and for the
explanation ofR, , R, Raci, andRy x, see Fig. 2. Experimental values are given in parentheses where
available.

PExperimental value from Ref. 8.

°Experimental values from Ref. 4.

YExperimental values from Ref. 39. The calculated value for benzemtimization of geometry at
MP2/G3MP2large and calculation ofr with a Spackman bagis a,,= app=11.81, @ .=6.33, @a

=9.98 (10.0JA%.

just of DZ+(2d1f) quality (36 basis functions for Arbut BSSEs can lead to changes in the interaction energy up to
the two most diffusesp functions of the (1410p) basis are 100% and equally serious changes in the complex geom-
not contracted and the exponents of addedndf-type po-  etries. Therefore, we applied the CP method of Boys and
larization functions are optimized to accurately describe thédernardi by employing dimer-centered basis $BXSBS) for
dispersion energy of Ar the monomers in all calculations. The investigation of the

In previous work, Kraka and co-workéfs?found thata van der Waals complexes followed proceduf®s-(5).
6-31G(+sd, +sp) basis derived by SpackmZnby adding (1) The geometries of chloro- and fluorobenzene were
to Pople’s 6-31G basi§ diffuse polarization functions as calculated at the MP2 level with the G3MP2large basis set of
well as a diffuses-function leads to reasonable polarizabil- Curtiss and co-workers as recently described in connection
ities of aromatic molecules, which is a prerequisite for reawith the G3 method? G3MP2large corresponds to a 6-311
sonably describing van der Waals complexes involving ben+ +G(2df,2p) basis set for the first row atorm@cluding
zene or its derivatives. Spackman optimized the exponents @fiso H and to a 6s4p3d2 f] basis with contraction pattern
the d-type polarization functions for first- and second-row [631111;4211;111;11for second row atoms. At optimized
atoms as well as of thp-type polarization functions for hy- geometries, one-electron properties and the static elédtric
drogen in the way that the mean polarizability of first- andpole) polarizability tensor were calculated as MP2 response
second-row AH hydrides is maximize& The exponent of properties using the Spackman basis set.
the diffuses function was set equal to 1/4 of the value of the (2) Keeping the geometry obtained ii) frozen, the
outermostsp functions of the original 6-31G basis, while the complex binding energy of ACgHs—X was determined for
exponent of the diffusefunction for hydrogen was set equal a given location of the Ar atom above the ring that complied
to 0.040. Hartree—FocfHF) and MP2 polarizabilities calcu- with the Cs-symmetry of the complex. For this purpose, the
lated with the Spackman basis possess errors less than 158ergies of Ar and gHs—X were calculated in the DCBS.
and 5%, respectively. Therefore, we have chosen the (3) According to(2), a grid of energy points correspond-
6-31G(+sd,+sp) basis to describe chloro- and fluoroben- ing to different Ar positions in the vicinity of its equilibrium
zene in their argon complexes. The total basis used for thposition was obtained and the corresponding complex bind-
halobenzene—argon complexes may be denoted asg energiesAE(compley fitted to a polynomial depending
[7s4p2d1f/4s3pld/3slp]. on the paramete®, andR, of Ar (Fig. 2.

For moderately sized basis sets such as the augmented (4) The equilibrium position of Ar corresponding to a
DZ basis sets used in this work, BSSE corrections determaximal complex binding energE(compleX was deter-
mined with the counterpoise procedu€P) of Boys and mined and the properties of the Ar complex were calculated
Bernardf’ are absolutely necessary within supermolecularfor its equilibrium geometry.
perturbation theory® In the case of aromatic Ar complexes, (5) Difference electron density distributiona p(r)
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12.0 vs 12.3 A (Ref. 36] and —0.4 A3 [fluorobenzene, 9.9

vs 10.3 B (Ref. 36]. Hence, agreement between theory and
experiment is satisfactory and, in particular, both halogeno-
benzenes are described by theory with comparable accuracy,
which is the basis for the following discussion.

Dipole momentu and quadrupole momer@ of the ClI
derivative are somewhat larger than the corresponding quan-
tities of the F derivativ&¥ where for the complex formation
in particular the difference in th®.. components matters.
The differences inw andQ are simply a result of the fact that
the C—Cl bond is longdrl.728 A; expt., 1.722 ARef. 33]
than the C—F bon{l1.344 A; expt., 1.354 ARef. 34] and,
by this, partial charges are separated over a larger distance in

<C3C4C5 =120.0 120.0 119.8 chlorobenzene than in fluorobenzene. Actually, the absolute
zggggg? f}—f%g ﬁg?/ ﬁgf magnitude of partial charges is larger in the latter molecule
060102 = 1215 1202 121.7 than in the former as is reflected by calculated natural atomic
' charges. Because of the large electronegativity of F, there is
R(C1C4) = 2.766 2.789 2.777 a strong withdrawal ofr-charge from the adjoined C atom in

the benzene ring, which is slightly reduced by
m-backdonation from the F atom to the benzene ring. Since
o-withdrawal dominates, the ipso C atom is strongly posi-
tively charged, which in turn leads to a shortening of the
bonds Gyso—Corne and to a slightly smaller benzene ring as
reflected by the distance C1-CBig. 3).

Actually the overall electronic effects of a Of a F atom
on the benzene ring are somewhat larger for the latter as is
indicated by the MP2/G3MP2large reaction enerfjegperi-
mental reaction enthalpies derived from heat of formation
AH?(298)] of isodesmic reactions such &b (7.0 and 7.9
kcal/mol, Table VI; experimental valu&s3’ are 4.9 and
12.5 kcal/mo) or (2) (1.1 and O kcal/mol; experimental

«C3C4C5 =120.0 119.7 Value§5_37 are 3.7 and 7.1 kcallml)l
<C4C5C6 =120.3 120.5
<C5C6C1 =118.5 118.1 C6H5—X+CH4—>C5H6+CH3—X, (]_)
<C6C1C2 = 1225 123.2
C6H5—X+CH2:CH2—>C6H6+ CHZICHX (2)

R(C1C4) = 2752 2.757

fe. 3 G ties ofa) chiorob ) fluorob culated Therefore, it is difficult to predict properties of the Ar com-
B e e e e e s plexes by just considering diferences in the electron density
Experimental values for chlorobenzene and fluorobenzene are from Ref. 3distributions of the benzene rings of the two halobenzenes. A
(Cl: 33a: normal font; 33b: italigsand Ref. 34(F). Distances in A, angles  better basis for predicting complex properties is provided by
in deg. comparing MP2 polarizabilities of the halobenzenes.
The isotropic dipole polarizability of chlorobenzene is
12.0 A% which is clearly larger than that of fluorobenzene
= p(compley—p(Ar,DCBS)—p(benzene—X,DCBS were (9.9 A, Table V) where the difference results in particular
determined for configurationdefining either the experimen- from thea components, but there is also a difference of 1.2
tal or the calculated geometry of the complex. A3 in the c(7) components, which is relevant for the com-
Procedures (1)—(5) was applied to describe both plex formation(Table VI). From the data of Table VI, we
chlorobenzene—argon and fluorobenzene—argon. All calculazan predict that both dispersion forces and induced forces are
tions were carried out using tlteoLOGNE2000(Ref. 30 and  larger in the case of the chlorobenzene—argon complex and
Acesll (Ref. 31 ab initio packages. that this should be reflected in a somewhat shorter distance
In Table VI, calculated properties of chloro- and fluoro- R, and a somewhat larger complexation energy as compared
benzene as well as of the corresponding Ar complexes ar® the corresponding parameters of the fluorobenzene—argon
summarized and, where possible, compared with the corresomplex.
sponding experimental dafdor calculated geometries, see These predictions are in line with the calculated proper-
Fig. 3. The calculated dipole moments of chlorobenzene andies of the two complexeglable VI). Both distanceR, (Cl,
fluorobenzene deviate from the corresponding experimenta.560; F, 3.588 AandR, (Cl, 0.233; F, 0.154 Areflect the
values by just-0.04 and—0.01 D[1.65 vs 1.69Ref. 322  somewhat larger stability of the chlorobenzene complex
and 1.59 vs 1.60 ORef. 4, Table VI], respectively, while (1.28 vs 1.17 kcal/mol, Table ¥IThe calculated Ar position
the isotropic polarizabilities differ by-0.3 [chlorobenzene, for the chlorobenzene dimer compares reasonably with the
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experimental positioi3.56 vs 3.54 A; 0.233 vs 0.387, Table (a)
VI) where the largest discrepancy is found for the lateral
shift towards the substituted C1 atdifig. 2). Hence calcu-
lations confirm structure | as the correct structure for
chlorobenzene—argon, the closer approach of the Ar aton
toward the ring, and the stronger shift of Ar toward C—Cl
relative to the corresponding values calculated for the
fluorobenzene—argon complex.

V. DISCUSSION

In Fig. 4(a), a contour line diagram of the MP2 differ-
ence electron density distributionAp(r) of the
chlorobenzene—Ar comple®BSSE correctedis shown with
regard to a plane containing the Ar atom, the center of the
benzene ring, the C4—H bond, and the C1—Cl bond. There i12~]
a regular pattern of regions with increagsolid contour
lines) and decreas@lashed contour ling®f electron density
because of complex formation. Electron density is pushed
out of the intermolecular regiofregion 3 in Fig. 4a)] to-
ward the back of the Ar atonfregion 1 and through the
center of the benzene ringegions 4 and 10 If a nucleus
stops this movement of negative charge, a build up of elec-
tron density can be found in front of the nucldusgion 2 in
front of the Ar, regions 5a, 5b, and 6 in front of the C atoms
and Cl, Fig. 4a)]. Overall, regions of positive\p(r) are
followed by regions of negativAp(r) in a regular pattern.

We note that there is just a small charge transfer of 1.5
melectron from the Ar atom toward the riridonation into
the #* MOs of the phenyl ring in the sense of a donor—
acceptor complexeven though the pattern of negative and
positive difference densities might suggest a larger charge
transfer. The magnitude of the charge transfer can only cor-
rectly be obtained if atomic charges are BSSE corrected
(relatively large charge transfer values are obtained before
BSSE corrections in particular by the Mulliken population
analysig. However, if this is done both the natural bond
orbital (NBO) and the Mulliken analysis lead to the same
result for the fluoro{1.5 melectronand chlorobenzene com-
plex (1.6 melectron

The observed pattern in thi&p(r) distribution of the
chlorobenzene—argon complex is a result of exchange repul
sion and mutual charge polarization between the complex
partners. The optimal position of the Ar atom is above the
benzene ring because in this region destabilizing exchan éG 4. Contour line diagram of the MP2 difference electron density distri-

. . h h ution of (a) chlorobenzene—argon artl) fluorobenzene—argon calculated
repulsion effects are minimal while at the same time the ArWith a[7s4p2d1f/4s3pld/3slp] basis at optimized geometries. Reference
atom can interact with all C atoms via stabilizing dispersionplane is the plane perpendicular to the benzene ring that contains Ar and the
and induction interactions. If the charge distribution of theC1-X/C4-H bonds. Contour lines range fromx20 ® to about 2
benzene ring is extended by a substituent such as Cl, the A710 *(e/Bohr’). For example, the contour levels in region 1 &f@m

. . . . . . outermost to innermost level0.2, 0.3, 0.7, 2, 3, 7, 8, 20 in units of
.atom Can increase StaplllZIHQ dlsDerSlon |n1:'eraCt|Ol:]S by mo_V]-.075 e/Bohr3 (1 e/Bohr3:6.748 31&/,&3). Outermost levels in regions 3,
ing towards the substituted C atom and interacting in this+5+6+10:0.2¢1075 e/Bohe. Solid lines correspond to an increase of
way with 7 rather than just 6 heavy atoms in a similar way.electron density upon complex formation, dashed lines to a decrease. Re-
The C—-X bond length and the polarizability of the X atom gions of increase and decrease of electron density are marked by small
influence the value of the shift paramefer: A larger C—x  "mPers:
bond length(X polarizability) leads to a largeR; value as
found when comparing the chlorobenzene and fluorobenzene
complex. benzene—Ar compleX. However, there are also some differ-

The pattern of regions with positive and negative differ-ences resulting from the presence of a halogen substituent. It
ence densities found for the chloro- and fluorobenzene—Aseems as if in the complex the effective electronegativity of
complex closely resembles that previously obtained for thehe C atoms is slightly increasddelative to the monomer
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situation) thus leading to a slight charge transfer from H and
X atoms toward the C atoms where for X this charge transfer
takes place predominantly in thespace. Two effects could
be responsible for these changéms. The Ar atom pushes
density (via exchange repulsiorthrough the center of the
ring, which also leads to a loss ofdensity of the C atoms,
an increase of the effective nuclear charge of the C atoms
and the possibility of contracting the-density stronger, i.e.,
the effective electronegativity of the C atoms increases in the
m-space.(b) The larger size of the Cl atom and by this the
larger exchange repulsion between Cl and Ar is visible by a
built-up of positive difference density in the outer valence
region of Cl[region %b), Fig. 4@)]. It hinders the Ar atom
from moving further into the C—Cl direction, but it leads also
to pushingm-density out of the inner valence region back to
the C atom, which has a smaller size and by this also smaller |/
exchange repulsion. Hence, C can take some small amoun
of m-charge from the Cl atom balancing this by backdonation
in the o-spaceregion 13. The small loss of electron density
at the CI atom is confirmed by a slight reduction of the
dipole moment in the chlorobenzene—argon compl®e FIG. 5. Contour line diagram of the MP2 difference difference elec-
g, Table V). tron density distribution AAp(r)=Ap(chlorobenzene—Ar) Ap(fluoro-
Since the difference density distribution of the benzene—Ar) using the [7s4p2d1f/4s3pld/3slp] basis set.

. L Fluorobenzene—argon is keaipart from the F atojrat the geometry of the
ﬂuombenzene_argon complEb‘qg. 4(b)] is similar to that of chlorobenzene—argon complex to guarantee a meanidgf(r). Refer-

the corresponding chlorobenzene comp|&kg. 4(@], wWe  ence plane is the plane perpendicular to the benzene ring that contains Ar
have made differences between the density distributions aind the C1-X/C4—H bonds. Contour lines range from1® ° to about 2
the two Comp|exes visible by reca'cu'ating the ﬂuorobenzené( 103 e/Bohr. For example, the contour levels in regior-4 are(from

. utermost to innermost levyel —0.2, —0.3, —0.7, —2, —3 in units
complex in the geometry of the chlorobenzene Comple)61)0’5e/Bohr3 (1 e/BohrP=6.748 315%/A3). Outermost levels in regions 2

(kegping the CF bond |efn@th|n .this.way, it is possible t0  ang 3: 0.2 1075 e/Bohr®. Solid lines correspond to an increase of electron
derive a difference density distribution, density upon complex formation, dashed lines to a decrease.

AAp(r)=[p(Cl—complex—p(Ar,DCBS)

— p(benzene—Cl,DCBJ—[p(F—complex chlorobenzene compared to benzene, fluorobenzene, and
even difluorobenzenes.
—p(Ar,DCBS)—p(benzene-F,DCB$ These trends are easily explained by considering what

has been learned from the chlorobenzene—fluorobenzene

which apart from the region close to the C—X bond can becomparison. Induction forces between Ar and an aromatic
considered to represent differences caused by the replaceng are small as was recently observed in the case of the
ment of Cl by F. The contour line diagram in Fig. 5 verifies oxazole—argott or isoxazole—argd? complexes and as is
the larger size of the Cl atom, which leads to a polarizatiorconfirmed in the present cagdipole moment component in
of the electron density at the Ar atom; density is pushed front-direction, 0.05 D, Table \Jl Hence, the stability and ge-
the Cl side of the Ar atorregion 1 to the opposite side ometry of an Ar complex are determined by an energetic
(region 2. Hence, the asymmetry in the difference density inbalance based on the maximization of dispersion interactions
regions 5 and 6 of Fig. 4 has its equivalent in region 1 asn connection with a minimization of exchange repulsion in-
made visible in Fig. 5. It reflects the larger polarizing ability teractions. Stepwise replacement of H atoms by the more
of the ClI atom(more electrons, larger size, stronger ex-polarizable F atoms leads to a stepwise increase of stabiliz-
change repulsionas opposed to that of the F atom. ing dispersion interactions provided the Ar can move in the

Table V lists structural parameters for several halogedirection of the substitue(#). This is measured by the pa-
nated aromatic—Ar complexes which have been analyzethmeter Rwhich is zero for benzene—Ar and increases with
with the Bauder model in so far as possible, for consis- the size of the substituent X and the number of substituents
tency. As discussed more fully recentlgmall differences of  in an asymmetrical substitution pattefsee Table V.
about 0.01-0.02 A between the parameters are likely mean- One can deduce from these factors that for increasing
ingful indicators of actual trends in equilibrium parameters.size of X, Ar must come closer to the substituted C atom
R, , the perpendicular distance of the argon from the ring, iglarger R;; distance Ar—carbonl decreases: 3.85 A for
a useful indicator of trends in van der Waals complexes sinceenzene—Ar, 3.75 A for fluorobenzene—Ar; 3.68 A for
it should be related to electronic effects and presumably witlthlorobenzene—Ar This is parallel to a decrease &,
interaction strength. One observes the aforementioned trer®.586; 3.572; 3.540 Rand an increase in the complex bind-
of closer approach to the ring with increased fluorination.ing energy (1.12; 1.17; 1.28 kcal/mal This conclusion
What is also striking is that the argon is closer to the ring inagrees with previous multiphoton ionization specfr&:3®
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