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The rotational spectrum of the oxazole—argon complex has been experimentally studied in the microwave
region between 3 and 21 GHz using a pulsed molecular beam Fourier transform microwave spectrometer.
The rotational constants were found to be A = 5012.894 86(14) MHz, B = 1398.428 151(32) MHz, and C =
1388.952 841(31) MHz. The centrifugal distortion constants are Dy’ = 5.524 11(28) kHz, Dy’ = 37.1990-
(30) kHz, Dx’ = —35.922(28) kHz, d;" = 0.026 26(21) kHz, and R’s = —0.000 49(19) kHz. The diagonal
elements of the nitrogen quadrupole coupling tensor were determined to be y.. = 2.3032(6) MHz, ym =
—4.0526(8) MHz, and y.. = 1.7494(4) MHz. With the help of supermolecular Mgller—Plesset perturbation
theory at second (MP2) and fourth order (MP4(SDTQ)) using a (14s10p2d1f)[7s4p2d1f] basis set for argon,
a 6-31G(+sd+sp) basis for oxazole, and basis set superposition corrections, stability (MP2, 316; MP4, 304
cm™h), equilibrium geometry, charge distribution, and other properties of the complex were determined. Argon
adopts a position above the ring plane (Ar—ring distance: ro, 3.46; MP2, 3.64; MP4, 3.58 A) clearly shifted
from the centrum of the ring in the direction of the oxygen atom. The complex is predominantly stabilized
by dispersion interactions, while the position of the argon atom is determined by exchange repulsion forces
that direct Ar toward the O atom. A new way of analyzing van der Waals complexes and predicting structural
and other complex properties is presented. Investigation of Ar—oxazole, Ar—benzene, and Ar—CO reveals
that there is no charge transfer between the complex partners, contrary to previous claims made in the literature.

1. Introduction

Investigations of van der Waals complexes are one of the
challenges of this time, since they lead to a first understanding
of the forces that act between molecules in bulk matter.! There
are four basic components of the interacting energy, namely
electrostatic (Coulomb), exchange, induction, and dispersion
energy.? Each of these components has a different physical
origin, magnitude, and directionality. The electrostatic interac-
tion energy E*® results from interactions between the permanent
electric multipole moments of the complex partners; the
induction energy E™ results from the permanent electric mul-
tipole moments of one monomer with the electric multipole
moments induced in the other monomer; the dispersion energy
EYs is the result of the mutual polarization of the electron density
of the interacting complex partners (interactions of the instan-
taneous multipoles that are related to dynamic multipole
polarizabilities); and the exchange energy E®* is a result of the
Pauli principle, which prevents the electrons of one monomer
from penetrating into the occupied space of the other monomer.
E** increases with increasing overlap between the two monomer
wave functions and is always destabilizing (exchange repulsion
or overlap repulsion), contrary to E*, E™, and EYS, which are
stabilizing in the case of a van der Waals complex at its
equilibrium geometry.?

Van der Waals complexes with argon atoms are a particularly
rewarding research goal, since a noble gas atom does not possess
any permanent electric multipole moments because of its
spherical electron density distribution and, accordingly, the

* This paper is dedicated to Professor Dr. John Sheridan, Bangor.
@ Abstract published in Advance ACS Abstracts, July 1, 1995.

electrostatic component is absent in the interaction energy.’~’
The investigation of the equilibrium geometry of an argon van
der Waals complex is rather simple, both from an experimental
and a theoretical point of view and provides direct information
on the electronic structure of the complex partner. In this way,
argon can be considered as a structureless probe of the electronic
properties of molecules to which it is bound in a van der Waals
complex. The advantage of this approach has been exploited
in the investigation of numerous argon van der Waals complexes
with di-, tri-, and polyatomic molecules, as is amply documented
in recent review articles.’7

Most recently, previous work on Ar van der Waals complexes
has been extended to systems involving aromatic rings such
as, for example, benzene—argon,? fluorobenzene—argon,® fu-
ran—argon,'® and pyrrole—argon.!! It was shown in the case
of benzene—argon that the argon atom adopts a position above
the center of the aromatic ring. The argon atom is shifted in
an off-center position if the benzene ring is substituted, as in
fluorobenzene—argon,’ or replaced by a heteroaromatic sys-
tem.'%! The exact position of the Ar atom indicates features
of the m-electron distribution of the aromatic ring and, in
addition, provides insight into the differences between in-plane
and off-plane approaches (o- or m-attacks). Investigations of
Ar van der Waals complexes involving heteroaromatic systems
like furan—argon and pyrrole—argon are particularly interesting,
in this connection, and led us to study complexes of argon and
heteroaromatic systems containing both nitrogen and oxygen
atoms.

In this article, we report on the rotational spectrum, the '*N
quadrupole hyperfine structure (hfs), and an ab initio description
of oxazole—argon. The measurements of oxazole—argon were
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TABLE 1: Observed Transitions of Oxazole—Argon

J. Phys. Chem., Vol. 99, No. 33, 1995 12467

VKK-TK/KS F'-F obs (MHz) obs — calc (kHz) VK'K“-VK/K' F'—F obs (MHz) obs — calc (kHz)

110—000 2-1 6411.1750 0.1 413—-404 5-5 3665.8576 0.0
1-1 6411.6994 -0.2 4—4 3666.7384 0.0
0-1 6 410.3875 -0.3 3-3 3665.6314 0.3
111—-000 2—-1 6 401.99500 0.1 423—414 5-5 10903.1519 1.3
1-1 6 400.7740 0.0 4-4 10 903.7889 1.3
0-1 6 403.8135 —0.1 3-3 10 902.9875 0.7
110—101 2-2 3623.9315 0.3 422-413 5-5 10 809.2226 1.0
' 2-1 3623.2413 1.2 4—4 10 807.8928 0.4
1-2 3 624.4552 -0.7 3-3 10 809.5645 1.0
1-0 3625.4922 —0.3 505—414 6-5 10 362.1083 0.4
0-1 3622.4530 0.1 5—-4 10 363.2102 -0.1
220—111 3-2 16 436.6358 —-04 4-3 10 361.8648 -1.2
2-1 16 437.1135 —0.6 515404 65 17 481.6628 0.7
-0 16 435.2218 -0.7 5-4 17 480.5984 0.1
212-101 3-2 9 179.6307 0.3 4-3 17 481.9205 0.3
2-1 91783772 0.1 514—505 6—6 3689.4245 —0.5
1-0 9 180.9794 0.0 5-5 3690.3643 0.1
221-110 3-2 16 427.4328 =04 4—4 3689.2342 0.5
2-2 16 426.6518 -1.0 524-515 6—6 10 925.7072 0.6
2-1 16 426.1677 =03 5-5 10 926.4740 0.3
1-1 16 427.3192 -0.6 4-4 10 925.5510 0.7
1-0 16 428.6308 -0.9 523-514 6—6 10 784.8276 -1.0
211-202 3-3 3633.1228 0.6 5-3 10 783.6043 -0.6
2-2 3633.6872 0.2 4—4 10 785.0759 -0.9
-1 3632.8090 0.4 616505 7-6 202384128 -1.0
220-211 3-3 10 843.7421 -0.3 6—5 20 237.3618 -0.7
2-2 10 841.7018 0.1 5-4 20 238.6177 -0.8
1-1 10 844.8758 —0.3 625—616 71 10 952.8052 -19
221-212 3-3 10 871.7333 -0.6 6-6 10 953.6507 -1.8
2-2 10 871.5556 —0.1 615—606 6—6 3718.8419 -1.2
1-1 10 871.8313 —1.6 716—625 87 8 781.9302 —0.5
313-202 4-3 11 952.1877 0.6 7-6 8 783.1425 —0.3
3-2 11 951.0575 0.3 6—5 8 781.7687 -1.2
2-1 11952.7345 02 707616 87 15 983.4870 1.3
322-211 4-3 19204.2142 0.8 7—6 15 984.5363 1.5
3-2 192029111 0.3 6-5 15 983.3286 0.9
2-1 19 204.9370 —0.2 817-726 9-8 11 604.6899 0.3
321212 4-3 19 232.3147 0.3 87 11 605.8596 0.4
3-2 19 232.8827 -0.3 7-6 11 604.5535 —0.5
2-1 19 231.9989 —0.9 818—725 9-8 11 262.1434 0.2
312-303 4—4 3 647.1027 04 87 11 261.2159 0.5
3-3 3647.8832 0.3 7-6 11 262.2718 —0.5
2-2 3646.8293 0.2 808717 9-8 18 799.4624 0.2
321-312 4-4 10 828.8799 0.8 8—7 18 800.4963 0.5
3-3 10 827.3437 0.3 7—-6 18 799.3275 0.2
2-2 10 829.4175 0.8 919-826 10-9 14 002.0330 -04
322--313 4-4 10 885.1489 0.3 9-8 14 001.0560 0.2
3-3 10 885.5410 0.5 8—7 14 002.1525 —0.4
2-2 10 885.0116 0.2 918-827 10—-9 14 431.2378 -0.3
414-303 5—-4 14 719.5618 0.8 9-8 14 4323797 0.1
4-3 14 718.4764 0.4 8-7 14 431.1198 -0.3

3-2 14719.9112 05

carried out by means of a molecular beam (MB) Fourier
transform microwave (FTMW) spectrometer. The complex was
found to be a nearly prolate top with an asymmetry parameter
of k = —0.99. The rotational constants, centrifugal distortion
constants, and diagonal elements of the quadrupole coupling
tensor were determined by a least squares fit of all measured
hfs components using the program HFS.'? We found that the
observed rotational constants are in agreement with eight
different geometries of the complex. The eight geometries form
four pairs of enantiomers. Without distinction between the
positions below and above the ring plane, the number of
geometries reduces to four. Taking also the observed '“N
quadrupole coupling constants into account, only two geometries
remain, which are consistent with the experimental data. A
further distinction was not possible on the basis of the experi-
mental data currently available.

Therefore, an ab initio investigation was carried out using
supermolecular Mgller—Plesset (MP) perturbation theory'?® at

first (MP1 = Hartree—Fock (HF)), second (MP2), third (MP3),
and fourth order (MP4) with basis sets especially designed for
studies on argon-containing van der Waals complexes. These
calculations led to a characterization of the most stable con-
figuration and a description of the forces between the argon
atom and the oxazole ring.

In the following, we present results of FTMW measurements
(section 2), then a summary of calculational procedures and
results (section 3), and finally a discussion of the complex
geometry, its properties, and the intermolecular forces stabilizing
or destabilizing oxazole—argon (section 4).

2. Experimental Section

All spectra were taken using our MB-FTMW spectrometer'*
in the range from 3 to 21 GHz. For highest resolution and
sensitivity, the nozzle was mounted in such a way that the
molecular beam propagates along the axis of the cavity from
one mirror to the other.!> Gas mixtures containing 1% oxazole
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TABLE 2: Rotational and Centrifugal Distortion (van
Eijck) and Quadrupole Coupling Constants of
Oxazole—Argon, I’-Representation®

A =5012.894 86(14) MHz
B = 1398.428 151(32) MHz
C = 1388.952 841(31) MHz
Dy =5.524 11(28) kHz
D = 37.1990(30) kHz

Dy = —35.922(28) kHz

87 = 0.02626(21) kHz

Re = —0.00049(19) kHz
Yea = 2.3032(6) MHz

Ymin = —5.8020(7) MHz

Calculated
%o = —4.0526(8) MHz
%ee = 1.7494(4) MHz

2103 components fitted; standard deviation = 0.70 kHz. ¢ ymin =
Xob — Xee-

(Aldrich, Steinheim) in argon and a stagnation pressure of 50
kPa were used throughout.

2.1. Spectral Analysis. We started our investigation by
predicting rotational constants. Therefore we assumed that the
geometry of the oxazole molecule, C3H3ON, remained un-
changed by complexation and that the argon atom was located
3.5 A above the center of mass of the oxazole. Using the
oxazole structure given by Kumar, Sheridan, and Stiefvater,'6
we predicted the rotational constants to be A = 4906 MHz, B
= 1396 MHz, and C = 1394 MHz. We further assumed that,
due to the rotation of the principal axes, the dipole moment
components of oxazole, 4, = 1.34 D, up, = 0.66 D, u. = 0D,"?
should change to 4, = 0 D, u, = 1.34 D, u. = 0.66 D for the
complex. This should cause a b- and c-type spectrum instead
of an a- and b-type spectrum for oxazole. We started our search
by scanning the range from 10 418 to 11 020 MHz. Nine lines
were found and assumed to be a Q-branch of the complex. They
vanished when helium was used as carrier gas. All lines were
split into multiplets due to '*N quadrupole coupling. A least
squares fit with the program HFS'? yielded improved rotational
constants. With a new prediction, five more lines of a Q-branch
in the 3.6 GHz region and the two J = 1—0 transitions were
found. Again a least squares fit and a new prediction was made
so that 18 more P-branch-lines were found. All lines are of b-
or c-type; a-type lines were not found in the scanning mode at
the prospective frequencies. All measured lines are compiled

TABLE 3: Correlation and Freedom—Cofreedom Matrices

Kraka et al.

in Table 1; the rotational and quartic centrifugal distortion
constants according to the reduction of van Eijck'® of oxazole—
argon are presented in Table 2. The diagonal elements of the
quadrupole coupling tensor were determined by a least squares
fit. The results are also presented in Table 2. The correspond-
ing correlation and freedom—cofreedom matrices'? are given
in Table 3.

2.2. Discussion. The spectral analysis led to three rotational
constants, five quartic centrifugal distortion constants, and the
diagonal elements of the quadrupole coupling tensor. We used
the rotational constants to determine the position of the argon
atom, assuming that the geometry of the oxazole ring remains
unchanged upon complexation. Accordingly, we used for
oxazole the geometry given by Kumar, Sheridan, and Stief-
vater.'® Since it was only possible to measure the main
isotopomer, we could determine the absolute value but not the
sign of the coordinates of the argon position relative to the
principal axes of oxazole. Due to the fact that oxazole possesses
just a plane of symmetry coinciding with the ring plane, we
obtained for the ro-structure four possible geometries (1, 2, 3,
and 4) by least squares fit, depending on the initial parameters
without distinction of the position above and below the ring
plane.

There are four enantiomeric pairs with the argon atom above
or below the ring plane. As an example, Figure 1 shows the
two enantiomers for geometry 4. The Ar atom is placed above
(or below) the oxazole ring plane at a distance R = 3.458 A.
Geometries 1—4 all reproduce the measured rotational constants.
The four possible ro-positions of the argon atom projected onto
the oxazole ring plane in the principal inertial system are given
in Figure 2 by crosses. We also calculated an “rs structure” by
using the complex isotopomers with argon mass 40, as well as
argon mass 0, where the latter case corresponds to oxazole itself.
In this case, we cannot assume that the vibrational effects on
the moments of inertia partially compensate, since argon with
mass 0 causes no vibrational effects. Nevertheless the rg
structures obtained by Kraitchman’s substitution formulas?*2!
are in good agreement with the ry structures. The rs type R
value is 3.447 A, It differs from the r; value by 0.01 A. Figure
2 also shows the projected positions of the argon atom (indicated
by circles in Figure 2) obtained for the rs structures.

In order to distinguish between the four possible geometries
given in Tables 4 and 5, we tried to get some structural

Correlation Matrix

1.00

—0.05 1.00

-0.33 —0.08 1.00

—0.39 -0.13 0.92 1.00

-0.06 —0.07 0.02 0.02 1.00

—0.03 0.02 -0.05 —0.05 0.03 1.00

Freedom—Cofreedom Matrix

A 1.00
B —0.04 1.00

C 0.04 0.30 1.00

Dy 0.15 0.61 0.77 1.00
D 0.33 0.06 0.36 0.64
Dy 0.89 ~0.14 -0.14 -0.12
8r -0.16 0.54 -0.58 -0.20
Ry -0.23 0.39 -0.53 -0.28
Yaa -0.10 -0.02 -0.03 -0.04
Ymin® 0.01 -0.04 0.01 -0.02
A 0.23

B 1.00 0.22

c 0.98 0.87 0.23

Dy 0.96 0.85 0.77 0.26
Dy 0.79 0.98 0.93 0.71
Dy 0.34 0.99 097 0.96
or 0.99 0.67 0.67 0.99
Ry 0.99 0.84 0.81 0.98
Yaa 1.00 1.00 1.00 1.00
Ymin® 1.00 1.00 1.00 1.00

aXrnin = Xob — Xce

0.34
0.81
0.97
0.96
1.00
1.00

0.24

0.99 0.13

1.00 0.42 0.26

1.00 1.00 1.00 0.99

1.00 1.00 1.00 1.00 1.00
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C

Figure 1. Enantiomer pair of oxazole—argon corresponding to
geometry 4. The coordinate system is the principal axes system of
oxazole. The radii of the spheres correspond to the van der Waals
radii of the atoms divided by 5. R is the distance between Ar and
ring plane.

H2

Figure 2. Possible geometries of oxazole—argon. For geometries 1—5
and 7, the projection of the argon atom onto the ring plane of oxazole
is indicated by crosses or stars. The coordinate system is the principal
axes system of oxazole. Numbering of the ring atoms is shown. rs
geometries 1—4 are indicated by circles and the corresponding rp
geometries by crosses. For geometry 6, the Ar—O distance has been
reduced, indicated by //.

information from the quadrupole coupling tensors of oxazole
and oxazole—argon. We assumed that the argon atom does not
change the quadrupole coupling tensor of oxazole. So the
change of the tensor observed for oxazole—argon, given in Table
2, is merely a consequence of its reference to the different
principal axes system of the complex and some vibrational
averaging caused by the large amplitude motion of the argon
atom. The latter contribution was assumed to be small, and
therefore, it was neglected. From our structure determination
we know the rotation matrix D, which transforms the tensor
from the principal axes system of oxazole to the principal axes
system of oxazole—argon. The shift of the center of mass is
here without influence. We calculated the quadrupole coupling
tensor of oxazole—argon, Yox-ar, by transforming the quadrupole
coupling tensor of oxazole,?? yox, by the matrix D:

XOK—AI' = ])XO);])_I (1)

We tested this method in the case of pyridine and pyridine—
argon.2’~25 The quadrupole coupling tensor of pyridine, the
result of the rotation, and the experimental quadrupole coupling
tensor of pyridine—argon are presented in Table 6. The
calculated quadrupole coupling tensors of the four rg and ro
geometries are given in Tables 4 and 5. Indeed, two geometries,
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TABLE 4: r, Geometries 14 of Oxazole—Argon®
a b c xt

Geometry 1
N(1) -1.1798 02733  0.0000
C(2) -0.1626 1.0690  0.0000
O(3) 1.0472 04533  0.0000
C@4) 07376 —0.8806 0.0000 {2.263 =0.769° £0.249°
C(5) —0.6096 —1.0006  0.0000 —3.748 -—1.007
H(2) -0.1647 2.1440  0.0000 1.485
H4) 15606 —1.5698  0.0000
H(5) —1.2108 -1.8919  0.0000
Ar  —04269 —0.3657 +£3.4580°

Geometry 2

see geometry 1 2205 40.876° F0.533¢

=277 2.246

Ar  —04269 0.3658 +3.4580¢ 0.512
Geometry 3

see geometry 1 2.205S F0.876° +0.533¢

-2.717 2.245

Ar 04269 —0.3658 +3.4580¢ 0.512
Geometry 4

see geometry 1 2263 F0.769° F0.249°

—3.748 —1.007

Ar 0.4269  0.3658 +3.4580° 1.485

7 a, b, and ¢ are coordinates in the principal axes system of oxazole.
by is the quadrupole coupling tensor of the complex calculated by
rotation of the quadrupole coupling tensor of oxazole. ¢ The calculated
upper sign belongs to the geometry with the argon atom above the
ring plane, and the lower sign to the structure with the argon atom
below the ring plane.

TABLE 5: rs Geometries 1—4 of Oxazole—Argon®

a b c X
Geometry 1
see Table 4 2228 +0.863¢ +0.338°
—-3.551 —1.355
Ar —0485 —0.383 +£3.447° 1.323
Geometry 2
see Table 4 2.159 +0.944° TF0.662°
—2.356 2.432
Ar —0.485 0.383 +3.447° 0.197
‘ Geometry 3
see Table 4 2.159  F0.944* 10.6627
—2.356 2.432
Ar 0485 —0.383 +£3.447° 0.197
Geometry 4
see Table 4 2228 F0.863¢ TF0.338°
—-3.551 —1.355
Ar 0.485 0.383 £3.447¢ 1.323

@ See Table 4 for definitions of a, b, ¢, ¥, and the sign convention.

TABLE 6: Quadrupole Coupling Tensors of Pyridine, ypy,
and Pyridine—Argon, fpyr-ar
Measured
—4.908 0.000 0.000

3.365
xoyr = | 0.000 1.434 0.000| ypyr-ar = —4.805
0.000 0.000 3.474 1.441

Calculated Pyridine—Argon®
3417 F0.689% o.oocr)

Yeae = {F0.689* —4.851 0.000°
0.000c  0.000° 1.434

@ Calculated by transformation of ypy: into the principal axes system
of pyridine—argon.  See Table 4. ¢ The elements y,. and x, are zero
due to symmetry.

2 and 3, reproduce the quadrupole coupling tensor poorly

whereas the other two, 1 and 4, reproduce it reasonably.
Probably, geometries 1 and 4 do not belong to different stable

configurations of the complex; otherwise we should see different
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spectra caused by different centrifugal distortion constants due
to the different positions of the argon atom. We did not observe
any effect like this. Also no line broadening or splitting was
observed, which should have been detected if the two positions
were connected by a double minimum potential. Nevertheless,
we were unable to distinguish between geometries 1 and 4.
Investigations of furan—argon and pyrrole—argon'®!! showed
that the Ar atom is shifted toward the electronegative part of
the ring. Therefore it seems reasonable to favor geometry 4.
In this geometry, the Ar atom is closer to oxygen than it is to
nitrogen in geometry 1.

3. Ab Initio Calculations

Theoretical calculations of van der Waals complexes based
on supermolecular perturbation theory have to fulfill four basic
requirements: (1) The basis set used has to be flexible enough
to reproduce the different contributions to the interaction energy.
(2) All calculations have to be corrected for basis set superposi-
tion errors (BSSEs); that is, calculations have to be basis set
consistent.® (3) The order of the perturbation theory has to be
high enough to ensure convergence of the calculated interaction
energy. (4) The method used has to be size extensive, which
is guaranteed for many body perturbation theory and coupled
cluster theory but may become a problem if one has to go
beyond these levels of theory.

Although it is not difficult to provide a sufficient description
of exchange effects because these are typical short range effects,
the correct description of electrostatic, inductive, and dispersion
effects cannot be achieved with standard basis sets’ In
particular, the description of electrostatic and dispersion effects
turns out to be rather difficult. Since the former is of no
relevance for Ar—oxazole, the basis set problem may be
considered somewhat easier to solve. Nevertheless, the basis
set has to be chosen to reproduce multipole moments and
polarizabilities of the monomers and to recover large portions
of the dispersion energy, which normally requires a basis set
of at least TZ+2P quality.> Such a basis is already too large to
be used for extended scanning of the potential energy surface
(PES) of Ar—oxazole at the MP2 level of theory. Therefore,
we have chosen a somewhat different approach.

First, we have tested various basis sets with regard to their
ability to reproduce the experimental value of the static dipole
polarizability o of Ar?’ both at the HF and MP2 levels of theory.
The polarizability a is a molecular property that is related to
the molecular volume, which in turn can be described by the
0.001 au contour level of the molecular electron density
distribution.”® This means that contrary to energy or geometry,
which predominantly depends on the electron density distribu-
tion in the valence region, the polarizability is sensitive to diffuse
density distributions in the tail region of the wave function. This
is best reflected by the fact that energy-optimized basis sets
such as 6-31G(d) or 6-311G(d),” lead to rather poor values of
o(Ar) more than 50% lower than the experimental value (11.09
bohr,>?7 Table 7) irrespective of the method chosen. More
reliable values are already obtained at the HF level by employing
large basis sets with diffuse basis functions as well as multiple
sets of d- and f-type polarization functions. For example, with
the generally contracted (17s12p5d4f)[7s7p5d4f] atomic natural
orbital (ANO) basis set of Roos and co-workers,*® the polar-
izability of Ar can be reproduced with an error of about 4%
(Table 7). Very reliable values for a are calculated using an
extremely large basis set with 118 basis functions, such as the
(15s12p5d4£3g)[11s9pSd4f3g] basis of Thakkar and co-work-
ers,>! which has been derived from a (14s11p)[10s8p] Huzinaga
basis by adding a set of diffuse sp functions and various sets of
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TABLE 7: Static Dipole Polarizabilities o (bohr®) of Ar
Calculated with Different Basis Sets at Different Levels of
Theory*

method basis set #BF « ref

HF 6-31G(d) 13 4.01 this work
HF 6-311G(d) 26 346 this work
HF (14510p2d1f)[7s4p2d1f] 36 9.57 this work
HF (17s12p5d4£)[6s5p2d1f] 38 9.87 this work
HF (17512p5d4£){6s6p3d2f] 53 10.69 this work
HF (17512p5d4f)[6s6p4d3f] 65 10.72 this work
HF (17s12p5d4f)[7sTp5d4f] 98 10.72 this work
MP2 6-31G(d) 13 3.99 this work
MP2 6-311G(d) 26 3.41 this work
MP2 (14s10p2d1f)[7s4p2d1f} 36  9.98 this work
MP4(SDTQ) 6-31G(d) 13 4.01 this work
QCISD 6-31G(d) 13 4.02 this work
FF-MP4 (15s12p5d4f3g)[11s9p5d4f3g] 118 11.23 33

CCSD(T) (15s12p5d4f3g)[11s9p5d4f3g] 118 11.21 33

DOSD (15s12p5d4f3g)[11s9p5d4f3g] 118 11.08 33

exp 11.09 27

“ Basis sets 6-31G(d) and 6-311G(d) from ref 29; basis set [7s4p2d1f]
from ref 35; basis sets [6s5p2d1f], [6s6p3d2f], [6s6p4d3f], and
[7s7p5d4f] from ref 30; basis set [11s9p5d4f3g] from ref 31. #BF
denotes the number of basis functions,

d-, f-, and g-type polarization functions. Finite field MP4 (FF-
MP4),32 coupled cluster with SD excitations and a perturbational
treatment of the T excitations, CCSD(T),* or constrained dipole
oscillator strength distribution (DODS)** calculations lead to o
= 11.1 or 11.2 bohr,? in perfect agreement with the experimental
value.

Neither large ANO basis sets nor the standard DZ+P basis
sets are suitable for large scale investigations of Ar van der
Waals complexes, since they are either too large or too
inaccurate. Better suited are basis sets that have been particu-
larly chosen to calculate polarizabilities and dispersion energies,
such as the (14s10p2d1f)[7s4p2d1f] basis set of Chalasinski,
Funk, and Simons?’ derived from a (14s10p) energy-optimized
Rosendaal basis.’® In order to allow for deformation of the Ar
orbitals in the Ar; van der Waals complex, the two most diffuse
sp functions of the (14s10p) basis remained uncontracted while
the exponents of added d- and f-type polarization functions were
optimized to accurately describe the dispersion energy of Ar,.
Although the resulting DZ+(2d1f) basis set is of moderate size
(36 basis functions for Ar), it reproduces the Ar polarizability
at the MP2 level with an accuracy of 96% (Table 7). Therefore,
we have chosen the (14510p2d1£{)[7s4p2d1f] basis of Chalasin-
ski, Funk, and Simons as the appropriate Ar basis for our Ab
initio investigation of the Ar—oxazole complex.

As for the oxazole ring, we have tested various basis sets,
again with regard to their ability to reproduce experimental
polarizabilities and dipole and quadrupole moments. In their
investigation of benzene—Ar and fluorobenzene—Ar, Hobza and
co-workers®” have suggested a 6-31+G(d) basis based on
Pople’s 6-31G basis.?? The exponent of the diffuse sp functions
was set equal to /3 of the value of the outermost sp function of
the original 6-31G basis. In addition, the d exponent was chosen
to be 0.25, which is about one third of its original value of 0.8
in Pople’s 6-31G(d) basis. Although of modest size, this
6-31+G(d) basis leads to a rather accurate polarizability and
quadrupole moment for benzene.>” However, a disadvantage
of the Hobza basis is that the composition of the basis has been
done in an ad hoc manner, which does not give a clear directive
on how to construct the basis set for heteroatoms such as O, N,
S, etc.

A systematic approach to developing moderately sized basis
sets for calculations of polarizabilities has been suggested by
Spackman.’® He advocates a 6-31G(+sd,+sp) basis obtained
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TABLE 8: Experimental and Theoretical Geometries of
Oxazole”
HF/6-31G- MP2/6-31G-
exp? (+sd,+sp) (+sd,+sp) MP2/6-31G(d)

R(N—-C2) 1.291 1.282 1.329 1.304
R(C2-0) 1.357 1.361 1.420 1.361
R(O-C4) 1.370 1.386 1.426 1.371
R(C4-C5) 1.352 1.339 1.380 1.361
R(C5—N) 1.396 1.410 1.434 1.390
R(C2—-H2) 1.075 1.067 1.088 1.080
R(C4—H4) 1.073 1.065 1.087 1.078
R(C5—HS) 1.075 1.067 1.089 1.080
a(N—C2-0) 1149 1132 113.9 114.9
a(C2—-0—-C4) 1039 105.2 103.7 103.8
a(0O—-C4-C5) 108.1 107.2 107.9 107.9
a(C4—C5—-N) 109.0 108.9 109.8 109.4
a(C5—-N—-C2) 1039 105.3 104.6 103.8
o(C4—C5—H5) 129.0 1294 128.8 128.9
a(C5—C4—H4) 135.0 1354 136.1 135.6
a(N-C2—-H2) 1279 128.8 129.6 128.6

< Bond lengths R in A; bond angles « in deg. For numbering of
atoms see Figure 2. ® rg geometry from ref 40.

from Pople’s 6-31G basis by adding diffuse polarization
functions as well as a diffuse s function. The exponents of the
d-type polarization functions for first- and second-row atoms,
as well as of the p-type polarization functions for hydrogen,
were optimized with respect to maximizing the mean polariz-
ability of first- and second-row AH, hydrides.?® The exponent
of the diffuse s function was set equal to !/, of the value of the
outermost sp functions of the original 6-31G basis, while the
exponent of the diffuse s function for hydrogen was set equal
to 0.040. With this basis set, HF polarizabilities with an error
of less than 15% and MP2 polarizabilities accurate up to 5%
are obtained. Therefore, we have chosen the 6-31G(+sd,+sp)
basis of Spackman for our investigation but have checked its
results in selected cases by also using the Hobza 6-314+G(d)
basis extended to heteroatoms.

According to the counterpoise procedure (CP) of Boys and
Bernardi,?® both the complex and monomers should be calcu-
lated with the dimer-centered basis set (DCBS) to avoid basis
set superposition errors (BSSEs).?6 In particular for moderately
sized basis sets, CP corrections are essential for supermolecular
perturbation theory. In the case of the Ar—oxazole complex
the BSSE leads to changes of the interaction energy by 100—
150% and changes in the geometry by 50%. There are been
discussions that the CP method overestimates BSSEs and,
accordingly, leads to reduced complex interaction energies.
However, recent investigations suggest that the CP method, even
if it marginally overestimates BSSEs, is definitely the most
reliable correction procedure.?® Therefore, all calculations
including property calculations and geometry optimizations of
the Ar—oxazole complex were carried out with the CP method
of Boys and Bernardi using the DCBS.

Only limited geometry optimizations have been carried out,
since it is reasonable that the oxazole geometry is retained in
the complex. Geometry optimizations of oxazole at the HF and
MP2 level of theory lead to geometrical parameters that differ
considerably (Table 8), where only the HF geometry is close
to the rs geometry determined by MW spectrometry.'¢40 This
seems surprising because MP2 geometries are normally more
accurate than HF geometries.*! However, we have to stress
that the 6-31G(+sd,+sp) basis set is no longer energy optimized,
contains a relatively large number of diffuse functions, and
therefore, leads to an expansion of the electron density distribu-
tion, which is accompanied by the nuclei to some extent thus
yielding rather large bond lengths. This is confirmed by a
determination of the equilibrium geometry at the MP2/6-31G-
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(d) level of theory (see Table 8). MP2/6-31G(d) bond lengths
and angles agree better with experimental rs values than either
HF or MP2 values obtained with the 6-31G(+sd+sp) basis.
Because of this, we have used the experimental rs geometry in
all calculations.

The position of the Ar atom was determined by establishing
a grid of points above the plane of the oxazole ring. These
points include the four positions of Ar belonging to geometries
1, 2, 3, and 4, a position of Ar above the center of mass of the
five-membered ring (geometry 5), a position of the Ar atom in
the ring plane opposite the O atom (geometry 6), the equilibrium
position of Ar (geometry 7), as well as intermediate points (see
Figure 2). For each position, the distance R from the ring plane
was optimized considering BSSEs by the CP procedure. These
calculations indicated already that there is only one minimum
position above the ring plane, the exact position of which was
determined by fitting calculated energy points with optimized
R values to a two-dimensional function and calculating the
minimum of this function. The final energy calculation was
performed using the optimized position of the Ar atom.

Qualitative descriptions of van der Waals complexes that are
stabilized by muitipole interactions can already be obtained at
the HF level of theory.> However, if dispersion forces dominate
the complex stability, it is necessary to use a correlation-
corrected method. We applied MP2, MP3, and MP4 perturba-
tion theory,!? where in the latter case single (S), double (D),
triple (T), and quadrupole (Q) excitations, {MP4(SDTQ)}, were
included. Interaction energies calculated at the HF = MP1,
MP2, MP3, MP4(SDQ), and MP4(SDTQ) levels were compared
to check their reliability.

All calculations have been carried out with the ACESII*? and
the COLOGNE94% ab initio packages.

4. Results and Discussion

In Table 9, optimized R values for geometries 1—7 (Figure
2) are given together with absolute and relative energies obtained
at the various levels of theory.

At the HF level, a minimum for the Ar—oxazole complex
with the Ar atom placed either above or in the plane of the
oxazole ring could not be found. Obviously, exchange repulsion
effects are larger than stabilizing inductive effects (dispersion
effects are not covered at the HF level). However, at the MP2
level, the Ar atom is bound to the ring by about 240—320 cm™!
(700—900 cal/mol) regardless of whether geometry 1, 2, 3, or
4 is adopted. The cK)timized R value varies from 3.51 A
(position 3) to 3.61 (position 2); that is, in all cases the
calculated distance between Ar and the ring plane is larger than
the experimental ro value of 3.458 A. In the case of geometry
4, ROMP2) is exactly 0.1 A larger, although, at the MP3 and
MP4(SDQ) levels, R of geometry 4 increases to 3.64 A. The
inclusion of T excitations at the MP4 level reduces R to 3.580
A, which is close to the MP2 value.

At all levels of theory considered, geometry 4 corresponds
to the most stable complex configuration. Its relative energy
is 316 cm™! (904 cal/mol) at the MP2 level and 292 cm™! (835
cal/mol) at the MP4 level, while intermediate levels lead to
smaller binding energies in line with an increase of R at these
levels of theory. The similarity of MP2 and MP4 complexation
energies and optimized R values suggests that supermolecular
perturbation theory at the MP2 level is sufficient to mimic the
more accurate MP4 results.

Differences in the energies between geometries 1—4 range
from 22 to 48 cm™! (63 to 138 cal/mol). If one places the Ar
atom exactly above the ring center (geometry §), which is close
to the position in 4, the difference in energies reduces to just 2
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TABLE 9: Stabilization Energies AE of Oxazole—Argon for Geometries 1—7 at Experimental Distances R, and Optimized
Distances R, Evaluated at Different Levels of Mgller—Plesset Perturbation Theory Using the 6-31G(+sd,+sp) Basis®

Rexp = 3.485
method geometry Ar closest to AE AAE Ropt a b AE AAE
MP2 1 C5 —250 70 3.528 —0.453 0.333 —268 48
2 N -287 33 3.615 0.260 0.499 —294 22
3 C4 -252 68 3.514 ~-0.260 —0.499 -277 40
4 0 -320 0 3.558 0.453 —0.333 —-316 0
5 center -309 11 3.595 0. 0. -314 2
6 in-plane, at O 3.646 —-121 195
7, min 0 3.538 0.226 —-0.167 -322 -6
MP3 4 (0] -178 3.637 —235
MP4(SDQ) 4 (o) —208 3.636 —237
MP4(SDTQ) 4 O -292 3.580 —304

a Relative energies AE in cm™!; R and coordinates a and b in A (see Figure 2). The HF, MP2, MP3, MP4(SDQ), and MP4(SDTQ) energies of
geometry 4 are as follows: from calculations with Rexp, —771.311 09, —772.028 51, —772.043 36, —772.059 32, and —772.089 58 hartrees; and
calculation from calculations with Rop, —771.311 29, —772.028 96, —772.042 11, —772.058 09, and —772.267 89 hartrees.

cm™! (7 cal/mol), indicating the flatness of the PES with regard
to horizontal displacements of Ar. Optimization of the position
of the Ar atom leads to an energy minimum of —322 cm™'
(—922 cal/mol) located in the vicinity of geometry 4 about
halfway in the direction of a point that lies exactly above the
center of mass of the oxazole ring. The R value of the
minimum-energy geometry (7 in Table 9) is 3.54 A, which is
0.02 A shorter than for geometry 4.

If Ar is placed in the plane of the ring opposite to the O
atom (geometry 6), a relatively large distance of 3.64 Ais
calculated. The complex stability decreases to 121 cm™! (345
cal/mol), indicating that positions above and below the ring
plane are energetically favored compared to positions in the
ring plane (see below). We also tested energy differences by
using the 6-31+G(d) basis of Hobza and co-workers? for the
ring and obtained similar results. In conclusion, the ab initio
geometry 7 confirms the selection of the experimentally
determined geometry 4 as the most likely configuration of the
Ar—oxazole complex.

Scanning of the PES in the region of geometries 1—5 reveals
that there is only one minimum at position 7. Complex form 6
with the Ar atom in the ring plane is more than 200 cm™' (577
cal/mol) higher in energy than the equilibrium form (geometry
7), and therefore, form 6 is unlikely to be seen in molecular
beam experiments. Since geometries 1, 2, and 3 are not
connected with stationary points on the PES, theory and
experiment are in agreement insofar as only one complex form
has been detected spectroscopically.

From comparison of interaction energies obtained at various
orders of supermolecular perturbation theory with the corre-
sponding interaction energies obtained by symmetry-adapted
(intermolecular) perturbation theory,® one knows that, for a
complex such as Ar—oxazole, the supermolecular HF interaction
energy comprises basically the Heitler—London exchange
repulsion energy and the induction energy apart from various
exchange-deformation energies.>®¢ At the MP2 level, correlation
corrections are added to exchange repulsion and inductive
effects, but in addition the dispersion energy is covered by the
calculated interaction energy. At MP3 and MP4 levels higher
order corrections to the three basic interaction components as
well as couplings between them are included.36 Hence, the mere
fact that oxazole—Ar is not stable at the HF level but
substantially stabilized at the MP2 level indicates that the
complex is dispersion bound, which is in line with observations
made for other Ar van der Waals complexes.?> Of course,
corrections to inductive effects could also lead to stabilization,
but we doubt this for the following reason. Since oxazole
possesses sizable dipole and quadrupole moments (Table 10),

TABLE 10: Polarizability o (bohr3), Dipole Moment u (D),
and Quadrupole Moment Q (10~25 esu cm?) of Oxazole in Its
Principal Inertial Axis System®

experimental geometry  optimized geometry

experimental

values® HF MP2 HF MP2
a 41.27 42.75 40.92 45.00
Ha  —1.365(20) -—-1.34 —1.49 —1.44 —1.44
uy  —0.630(20) -—0.64 -0.78 0.49 -0.65
e 1503 1.49 1.68 1.52 1.58
Qu —4.9(29) —6.28 -5.97 3.50 —5.52
Ow  9.5(31) 9.53 8.57 —0.04 9.56
Qe —4.6(49) -3.23 —2.60 -3.47 —4.04
Qab 0.32 0.22 8.23 4.09

@ Values are given for experimental and HF- and MP2-optimized
geometries using the 6-31G(+sd,+sp) basis set. # Dipole moment from
ref 17; quadrupole moment from ref 40.

the induction energy of the oxazole—Ar complex should be
dominated by the three energy terms in eqs 2—4.2

E™u) = -y {u, (oxazole)a(Ar)(3 cos’ 6 + 1)/(2r°)} (2)
q

Ei“d(uQ) = —2{ 3,uq(oxazole)Qqq(oxazole)a(Ar) cos® 9/r7}
q

€)
E™(Q) =
—Y {90, (oxazole)a(Ar)[1 = 2 cos’ 6 + 5 cos* 61/(8")}
q
4

where u, and Q,, are the components of the dipole and
quadrupole moments, r is the distance between Ar and the center
of mass of the oxazole ring, and 6 is the angle between the
position vector of the Ar atom given in the coordinate system
of Figure 2 and the respective principal axis g = a, b, or ¢ of
oxazole. For reasons of simplicity, the assumption has been
made that the oxazole ring can be modeled by a cylindrical
charge distribution with Q,, = 0 for ¢ = p.> Using the
experimentally determined dipole and quadrupole moments of
oxazole (Table 10), the experimental polarizability of Ar, a-
(Ar), the distance Rexp for 7, § = 90° for ¢ = a, b, and 6 = 0°
for ¢ = ¢ (position S), induction energies of —6, 0, and —92
ecm™! (—16, 0, and —264 cal/mol) are obtained for the three
energy terms of egs 2, 3, and 4. Obviously, the total stabilization
of =98 em™' (—279 cal/mol) is annihilated by overlap repulsion
effects at the HF level.

When going from the HF level to the MP2 level, the oxazole
dipole moment is slightly increased while components of the
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Figure 3. Contour line diagram of the MP2 difference electron density
distribution of benzene—argon, Ag(r) = [o(benzene—argon) —
o(benzene)PBS — g(argon)PCBS], using the 6-31G(+sd,+sp) basis for
benzene and the {7s4p2d1f] basis for argon. The reference plane is
the plane perpendicular to the benzene ring that contains Ar and two
CH bonds. Contour lines range from 2 x 107 to 2 x 107 [e/bohr’].
Solid lines correspond to an increase of electron density upon complex
formation, and dashed lines to a decrease. Regions of increase and
decrease of electron density are marked by small numbers. The
direction of the induced monomer dipole moments is schematically
indicated by arrows. ‘

quadrupole moment are decreased (Table 10). Induction effects
in total are decreased by 10—20%. This value can be used as
a guideline for corrections to the total multipole induction
obtained at the MP2 level, which accordingly cannot be very
large. Destabilizing exchange repulsions should increase at the
MP level, since the occupied space of a molecule increases at
the correlation level, probably annihilating additional stabiliza-
tion caused by charge polarization.

It remains to be clarified which effect leads to a preference
of geometries 4 and 7. To answer this question, we use the
electron density analysis as an investigative tool. In Figure 3,
a contour line diagram of the MP2 difference electron density
distribution

Ap(r) = [o(r)complex] — [[Q(r)monomer]DCBS +

[o(®)ArI"®%] (5)

of the benzene—Ar complex is given with regard to a plane
containing the Ar atom, the center of the benzene ring, and two
CH bonds. The diagram reveals a regular pattern of regions
with increase (solid contour lines) and decrease (dashed contour
lines) of electron density because of complex formation.
Electron density is pushed out of the intermolecular region
(region 5 in Figure 3) toward the back of the Ar atom (region
1) and through the center of the benzene ring (region 4). If a
nucleus stops this movement of negative charge, a buildup of
negative charge can be found in front of the nucleus. Hence,
large regions of charge buildup can be found in front of the C
atoms (regions 3 and 3’), and a smaller region can be found in
front of the Ar atom (region 2).

The difference density distribution is a result of exchange
repulsion and mutual charge polarization. Destabilizing ex-
change repulsion is smallest above the ring center, while
dispersion effects should be larger above the C atoms. Ac-
cording to both experimental and theoretical investigations of
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Figure 4. Contour line diagram of the MP2 difference electron density
distribution of Ar—CO, Ag(r) = [g(Ar—CO] — @(ArPs —
©(CO)PCBS], using the 6-31G(+sd,+sp) basis for CO and the [7s4p2d1f]
basis for argon. The reference plane is the plane of the three nuclei.
Contour lines range from 2 x 107%t0 2 x 107! [e/bohr’]. Solid lines
correspond to an increase of electron density upon complex formation,
and dashed lines to a decrease. Regions of increase and decrease of
electron density are marked by small numbers. The direction of the
induced monomer dipole moments as their components is schematically
indicated by arrows.

Hobza and co-workers,?’2 Ar prefers the position above the ring
center, which can be easily explained on the basis of the
difference electron density distribution of Figure 3. Polarization
of the electron charge clouds of benzene and Ar (regions 1—6,
Figure 3) leads to monomer dipole moments in the complex
that possess directions directly reflected by the difference
density. The positive end of the Ar dipole is at the benzene
side while the negative end of the benzene dipole is at the Ar
side; that is, the two dipoles attract each other (Figure 3) and
form in sum a small dipole moment directed from benzene to
Ar. This dipole moment is somewhat diminished by the buildup
of negative charge in regions 2 and 4.

The MP2 dipole moment of the benzene—Ar complex (0.092
D) is directed exactly as predicted according to the difference
electron density distribution of Figure 3. However, it contradicts
the calculational results of Hobza, Selzle, and Schlag, who have
found a charge transfer of 0.018 electron from the benzene ring
to the Ar atom, suggesting the formation of a donor—acceptor
or charge transfer complex. We have checked this hypothesis
by analyzing Mulliken population values at the MP2 level and
find a similar charge transfer, which vanishes when the
population values are properly corrected with the counterpoise
procedure. Ar remains electroneutral. The description of
benzene—Ar as a charge transfer complex is not correct. The
complex is stabilized by dispersion and inductive effects.
Exchange repulsion is destabilizing, but it directs Ar above the
center of the ring to a position where exchange repulsion should
be weakest, although dispersion and inductive interactions
should be encountered with all six C atoms.

The discussion of the Ar—benzene complex suggests that the
most favorable position of the Ar atom should be above the
oxazole ring somewhere close to a position above the center of
the ring. However, it is not clear why a position closer to the
O atom is preferred. To clarify this we discuss the MP2
difference electron density distribution of the Ar—CO van der
Waals complex shown in Figure 4.
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Figure 5. Contour line diagram of the MP2 difference electron density
distribution of oxazole—argon, Ag(r) = [g(oxazole—argon) -
@(oxazole)°BS — o(argon)°S), using the 6-31G(+sd,+sp) basis for
oxazole and the [7s4p2d1f] basis for argon. The reference plane
contains Ar and CS, as is schematically indicated in the figure. Contour
lines range from 2 x 10™®t0 2 x 107! [e/bohr®]. Solid lines correspond
to an increase of electron density upon complex formation, and dashed
lines to a decrease.

Ar—CO possesses a distorted T structure (Ar sitting on the
CO bond) with the Ar atom being closer to the O rather than
the C atom.3#4 The difference electron density distribution again
reveals a pattern of regions (1—8, Figure 4) with buildup or
depletion of negative charge. However, the pattern is quite
different from that of the benzene—Ar complex. Negative
charge seems to be pulled from the backside of the Ar atom
(region 5) to the frontside (region 1). This effect is more
pronounced opposite to the O atom than opposite to the C atom.
At the CO molecule, there is charge built up in a smaller region
(region 2) in front of the O atom and in a larger region (region
3) in front of the C atom. In addition, it seems as if bonding
and lone pair density have been pushed toward region 4 on the
backside of the CO molecule.

The various components of the interaction energy that
determine the complex stability in the case of the Ar—CO
complex have been studied in detail, and therefore, one knows
that dispersion effects are largest at the C atom because of the
larger polarizability of its negative charge cloud. However,
exchange repulsion is smaller and less destabilizing at the O
than at the C atom. If the Ar atom approaches the CO molecule
in a direction perpendicular to the CO bond, its electron cloud
“sees” at the C site a relatively extended charge cloud while at
the O atom negative charge is pressed more against the O atom.
One can speak of an O-centered hole in the charge cloud of the
CO molecule, toward which some of the negative charge of Ar
is drawn. As a consequence, the dipole components perpen-
dicular to the CO bond axis at Ar and at CO have the opposite
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Figure 6. Contour line diagram of the MP2 difference electron density
distribution of oxazole—argon, Ap(r) = [p(oxazole—argon) —
o(oxazole)PCBS — o(argon)PCBS), using the 6-31G(+sd,+sp) basis for
oxazole and the [7s4f2d1f] basis for argon. The reference plane
contains Ar and N, as is schematically indicated in the figure. Contour
lines range from 2 x 107%to 2 x 10~ [e/bohr’]. Solid lines correspond
to an increase of electron density upon complex formation, and dashed
lines to a decrease.

direction compared to the situation for benzene—~Ar (see Figures
3 and 4), and the component of the total dipole moment of the
complex in this direction has its positive end at Ar and its
negative end at CO. We obtain a MP2 dipole moment of 0.357
D with components of —0.356 and 0.023 D parallel and
perpendicular to the CO axis. After CP corrections, Mulliken
population values indicate no charge transfer.

Clearly, the position of the Ar atom is determined by
exchange repuision effects that are smaller and less destabilizing
opposite to the O atom. This is reflected exactly by the
difference electron density distribution shown in Figure 4, which
suggests that the Ar—oxazole complex should be investigated
in a similar way. In Figures 5—8, contour line diagrams of the
MP2 difference electron density distribution of the Ar—oxazole
complex are shown with regard to reference planes that are
perpendicular to the plane of the oxazole ring and contain both
the Ar nucleus and the nucleus of the atom next to the Ar atom;
that is, reference planes for geometries 1—4 contain besides the
Ar nucleus also that for C5, N, C4, and O. In this way the
difference density plots in Figures 5—8 provide information
about the major interaction effects.

Inspection of the contour line diagrams in Figures 5—8
immediately reveals that there is a hole in the electron
distribution above the O atom similar to that observed in the
case of the Ar—CO complex. In the oxazole—Ar complex the
negative charge of Ar is polarized in this direction, indicating
that exchange repulsion effects are smaller in the region between
Ar and oxygen and that a buildup of negative charge in the
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Figure 7. Contour line diagram of the MP2 difference electron density
distribution of oxazole—argon, Ag(r) = [p(oxazole—argon) —
o(oxazole)PCBS — o(argon)PCB], using the 6-31G(+sd,+sp) basis for
oxazole and the [7s4f2d1f] basis for argon. The reference plane
contains Ar and C4, as is schematically indicated in the figure. Contour
lines range from 2 x 1076t0 2 x 107! [e/bohr’]. Solid lines correspond
to an increase of electron density upon complex formation, and dashed
lines to a decrease.

region between the Ar and O atoms is possible (Figure 8). In
none of the other three cases can a comparable buildup be found.
Instead, in geometries 1 and 2 (Figures 5 and 6), an increase of
electronic charge can be observed on the side of the Ar atom in
a region that is close to the O nucleus. This suggests that the
Ar atom is always pulled in the direction of the O atom, that is,
toward the global minimum geometry 7 of the oxazole—Ar van
der Waals complex.

We conclude that the position of the Ar atom above the ring
is determined by reduced exchange repulsion at the side of the
oxygen atom. Although oxygen possesses more electrons than
any other atom in the oxazole ring, its negative charge is much
more contracted than that of either N or C and, as a consequence,
its volume is smaller.

This is confirmed by analyzing the MP2 Laplace concentra-
tion —V2p(r)® of oxazole in the ring plane and in parallel planes
shifted by 0.35, 0.5, 0.85, and 1 A in the direction perpendicular
to the ring plane (Figure 9 and Table 11).

Although the electron density is much larger above the O
atom than above any other ring atom, it decreases rapidly with
increasing distance to the nucleus. This becomes even more
obvious when comparing the corresponding Laplace concentra-
tions in Table 11. At all distances investigated, the Laplace
concentration above the O nucleus is significantly smaller than
that above any other nucleus of the oxazole ring. The contour
line diagrams of the Laplace concentration taken in the ring
plane (Figure 9a) and at 0.35 A above the ring plane (Figure
9b) reveal that the regions around and above the ring center
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Figure 8. Contour line diagram of the MP2 difference electron density
distribution of oxazole—argon, Ag(r) = [p(oxazole—argon) —
o(oxazole)PCBS — o(argon)PCBS], using the 6-31G(+sd,+sp) basis for
oxazole and the [7s4p2d1f] basis for argon. The reference plane
contains Ar and O, as is schematically indicated in the figure. Contour
lines range from 2 x 10™%to 2 x 107! [e/bohr®]. Solid lines correspond
to an increase of electron density upon complex formation, and dashed
lines to a decrease.

are depleted of negative charge (solid contour lines, Figure 9).
These regions extend toward the oxygen atom and surround it
already in the 0.35 A plane. Hence, exchange repulsion effects
are smaller in the direction of the Ar atom. The Ar atom can
approach the O atorm much closer than any other ring atom from
above. There is a distinct hole in the s-distribution above the
O atom that can be quantified by comparing the Laplace
concentration values of Table 11.

The analysis of the Laplace concentration provides a basis
to predict positions around a molecule at which exchange
repulsion should be significantly reduced. In the case of Ar
van der Waals complexes, this position determines the most
stable configuration of the van der Waals complex, which can
be confirmed by analysis of the difference electron density
distribution as done in this work. Since exchange repulsion is
in any case destabilizing, the complex has to be considered
predominantly dispersion bound, although exchange repulsion
effects determine the position of the Ar atom.

From these considerations it becomes clear why any position
of the Ar atom in the oxazole plane leads to a less stable van
der Waals complex, although such an approach would lead to
stronger stabilizing inductive effects. In the plane, exchange
repulsion, in particular, opposite to the in-plane lone pair
electrons of O and N is rather strong. In addition, the Ar atom
feels the stabilizing dispersion interactions of just three atoms,
while above the ring dispersion interactions with five heavy
atoms are possible.
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Figure 9. Contour line diagram of the Laplace concentration of oxazole, —V?o(r), obtained at the MP2/6-31G(+sd,+sp) level of theory. (a) The
reference plane is the plane of the ring. (b) The reference plane is the plane shifted by 0.35 A with regard to the ring plane. Inner shell regions
of the atoms are not shown, Dashed contour lines correspond to concentration of electron density, and solid lines to a depletion of electron density.

TABLE 11: MP2/6-31G(-+sd,+sp) Electron Densities o(r) (e/bohr’) and Laplace Concentrations —V2o(r) (e/bohr®) at Fixed

Distances above the Ring Atoms of Oxazole

0.35 A abovering plane 0.5 A above ring plane  0.85 A abovering plane 1.0 A above ring plane 1.2 A above ring plane
alom  o(r) —Vo(r) o(r) —Vie(r) o(r) =Vo(r) o(r) ~Vo(r) o(r) =Vo(r)
N1 3.172 28.447 2.031 —10.208 0.504 4.600 0.265 3232 0.097 1.126
C2 2.039 119.206 1.339 -8.118 0.444 1.859 0.255 1.739 0.096 1.040
03 5.646 —105.032 3.042 —3.000 0.553 7.950 0.266 4.237 0.090 1.036
C4 2.057 118.620 1.357 —8.270 0.460 1.851 0.268 1.722 0.105 1.028
C5 2.000 123.313 1.319 -6.456 0.455 1.852 0.269 1.669 0.107 0.996

TABLE 12: Experimental and Calculated Dissociation Energies D (cm™!) and Argon—M Distances R (A) for a Series of

Argon—M Complexes

Dlem™] RIA]
no. complex Ar—M exp cale exp calc shape of complex, position of Ar references
1 Ar—-H.0 143 107 3.635 3.751 T-shaped 46 and 47
2  Ar—CO 110 108.8 3.811 3.644 T-shaped, close to C 44, 53, and 54
3 Ar—benzene 340 337 358 3.4-3.6 Arabove ring center 48, 49, and 50
4 Ar—fluorobenzene shifted away from F 343 3.553 355 Ar above ring center 51 and 37b
5  Ar—difluorobenzene 190—242 294 3544 36 Ar above ring center 51 and 37b
6  Ar—pyridine 3.540 Ar above ring center shifted toward N 52
7 Ar—oxazole 304 3485 3.580 Ar above ring center shifted toward O this work

5. Conclusions

(1) This work has shown that, in van der Waals complexes
between Ar and aromatic molecules, Ar prefers a position above
(or below) the ring rather than in the ring plane, which is a
result of intermolecular dispersion and exchange repulsion
effects.

(2) In the oxazole—argon complex, the ring—Ar distance Rexp
is 3.458 A, which is somewhat smaller than the calculated MP4-
(SDTQ)/6-31G(+sd,+sp) and MP2/6-31G(+sd,+sp) distances
R of 3.580 and 3.558 A (at position 4). Although experimentally
it is not possible to distinguish between an Ar position closer
to either the C5 or the O atom, supermolecular MP perturbation
theory at 2nd, 3rd, and 4th order clearly predicts a position closer
to the O atom (@ = 0.226 A, b = —0.167 A, ¢ =3.538 A) to
correspond to the global minimum of the oxazole—Ar complex.

(3) The MP2 and MP4 complex stabilities are 316 and 304
cm™! (904 and 870 cal/mol) at position 4, which compares well
with the calculated or measured binding energies of other Ar

van der Waals complexes (see Table 12).46-5* The oxazole—
argon complex is less stable than the benzene—argon complex
but comparable in stability with the difluorobenzene—argon
complex. The calculated R value compares well with other R
values, while the experimental R is somewhat smaller.

(4) There is no significant charge transfer between Ar and
the oxazole ring, in line with our calculations in the case of
benzene—Ar, Ar—CO, and fluorobenzene—Ar complexes. Con-
trary claims made in previous work’’ are likely due to an
incorrect handling of BSSEs.

(5) The oxazole complex is predominantly stabilized by
dispersion interactions while inductive effects play a minor role,
which is indicated by the fact that the complex is not bound at
the HF level. Besides dispersion, exchange repulsion plays an
important role insofar as it determines the position of the Ar
above the ring. In general, Ar moves toward the atom with the
smallest volume and the smallest exchange repulsion. This is
normally the most electronegative atom of a molecule with the
strongest charge contraction.
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(6) Our investigation shows that, besides the various energy
partitioning methods, the electron density provides an excellent
tool to unravel the electronic factors that determine the stability
and configuration of a van der Waals complex. For example,
analysis of the Laplace concentration of the monomers helps
to detect regions of strong contraction of negative charge and
small exchange repulsion. The difference electron density
distribution of the complex, on the other hand, reveals the acting
intermolecular forces by increase or decrease of electron density.
In the case of complexes between Ar and aromatic molecules,
one has to distinguish between situations where the density at
Ar is either pulled toward the partner molecule (case I) or pushed
toward the back of the Ar (case II). Oxazole—Ar belongs to
case I, and benzene—Ar to case II. Distortions of the spherical
Ar density distribution and that of the partner molecule explain
the multipole moment components of the complex in the
direction of the Ar atom.

(7) We stress that all complex properties that are investigated
relative to those of the monomers have to be calculated using
the CP to get reliable values. This applies not only to energy-
based properties but also to any property based on the difference
electron density distribution.
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