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The rotational spectrum of the isoxazole-argon complex was studied in the microwave region between 3
and 25 GHz using a pulsed molecular beam Fourier transform microwave spectrometer. The rotational
constants were found to be A ) 4974.2534(2) MHz, B ) 1382.291 788(24) MHz, and C ) 1371.647 236(36)
MHz. The centrifugal distortion constants are Dʹ′J ) 5.624 21(30) kHz, Dʹ′K ) -27.8794(256) kHz, Dʹ′JK )

34.8064(34) kHz, δʹ′J ) -0.010 48(24) kHz, and Rʹ′6 ) -0.000 40(18) kHz. The diagonal elements and one
off-diagonal element of the quadrupole coupling tensor were determined to be �aa ) -0.113 10(48) MHz, �bb
) 1.941 36(87) MHz, �cc ) -1.828 26(45) MHz, and �bc ) (4.8954(22) MHz. Using BSSE-corrected
supermolecular Møller-Plesset (MP) perturbation theory at second (MP2) and fourth order (MP4(SDTQ))
with a (14s10p2d1f)[7s4p2d1f] basis set for argon and a 6-31G(+sd+sp) basis for isoxazole, stability (MP2
308 cm-1; MP4 283 cm-1), equilibrium geometry, charge distribution, and multipole moments of the complex
were determined. Argon adopts a position above the ring plane (Ar-ring distance R ) 3.44 (exp), 3.53
(MP2, re), 3.55 Å (MP4, re) shifted from the center of the ring toward the NO bond. The complex is
predominantly stabilized by dispersion interactions while its geometry is more a result of exchange repulsion
forces, which direct Ar toward the most electronegative atoms of the ring, namely O and N.

1. Introduction

Isoxazole plays an important role in biology and pharmacol-
ogy,1 which is reflected by the fact that, e.g., its sulfisoxazoles
derivatives are used as antibiotics. Because of this, there is a
need to understand structure, stability, reactivity, and other
molecular properties of the molecule. Some work has been
carried out to this extent2-4 and there is general knowledge about
its molecular structure and stability. However, less is known
how isoxazole behaves at the onset of a chemical reaction. This
work makes a contribution to this question by investigating the
van der Waals complex between isoxazole and argon.
The investigation of van der Waals complexes leads to an

understanding of the forces that act between molecules in bulk
matter and, therefore, provides a first insight into the reactivities
of the complex partners.5 Van der Waals complexes involving
argon atoms are a particularly rewarding research goal since a
noble gas atom does not possess any permanent electric
multipole moments.6 Accordingly, the binding energy of an
Ar van der Waals complex such as isoxazole-argon is
determined by the induction energy Ein caused by the interaction
of the permanent electric multipole moments of isoxazole with
the electric multipole moments induced in Ar, then the disper-
sion energy Edis which is caused by the mutual polarization of
the electron density of the two complex partners (interactions
of the instantaneous multipoles which are related to dynamic
multipole polarizabilities), and, finally, the exchange repulsion
(overlap repulsion) energy Ees as a result of the Pauli principle,
which prevents electrons of isoxazole from penetrating into the
occupied space of Ar.7 The fourth type of interactions, namely

the electrostatic interactions between permanent electric mul-
tipole moments of the complex partners, is absent in the case
of an Ar van der Waals complex, which considerably facilitates
the investigation of the forces between the complex partners.6
Because of its spherical electron density distribution, Ar can

be considered as a structureless probe for the electronic
properties of that molecule Ar is bound to in a van der Waals
complex. Investigation of the latter leads to a description of
the polarizability and reactive behavior of the partner molecule.
Numerous investigations of Ar van der Waals complexes have
exploited this aspect as is amply documented in the literature.5,6
Recently, research has focused on Ar van der Waals complexes
that involve aromatic partner molecules such as benzene-
argon,8 fluorobenzene-argon,9 1,2,4,5-tetrafluorobenzene-
argon,10 pyridine-argon,11 furan-argon,12 pyrrole-argon,13 or
oxazole-argon.14 For symmetric partner molecules such as
benzene8 or 1,2,4,5-tetrafluorobenzene,10 Ar is located above
the center of the aromatic ring while it is shifted in an off-
center position if the benzene ring is asymmetrically substituted
as in fluorobenzene-argon9 or replaced by a heteroaromatic
system of lower symmetry.11-13 The exact position of the Ar
atom reflects the distribution of the π-electrons in the aromatic
ring and provides insight into the various modes of attack by
an electron-rich partner.
Investigation of Ar van der Waals complexes involving

heteroaromatic systems are particularly interesting in this
connection, which caused us to study complexes such as
oxazole-argon14 or isoxazole-argon. Recently, we have
described the oxazole-argon van der Waals complex by
employing molecular beam (MB) Fourier transform microwave
(FTMW) spectroscopy and high-level ab initio theory.14 In this
investigation we developed a model for Ar van der Waals
complexes that can explain measured properties of investigated
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complexes and, in addition, can be used for predicting the
properties of Ar complexes so far not investigated by MW
spectroscopy. For example, for the oxazole-argon complex
this model predicts an equilibrium geometry, in which the Ar
atom is located above the ring plane shifted toward the O atom.
In this work, we investigate the isoxazole-argon complex

by a two-pronged approach: First, we report the rotational
spectrum measured with a molecular beam (MB) Fourier
transform microwave spectrometer (FTMW) at a very low
rotational temperature. This investigation leads to four possible
complex geometries of which two seem to be more likely to
represent the most stable geometry of the complex. Further
distinction is not possible on the basis of the experimental data
currently available and, therefore, the identification of the most
stable complex geometry has to be based on ab initio calcula-
tions.
In the second part of this work, we present an ab initio

investigation carried out with supermolecular Møller-Plesset
(MP) perturbation theory15 at first (MP1) Hartree-Fock (HF)),
second (MP2), third (MP3), and fourth order (MP4) with basis
sets especially designed for studies of argon containing van der
Waals complexes. These calculations lead to a characterization
of the most stable configuration and a description of the forces
between the argon atom and the isoxazole ring. Finally, we
will verify the predictive power and usefulness of the model
developed previously.14
In the following, we present results of the FTMW measure-

ments (section 2), a summary of calculational procedures and
results (section 3), and a discussion of complex geometry,
complex stability, and the intermolecular forces stabilizing and
destabilizing isoxazole-argon (section 4).

2. Experimental Section

The investigation of isoxazole-argon by means of a MB-
FTMW spectrometer was performed at a very low rotational
temperature. The isoxazole-argon complex was found to be a
nearly prolate top like oxazole-argon. The rotational constants
and the quadrupole coupling tensor were determined using least-
squares fits. The strong disturbance in the hyperfine structure
was analyzed to be due to the element �bc of the quadrupole
coupling tensor. We tried to determine the complex geometry
using rotational constants and the appropriately rotated dipole
moment vector of isoxazole with the help of spectra obtained
in the scanning mode.
All spectra were taken using our MB-FTMW spectrometer16

in the range from 3 to 25 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.17 Gas mixtures containing 1% isoxazole
(Aldrich, Steinheim) in argon and a stagnation pressure of 50-
75 kPa were used throughout.
2.1. Spectral Analysis. We started our investigation by

predicting rotational constants. Therefore, we assumed the
geometry of isoxazole to remain unchanged upon complexation
and the argon atom located 3.5 Å above the center of the ring.
Using the isoxazole geometry given by Stiefvater, Sheridan, and
Nösberger,2 we predicted the rotational constants and calculated
transitions. In the same way as done for oxazole-argon, we
first predicted a-, b-, and c-type spectrum for the complex due
to a dipole moment vector in the principal axis system of
isoxazole-argon obtained by rotation of the dipole moment
vector measured by Stiefvater.3 We started our search by
scanning the range from 3710 to 3480 MHz. Twelve lines were
found and assumed to form a Q-branch. They vanished when

helium was used as a carrier gas. A least-squares fit yielded
two improved rotational constants. With a new prediction the
two J ) 1-0 transitions and 32 more lines belonging to Q-
and P-branches could be found. Since isoxazole has a nitrogen
nucleus, a hyperfine structure was observed. The hyperfine
structure of the two J ) 1-0 transitions is strongly disturbed
as can be seen in Figures 1 and 2. Usually the ratio of the
splittings of the hyperfine structure is here 1.5. It was found
that the disturbance, which is only seen that strongly in the two
J ) 1-0 transitions, is due to the element �bc of the quadrupole
coupling tensor.
All lines were of b or c type. In the course of the calculation

of the geometry of isoxazole-argon, we also predicted a-type
transitions. As a consequence, seven additional lines of a type
with 20 components were found. All measured lines are listed
in Table 1. The rotational, quartic centrifugal distortion
constants according van Eijck,18 the diagonal elements as well
as one off-diagonal element of the quadrupole coupling tensor,
and the highest correlation coefficient are presented in Table 2.
All spectroscopic constants were determined using least-squares
fits. The freedom-cofreedom matrix19 indicates a satisfactory
fit of the rotational parameters.
In the course of our studies we also remeasured transitions

of isoxazole in order to determine the quadrupole tensor of
isoxazole more precisely by analyzing the hyperfine splittings.
Since isoxazole is a planar molecule, two off-diagonal elements
of the quadrupole coupling tensor, �ac and �bc, are zero. The
third off-diagonal element, �ab, is very large and the magnitude
could be determined without measurements of isotopomers. This
was possible since �ab causes noticeable deviations in the

Figure 1. JKaKc ) 110-000 transition of isoxazole-argon. Amplitude
spectrum composed of three single spectra, each recorded with 8K
Fourier transformation, 1024-3584 cycles at the given polarization
frequencies.

Figure 2. JKaKc ) 111-000 transition of isoxazole-argon. Amplitude
spectrum composed of three single spectra, 8K Fourier transformation,
1024-2048 cycles at the given polarization frequencies.
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TABLE 1: Observed Transitions of Isoxazole-Argon
Jʹ′ʹ′Kaʹ′ʹ′Kcʹ′ʹ′-Jʹ′Kaʹ′Kcʹ′ Fʹ′ʹ′-Fʹ′ obs (MHz) obs - calc (kHz) Jʹ′ʹ′Kaʹ′ʹ′Kcʹ′ʹ′-Jʹ′Kaʹ′Kcʹ′ Fʹ′ʹ′-Fʹ′ obs (MHz) obs - calc (kHz)

100-000 2-1 6356.5783 0.3 413-404 5-5 3650.3097 1.3
1-1 6356.1749 -0.9 4-4 3649.6781 0.8
0-1 6357.8556 -0.9 3-3 3650.4808 1.0

111-000 2-1 6345.7339 0.1 414-404 5-5 3543.5092 0.8
1-1 6346.1688 -0.8 4-4 3544.1389 1.2
0-1 6344.4037 -1.0 3-3 3543.3400 1.3

110-101 2-2 3602.6561 0.4 422-413 5-5 10737.1796 1.2
2-1 3602.6910 1.2 4-4 10737.8183 0.8
1-2 3602.2529 -0.7 3-3 10737.0057 0.8
1-0 3602.2028 0.3 423-413 5-5 10736.8224 1.4
1-1 3602.2876 -0.1 4-4 10737.4687 1.0

111-101 1-1 3592.2818 0.3 3-3 10736.6470 0.9
1-2 3592.2469 -0.5 505-414 6-5 10222.9014 0.3
1-0 3592.1969 0.6 5-4 10222.2750 -0.1
2-1 3591.8469 0.3 4-3 10223.0658 -0.6
2-2 3591.8119 0.3 505-413 6-5 10116.1013 0.3
0-1 3590.5163 -0.3 5-4 10116.7356 0.2

212-101 3-2 9088.6939 0.1 4-3 10115.9251 -0.2
2-2 9089.2359 -0.1 515-404 6-5 17283.3163 1.4
2-1 9089.2707 -0.4 5-4 17283.9582 1.1
1-1 9088.3586 -1.6 4-3 17283.1794 0.7
1-0 9088.2744 -0.6 514-404 6-5 17443.3677 1.3

211-101 3-2 9120.9047 -0.3 5-4 17442.7207 0.8
2-2 9120.3246 -0.9 4-3 17443.5019 0.5
2-1 9120.3589 -0.7 514-505 6-6 3676.9570 0.0
1-1 9121.3264 -1.6 5-5 3676.3071 0.0
1-0 9121.2417 -1.1 4-4 3677.0969 0.5

211-202 3-3 3613.2293 0.8 515-505 6-6 3516.9057 0.2
2-2 3612.6844 0.7 5-5 3517.4332 -0.1
1-1 3613.5980 -0.2 4-4 3516.7739 0.3

212-202 3-3 3581.0180 0.7 524-514 6-6 10709.2047 1.2
2-2 3581.5956 0.4 5-5 10709.8594 1.3
1-1 3580.6307 0.3 4-4 10709.0668 1.0
2-1 3581.5418 0.5 523-514 6-6 10710.0346 1.1
3-2 3581.0535 1.5 5-5 10710.6758 1.2
1-2 3580.6841 -0.2 4-4 10709.8995 0.5

221-211 3-3 10775.5254 -0.2 616-523 6-5 5616.7917 -0.1
2-2 10776.1405 -1.1 616-524 6-5 5617.6081 -0.2
1-1 10775.1155 -1.4 615-524 7-6 5840.9133 -0.2
1-2 10776.0833 -2.0 6-5 5840.2494 0.2
2-1 10775.1739 0.6 5-4 5841.0267 -0.7

220-211 3-3 10775.5495 -0.2 615-523 7-6 5840.0834 -0.1
2-2 10776.1629 -1.3 6-5 5839.4322 -0.5
1-1 10775.1406 -1.6 5-4 5840.1936 -0.7
2-1 10775.1957 -0.1 616-606 7-7 3485.1782 -0.9

303-212 4-3 4680.0974 -1.1 6-6 3485.8200 -0.3
3-2 4679.5209 -1.1 5-5 3485.0666 -1.0
2-1 4680.4762 -1.4 615-606 7-7 3709.1275 -0.5

313-202 4-3 11826.0178 0.7 6-6 3708.4601 -1.1
3-3 11826.5690 -0.4 5-5 3709.2419 -0.6
2-2 11825.8290 -0.7 625-615 7-7 10676.0852 -0.6
2-1 11825.7752 -0.5 6-6 10676.7457 -0.7

321-212 4-3 19068.2387 0.0 5-5 10675.9708 -1.0
3-2 19067.6909 -0.4 624-615 7-7 10677.7439 -0.8
2-1 19068.6073 -0.9 6-6 10678.3853 -0.4

322-212 4-3 19068.1192 -0.1 5-5 10677.6333 -0.8
3-2 19067.5751 -1.1 616-505 5-4 20238.6177 0.4
2-1 19068.4862 -1.0 7-6 20238.4128 0.9

313-303 4-4 3629.0917 0.5 6-5 20237.3618 0.9
3-3 3628.4899 0.4 707-616 8-7 15783.3540 2.3
2-2 3629.3218 0.2 7-6 15782.7189 1.9

313-303 4-4 3564.9020 0.7 6-5 15783.4632 1.9
3-3 3565.5145 0.5 717-606 8-7 22716.9636 -1.0
2-2 3564.6682 0.5 7-6 22717.6120 -1.5

322-312 4-4 10759.0496 0.3 6-5 22716.8660 -2.1
3-3 10759.6796 -0.3 716-606 8-7 23015.4595 -1.1
2-2 10758.8093 0.3 7-6 23014.7861 -1.4

322-312 4-4 10758.9304 0.5 6-5 23015.5577 -0.4
3-3 10759.5644 -0.4 808-717 9-8 18569.5729 1.8
2-2 10758.6881 0.1 8-7 18568.9380 1.5

404-312 5-4 7384.9885 -0.3 7-6 18569.6651 0.7
3-2 7384.7536 -0.5 909-818 10-9 21359.4158 -1.5

404-313 5-4 7449.1781 -0.3 9-8 21358.7833 -1.7
3-2 7449.4070 -1.0 9-8 21358.7833 -1.7
3-2 7449.4070 -1.0 8-7 21359.4968 -1.4

413-303 5-4 14664.3890 0.8
4-3 14663.7604 0.4
3-2 14664.5558 0.3
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splittings of the two J ) 1-0 transitions. This provides a
seldom example for the determination of an off-diagonal element
of the quadrupole coupling tensor of nitrogen without isotopic
substitution. The remeasured transitions are given in Table 3,
elements of the quadrupole coupling tensor and the highest
correlation coefficient in Table 4.
2.2. Discussion. We used the rotational constants of

isoxazole-argon to determine the position of the argon atom.
In order to obtain the geometry of isoxazole-argon we assumed
that the geometry of the isoxazole ring would remain unchanged
upon complexation. Accordingly, we used the “best geometry”
given by Stiefvater and co-workers for isoxazole.2 Since it was
possible to measure only the main isotopomer we could only
determine the values of the coordinates of the argon atom but
not the direction as explained previously in connection with
oxazole-argon.14 Isoxazole is a planar molecule. Other
elements of symmetry are missing. The geometries with the
argon atom above and below the ring plane form pairs of
enantiomers which we cannot distinguish experimentally. In
Figure 3 the two enantiomers of geometry 2 are given as an
example. We obtained four possible r0 geometries for the pairs
of enantiomers given in Table 5 by a least-squares fit. All
geometries reproduce the rotational constants. The four posi-
tions of the argon atom projected onto the ring plane of isoxazole
are shown in Figure 4. In each of the four geometries, the argon
atom is located 3.45 Å above or below the ring plane. As in
the case of oxazole-argon,14 we calculated a geometry by using
the procedure of obtaining a rs geometry for rigid molecules,
which is based on differences in moments of inertia. We took
the complex isotopomers with argon mass 40 and mass 0 where
the latter corresponds to isoxazole itself. Although vibrational
effects on the moments of inertia do not cancel each other out
as in the case of rigid molecules, the term “rs” is used to indicate
the procedure of calculation. The geometries obtained in this

way are in reasonable agreement with the r0 geometries based
on the moments of inertia of the complex. The differences in
the rs and r0 coordinates of Ar reflect the large-amplitude
motions of the complex partners with regard to each other. Due
to experimental limitations an adequate account of the large
amplitude motions was not possible.
The rs type R value is 3.436 Å. Figure 4 also shows the

projected positions of the argon atom onto the ring plane of
isoxazole indicated by circles. Coordinates of the rs geometry
are given in Table 6. Comparison with the four possible
geometries of oxazole-argon14 reveals that in isoxazole-argon
the argon atom is moved still further away from a location
above/below the center of mass of the ring. This effect could
be due to increased charge polarization in the isoxazole ring
due to the presence of two directly connected electronegative
atoms, nitrogen and oxygen, which in oxazole are separated by
one carbon atom.

TABLE 1 (Continued)
Jʹ′ʹ′Kaʹ′ʹ′Kcʹ′ʹ′-Jʹ′Kaʹ′Kcʹ′ Fʹ′ʹ′-Fʹ′ obs (MHz) obs - calc (kHz) Jʹ′ʹ′Kaʹ′ʹ′Kcʹ′ʹ′-Jʹ′Kaʹ′Kcʹ′ Fʹ′ʹ′-Fʹ′ obs (MHz) obs - calc (kHz)

Additional a-Type Transitions
212-111 3-2 5496.8819 -0.3 312-211 2-1 8276.8306 -0.8

2-1 5496.9891 -0.5 413-312 3-2 11035.2341 0.2
1-0 5497.8425 -1.1 4-3 11035.2701 -0.4

211-110 1-0 5517.3584 -1.2 5-4 11035.2976 0.3
2-1 5518.0717 -0.2 505-404 4-3 13766.4046 -0.5
3-2 5518.2489 -0.4 6-5 13766.4102 0.8

322-221 3-2 8260.3466 0.5 5-4 13766.4142 1.4
4-3 8260.3838 1.3 606-505 7-6 16517.9477 1.7
2-1 8260.4036 1.1 5-4 16517.9477 0.6

TABLE 2: Rotational, Centrifugal Distortion (van Eijck),
and Quadrupole Coupling Constants of Isoxazole-Argon, Ir
Representation

A ) 4974.2534(2) MHz
B ) 1382.291788(24) MHz
C ) 1371.647236(36) MHz
DJʹ′ ) 5.62421(30) kHz
DJKʹ′ ) 34.8064(34) kHz
DKʹ′ ) -27.8794(256) kHz
δJʹ′ ) -0.01048(24) kHz
R6ʹ′ ) -0.00040(18) kHz
�aa ) -0.11310(48) MHz
�mina ) 3.76962(750) MHz
�bc ) (4.8954(22) MHz

Calculated
�bb ) 1.94136(87) MHz
�cc ) -1.82826(45) MHz
174 components fitted, standard deviation ) 0.92 kHz
highest correlation coefficient (C, DJʹ′) ) 0.86

a �min ) �bb - �cc.

TABLE 3: Remeasured Transitions of Isoxazole
Jʹ′ʹ′Kaʹ′ʹ′Kcʹ′ʹ′-Jʹ′Kaʹ′Kcʹ′ Fʹ′ʹ′-Fʹ′ obs (MHz) diffa (kHz)

101-000 0-1 14411.7378
2-1 14412.0059 -4.9
1-1 14412.1478 -2.2

111-000 1-1 14623.1151
2-1 14623.2633 -3.0
0-1 14623.5220 2.6

110-111 0-0 4737.8748
2-2 4738.1389 1.2
1-1 4738.2866 -1.0

110-101 1-1 4949.2543
2-2 4949.3963 2.2
0-0 4949.6589 2.0

202-111 2-1 24079.0904
3-2 24078.9382 0.6
1-0 24078.6692 1.9

212-111 2-1 24085.9871
3-2 24085.8430 -0.4
1-0 24085.5773 1.5

202-101 1-0 24290.4540
3-2 24290.1953 -1.3
2-1 24290.0575 -1.6

212-101 1-0 24297.3626
3-2 24297.1009 -2.1
2-1 24296.9544 -0.8

221-212 1-1 14214.3157
3-3 14214.4129 -2.7
2-2 14214.5724 0.1

211-202 1-1 14221.2252
3-3 14221.3180 -2.2
2-2 14221.4686 2.5

330-321 2-2 5507.5343
4-4 5507.4696 -1.2
3-3 5507.2839 -0.2

330-331 2-2 4240.2121
4-4 4240.2687 -1.9
3-3 4240.4204 -0.7

a Diff: difference between observed and calculated hfs splitting
between the first frequency of the transition and the frequency in the
line referred to.
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As in the case of oxazole-argon we tried to distinguish
between the four different geometry pairs of isoxazole-argon
by regarding the hyperfine structure. If the electronic surround-
ing of the nitrogen nucleus of isoxazole is assumed to remain
nearly unchanged upon complexation, the differences in the
quadrupole coupling tensor of isoxazole and isoxazole-argon
should only be due to a rotation of the principal axis system.
This method was successfully applied with oxazole-argon.14
However, it failed for reasons unknown with isoxazole-argon.
The calculated quadrupole coupling tensors for each geometry
of isoxazole-argon are presented in Table 5 for the r0 structures
and in Table 6 for the rs structures.
Because of this failure we were looking for another method

to distinguish between the different geometries of isoxazole-
argon. We found one in relating the line intensities of different
transitions to different components of the dipole moment vector.
The intensity of a transition, I, is defined as20

where ν denotes the frequency and R the absorption coefficient,
which is proportional to the square of the dipole matrix element
at given experimental conditions such as temperature and
pressure:

In (2), m and n denote the initial and final state of a transition

and µ is the dipole moment. For a field-free rotor, the dipole
matrix element can be written as

λg denotes the line strength of a transition and is tabulated for
various transitions;21 µg is the specific component of the dipole
moment vector, which induces the transition. Now it can be
seen that with given experimental conditions the line intensity

TABLE 4: Quadrupole Coupling Constantsa of Isoxazole in
the IIIr Representation

�minb ) 1.021(3) MHz
�cc ) 0.0022(10) MHz
�ab ) (5.40(10) MHzc
�ac ) 0.00 MHzd
�bc ) 0.00 MHzd

Calculated
�aa ) 0.509(2) MHz
�bb ) -0.512(2) MHz
highest correlation coefficient (�min,�ab) ) -0.79

a Rotational constants, see ref 2. b �min ) �aa - �bb. c The sign was
determined to be positive by ref 30. On the question of the sign of
off-diagonal elements of the quadrupole coupling tensor; see ref 31.
d Due to symmetry.

Figure 3. Enantiomer pair of isoxazole-argon corresponding to
geometry 2. The coordinate system is the principal axes system of
isoxazole. The radii of the spheres correspond to the van der Waals
radii of the atoms divided by 5. Rexp is the distance between Ar and
ring plane. The line from argon to the center of mass of isoxazole
encloses an angle of 11.62° with the c-axis while the projection of this
line onto the molecular plane of isoxazole encloses an angle of 46.51°
with the a-axis.

I )∫R(ν) dν (1)

R(ν) ≈ |〈m|µ|n〉|2 (2)

TABLE 5: r0 Geometries 1-4 of Isoxazole-Argona

Geometry 1
a b c �

N(1) -1.1069 0.3902 0.0000
O(2) 0.0958 1.1047 0.0000
C(3) 1.1173 0.2322 0.0000
C(4) 0.6554 -1.0428 0.000 (0.309 ( 0.454b -1.174b)cC(5) -0.7589 -0.8721 0.0000 -4.536 -2.927
H(3) 2.1033 0.6604 0.0000 4.227
H(4) 1.2181 -1.9578 0.0000
H(5) -1.5336 -1.6210 0.0000
Ar 0.4876 -0.5137 (3.4488b

Geometry 2
a b c �

see geometry 1 ( -0.307 (0.218b -1.241b )c5.009 2.046
Ar 0.4875 0.5139 (3.4488b -4.703

Geometry 3
a b c �

see geometry 1 (-0.307 -0.218b (1.241b)c5.009 2.046
Ar -0.4875 -0.5140 (3.4488b -4.703

Geometry 4
a b c �

see geometry 1 ( 0.309 -0.4541b (1.174b )c-4.536 -2.927
Ar -0.4875 0.5138 (3.4488b 4.227

a a, b, c: coordinates in the principal axes system of isoxazole. �:
calculated quadrupole coupling tensor derived from the quadrupole
coupling tensor of isoxazole. b The calculated upper sign belongs to
the geometry with the argon atom above the ring plane and the lower
sign to the geometry with the argon atom below the ring plane. c The
values should be compared with the experimentally derived values in
Table 2.

Figure 4. Possible geometries of isoxazole-argon. For geometries
1, 2, 3, 4, 5, and 7, the projection of the position of Ar onto the ring
plane of isoxazole is indicated by crosses or stars. The coordinate
system is the principal axes system of isoxazole. Numbering of the
ring atoms is shown. rs geometries 1-4 are indicated by circles and
the corresponding r0 geometries by crosses. For geometry 6, the Ar-O
distance has been reduced as indicated by the symbol ||.

|〈m|µ|n〉|2 ) λgµg
2 (3)
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I is proportional to µg2 and the transition line strength:

We have measured Q-branches in the scanning mode which
causes equal experimental conditions for the transitions. One
Q-branch can be seen in Figure 5. In that spectrum, b- and
c-type transitions are shown which have equal line strength for
equal J quantum number.21 So it is possible just to relate the
height of each peak of a b-type transition to its c-type counterpart
in order to get information about the relative magnitude of µb
and µc. It can be seen that µc has to be larger than µb. We
assumed that the dipole moment vector of isoxazole would not
change upon complexation with argon despite the existence of
an induced dipole moment. The latter dipole moment can be
estimated to be of the order of 0.12 D because of dipole moment
measurements of benzene-argon by Brupbacher and Bauder.8
Accordingly, 0.12 D is the magnitude of uncertainty in
calculating a dipole moment vector for each geometry of
isoxazole-argon by rotating the known dipole moment vector
of isoxazole into the four principal axes systems:

where D is the rotation matrix. The results are given in Table
7. One can see that only for geometries 2 and 3 the magnitude
of the calculated µc is larger than that of µb. Furthermore, with
geometry 2 and 3 µa should be large enough to enable us to
measure also a-type transitions. Indeed, with new measurements
we found a-type transitions in good intensity. The measured
a-type transitions are given in Table 1. Because of these results,
we favor geometry 2 or 3 to represent the most stable complex
geometry. With the method discussed above, a selection of one
of these geometries as the most stable geometry is not possible.
Since investigations of the furan-argon,12 pyrrole-argon,13 or
oxazole-argon van der Waals complex14 showed that the argon
atom is shifted toward the electronegative part of the ring, it
seems reasonable to favor geometry 2. In this geometry, the
argon atom is shifted toward the two electronegative atoms
oxygen and nitrogen of isoxazole while in geometry 3 the argon

atom is oriented in the direction the positively charged atom
C4. This hypothesis is tested in the following sections with
the help of ab initio calculations and the model for van der
Waals complexes developed recently.14

3. Ab Initio Calculations
Theoretical calculations of van der Waals complexes require

a basis set that is flexible enough to reproduce the different
contributions to the interaction energy but is not too expensive
for high-level correlation corrected calculations. As discussed
in the case of the oxazole-argon complex,14 an appropriate
choice for Ar is the (14s10p2d1f)[7s4p2d1f] basis set of
Chalasinski, Funk, and Simons,22 being designed to calculate
polarizabilities and dispersion energies. This basis keeps the
two most diffuse sp functions of the (14s10p) set uncontracted
while the exponents of added d- and f-type polarization functions
are optimized to accurately describe the dispersion energy of
Ar2. Although the resulting DZ+(2d1f) basis set is of moderate
size (36 basis functions for Ar), it reproduces the Ar polariz-
ability at the MP2 level with an error of just 4%.14
As in the case of the oxazole-argon complex, we use for

the isoxazole ring Spackman’s 6-31G(+sd,+sp) basis set, which
is obtained from Pople’s 6-31G basis by adding diffuse s- and

TABLE 6: rs Geometries 1-4 of Isoxazole-Argon

Geometry 1
a b c �

see Table 5 ( 0.351 -0.094b -1.334b )b-5.200 1.519
Ar 0.593 -0.471 (3.436b 4.848

Geometry 2
a b c �

see Table 5 ( -0.332 -0.166b -1.333b )b5.384 0.551
Ar 0.593 0.471 (3.436b -5.053

Geometry 3
a b c �

see Table 5 (-0.332 (0.166b (1.333b)b5.384 0.551
Ar -0.593 -0.471 (3.436b -5.053

Geometry 4
a b c �

see Table 5 ( 0.351 (0.094 (1.334b )b-5.200 1.519
Ar -0.593 0.471 (3.436b 4.848

a a, b, c, and �, see Table 5. b See Table 5.

I ≈ λgµg
2 (4)

µIs-Ar ) DµIs (5)

Figure 5. Automatically scanned amplitude spectrum of a Q-branch
of isoxazole-argon; spectrum recorded with 128 cycles with 1K Fourier
transformation and a step width of 0.25 MHz. The three µc-type
transitions in the upper frequency region are more intense.

TABLE 7: Calculated Dipole Moments of r0 Geometries
1-4 of Isoxazole-Argona

calculated dipole moment

((0.040b)cgeometry 1 -2.787
-0.800

(-0.691b)cgeometry 2 0.593
-2.755

((0.691b)cgeometry 3 0.593
-2.755

(-0.040b)cgeometry 4 -2.787
-0.800

a The coordinate systems used are the principal axes systems of the
corresponding complexes. b The upper sign is due to the geometry with
the argon atom above the ring plane and the lower to the geometry
with the argon atom below the ring plane. The sign is without influence
on our investigation. cWe know the relative sign of µa and µb of
isoxazole from rotating the dipole moment of isoxazole from its
principal axes system into the principal axes system of 4-D-isoxazole.
The dipole moment of 4-D-isoxazole was measured by ref 30. A
comparison of the measured values with the calculated values shows
that either µa > 0 and µb < 0 or µa < 0 and µb > 0. We arbitrarily
chose µa > 0, µb < 0.
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d-functions to the heavy atom basis sets and diffuse s and p
functions to the H basis set.23 The exponent of the diffuse s
function for the heavy atoms is set equal to 1/4 of the value of
the outermost sp functions of the 6-31G basis while the exponent
of the diffuse s function for H is set to 0.040. The exponents
of the polarization functions are optimized so that the mean
polarizability of AHn hydrides adopts a maximum value. With
this basis set, HF and MP2 polarizabilities are obtained with
an error of less than 15 and 5%, respectively.23
An important prerequisite for a reliable description of van

der Waals complexes is the correction for basis set superposition
errors (BSSEs); i.e., calculations have to be basis set consistent.24
In this work, the counterpoise (CP) procedure of Boys and
Bernardi25 was applied, according to which both complex and
monomers are calculated with the dimer-centered basis set
(DCBS).24 In particular for moderately seized basis sets, CP
corrections are essential for supermolecular perturbation theory.
Therefore, all calculations including energy, geometry, and other
property calculations of the isoxazole-argon complex were
carried out with the CP method using the DCBS. In the case
of the isoxazole-argon complex, BSSE corrections lead to
changes in the binding energy by 100-150% and changes in
the geometry by 50%.
The geometry of isoxazole was optimized at the HF and MP2

level of theory using the 6-31G(+sd,+sp) basis set. HF and
MP2 geometrical parameters obtained in these calculations
(Table 8) differ considerably where only the HF geometry is
close to the rs geometry determined by MW spectroscopy.2,3 In
previous work, we have shown that this is due to the relative
large number of diffuse functions contained in the Spackman
basis. At the MP2 level, this leads to an expansion of the
electron density distribution and, as a consequence, to significant
bond lengthening. By deleting the diffuse functions and
determining the equilibrium geometry at the MP2/6-31G(d) level
of theory (see Table 8), bond lengths and angles are obtained
that are in reasonable agreement with experimental rs values.
Since it is not reasonable to calculate the equilibrium geometry
of isoxazole with one basis and that of the complex with another
basis, the geometry of isoxazole was frozen at the experimental
rs geometry and used in all complex calculations. This is a
reasonable approach since test calculations revealed that the
isoxazole geometry is hardly changed by complex formation.
Because of the necessary BSSE corrections, the optimization

of the Ar position was done numerically by establishing a grid
of energy points that correspond to specific positions of the Ar

atom above the plane of the isoxazole ring. These positions
include (among other) the four positions of Ar belonging to
geometries 1-4 and a position of Ar above the center of mass
of the five-membered ring (geometry 5, see Figure 4). For each
position, the distance R from the ring plane was optimized
explicitly considering BSSEs by the CP procedure. The exact
position was then determined by fitting calculated energy points
with optimized R values to a two-dimensional function and
calculating the minimum of this function. This led to the ab
initio equilibrium position of Ar (geometry 7, see Figure 4).
Initial calculations were carried out with the HF method since

qualitative descriptions of van der Waals complexes that are
stabilized by multipole interactions can already be obtained at
this level of theory. However, a reasonable description of van
der Waals complexes requires a correlation corrected method.6
For this purpose, we applied MP2, MP3, and MP4 perturbation
theory15 where in the latter case all single (S), double (D), and
quadruple (Q) excitations were included (MP4(SDQ)). In
addition, full MP4 calculations including all triple (T) excitations
(MP4(SDQTQ)) were performed to test the importance of three-
electron correlation effects. The MP/DZ+P calculations carried
out in this work should lead to reasonable complex geometries;
however, it is appropriate to note that highly accurate complex
stabilization energies require much larger basis sets.6a All
calculations were carried out with the COLOGNE9426,27 and
ACES II28 ab initio packages.

4. Results and Discussion

In Table 9, optimized R values for geometries 1-7 (Figure
4) are summarized together with absolute and relative energies
obtained at various levels of theory.
At the HF level, a stable isoxazole-argon complex was not

found irrespective of the position of the Ar atom either above
or in the plane of the isoxazole ring. During the HF geometry
optimization the distance between Ar and isoxazole increases
to large R values while the binding energy decreases from
positive values toward a zero value. Obviously, exchange
repulsion effects are larger than stabilizing inductive effects
while dispersion effects are not covered by the HF approach.
At the MP2 level, the Ar atom is bound to the ring by about

270-296 cm-1 (800-850 cal/mol) no matter whether geometry
1, 2, 3, or 4 is adopted (Table 9). The optimized R values vary
from 3.67 Å (position 1) to 3.58 Å (position 2), i.e., in all cases
the calculated distance between Ar and the ring plane is larger
than the experimental rs value of 3.44 Å, which could have to
do with the use of the Spackman basis as discussed in connection
with the isoxazole geometry. Comparing the binding energies
of 1, 2, 3, and 4, it turns out that 2, which corresponds to an Ar
position near the middle of the NO bond, represents the most
stable complex configuration with a binding energy of 296 cm-1

(850 cal/mol) and a R value 0.14 Å larger than the experimental
rs value. Differences in the energies between geometries 1-4
range from 15 to 64 cm-1 (42 to 182 cal/mol). If one places
the Ar atom exactly above the ring center (geometry 5), the
difference in energies of 2 and 5 reduces to just 7 cm-1 (20
cal/mol), indicating the flatness of the potential energy surface
(PES) with regard to horizontal displacements of Ar.
Exploration of the isoxazole-argon PES in the region of

geometries 1-5 reveals that there is only one optimal position
of the Ar atom above the isoxazole ring plane, namely the
position associated with geometry 7, which is between 2 and 4
(but closer to 2; see Figure 4). Geometries 1-5 represent
transient points on the isoxazole-argon PES that have no
particular importance for the isoxazole-argon complex apart
from the fact that they characterize the flatness of the PES in

TABLE 8: Comparison of Experimental and Theoretical
Geometries of Isoxazolea

parameter expb
HF/6-31G-
(+sd,+sp)

MP2/6-31G-
(+sd,+sp)

MP2/
6-31G(d)

R(N-C5) 1.309 1.294 1.354 1.328
R(C4-C5) 1.425 1.436 1.443 1.414
R(C4-C3) 1.356 1.345 1.384 1.364
R(C3-O) 1.343 1.350 1.406 1.353
R(N-O) 1.399 1.412 1.486 1.391
R(C3-H3) 1.075 1.069 1.089 1.076
R(C4-H4) 1.075 1.068 1.090 1.075
R(C5-H5) 1.077 1.071 1.093 1.078
R(N-C5-C4) 112.2 112.3 113.2 112.2
R(C5-C4-C3) 103.0 103.7 105.0 103.5
R(C4-C3-O) 110.6 110.0 110.0 110.0
R(C3-O-N) 108.7 108.9 107.8 109.2
R(O-N-C5) 105.3 105.1 104.0 105.1
R(C4-C3-H3) 133.4 133.4 135.1 134.3
R(C5-C4-H4) 128.5 127.9 127.8 128.6
R(N-C5-H5) 118.7 119.2 118.0 118.5
a Bond lengths R in Å, bond angles R in deg. For numbering of

atoms see Figure 4. b rs geometry from refs 2 and 3.
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the vicinity of minimum 7. The MP2 complex binding energy
for 7 is 308 cm-1 (880 cal/mol) and the distance R is 3.53 Å
(Table 9), which is smaller than the corresponding values for
geometries 1-5, but still 0.09 Å larger than the rs value of 3.44
Å.
At MP3 and MP4(SDQ), distance R of minimum 7 increases

to 3.68 and 3.66 Å, respectively. The inclusion of T excitations
at the MP4 level reduces R to 3.55 Å, which is close to the
MP2 value (Table 9). The complex binding energies show the
reverse trend; i.e., MP2 and MP4(SDTQ) binding energies are
of similar magnitude while MP3 and MP4(SDQ) lead to smaller
values. The similarity of MP2 and MP4 results suggests that
supermolecular perturbation theory at the MP2 level is already
sufficient to approximate the more accurate MP4(SDTQ)
description of the isoxazole-argon complex.
If Ar is placed in the plane of the isoxazole ring opposite to

the middle of the ON bond (geometry 6), a relatively large
distance of 4.19 Å is calculated. The complex stability decreases
to 180 cm-1 (515 cal/mol), which is typical of positions in the
ring plane opposite to one of the ring atoms or ring bonds.
Positions above and below the ring plane are energetically
favored compared to positions in the ring plane (see below).
Since 6 is about 130 cm-1 (370 cal/mol) higher in energy than
the equilibrium form 7, it is unlikely that 6 or related forms
can be detected in molecular beam experiments. Of the possible
geometries 1-4 suggested by experiment, only geometry 2,
which is closest to the MP2 minimum geometry 7, is likely to
represent the most stable geometry of the experiment. Both 7
and 2 position the Ar atom closer to the most electronegative
atoms of the ring, oxygen and nitrogen, which is in line with
our prediction based on a model description of Ar van der Waals
complexes.
The fact that the Ar atom preferentially approaches the most

electronegative ring atom, is also reflected by calculated dipole
and quadrupole moments for isoxazole and its Ar complex (see
Table 10). Interaction of argon with the ring leads to a small
induced dipole moment along the c axis. The µc component
calculated at the MP2 level is generally rather small, but,
however, adopts its largest value for geometries 2 and 7 (-0.05
and-0.04 D), which confirms that in these geometries induction
forces are strongest. We note that the magnitude of calculated
µc component and total dipole moment is in line with the
assumption made in section 2, namely that the total dipole
moment of isoxazole-argon can be represented by that of
isoxazole for which µc ) 0 by symmetry (Table 10).
Negative quadrupole moment components reflect the expan-

sion of electron density into space. In case of geometries 2
and 7, the largest Qcc values are found (-3.71 and -3.62 10-26
esu cm2), suggesting relatively strong polarization interactions

between Ar and ring for these geometries. With regard to
isoxazole, there is a small increase of Qcc in magnitude, again
indicating the polarization of the electrons of isoxazole and Ar
atom in the direction of the c axis.
In order to clarify which electronic forces lead to a larger

stability of geometries 2 and 7, we pursue the strategy developed
for the investigation of the oxazole-argon complex, which has
turned out to be rather useful for analyzing argon van der Waals
complexes in general.14 This work has shown that the complex
stability is mainly due to dispersion forces while geometry and

TABLE 9: Stabilization Energies ∆E of Isoxazole-Argon for Geometries 1-7 Calculated at Experimental and Optimized
Distances Ra

Rexp ) 3.449
method geometry Ar closest to ∆E ∆∆E Ropt a b ∆E ∆∆E

MP2 1 C5 -215 79 3.669 0.487 -0.514 -270 26
2 N, O -294 0 3.576 0.487 0.514 -296 0
3 C4 -175 119 3.693 -0.487 -0.514 -232 64
4 C3, O -274 20 3.606 -0.487 0.514 -281 15
5 center -279 15 3.623 0. 0. -289 7
6 N, O (in plane) 4.189 0.643 3.440 -180 116
7 N, O -305 -11 3.527 0.162 0.638 -308 -12

MP3 7 N, O -195 3.683 0.162 0.638 -215
MP4(SDQ) 7 N, O -202 3.657 0.162 0.638 -216
MP4(SDTQ) 7 N, O -281 3.547 0.162 0.638 -283
a Relative energies ∆E in cm-1, R and coordinates a and b in Å (see Figure 4). MP2, MP3, MP4(SDQ), and MP4(SDTQ) energies of geometry

7 for Rexp: -771.998 30, -772.011 46, -772.028 17, -772.060 34, and for Ropt -771.998 01, -772.010 83, -772.027 45, -772.059 94 hartrees.

TABLE 10: Polarizability r, Dipole Moment µ, and
Quadrupole Moments Q of Isoxazole and Its Ar Complex
Calculated for Different Geometries and Compared with
Available Experimental Dataa

exptl geometry opt geometry
property exptl valuesb HF MP2 HF MP2

A. Isoxazole
R 47.08 50.06 44.35 48.89
µa -1.98 -2.37 -2.15 -2.15 -1.72
µb -2.12 -2.88 -2.34 -3.06 -2.81
µc 0.001 0.001 0.001 0.001
µtotal 2.9 3.73 3.18 3.74 3.29
Qaa 0.1(11) 2.67 1.93 3.45 3.88
Qbb 3.0(13) 1.14 1.24 0.32 -0.13
Qcc -3.1(16) -3.81 -3.17 -3.78 -3.75
Qab -5.41 -4.57 -5.32 -4.20
Qac -0.01 -0.01 -0.01 0.01
Qbc +0.01 +0.01 +0.01 -0.01

MP2 calculations
1 2 3 4 7

B. Isoxazole-Argon
µxc -2.12 -2.11 -2.11 -2.11 -2.11
µy -2.29 -2.31 -2.31 -2.31 -2.31
µz -0.01 -0.05 0.01 0.01 -0.04
µtotal 3.12 3.13 3.13 3.13 3.13
Qxx 2.13 2.21 2.03 2.06 2.14
Qyy 1.33 1.50 1.33 1.43 1.48
Qzz -3.47 -3.71 -3.36 -3.46 -3.62
Qxy -4.54 -4.49 -4.59 -4.53 -4.51
Qxz 0.12 0.17 0.13 0.22 0.21
Qyz 0.20 0.12 0.12 0.08 0.10
a Polarizability in bohr3, dipole moment in D, quadrupole moment

in 10-26 esu cm2. The coordinate system used for both parent molecule
and complex is the principal axes system of isoxazole. Values for
isoxazole are BSSE corrected, which in the case of dipole moment
and quadrupole moment leads to small c components. For complex
geometries 1-4, the experimental distance Rexp ) 3.449 Å and for
geometry 7 the calculated distance Ropt ) 3.527 Å is used. b Dipole
moment from ref 3, quadrupole moment from ref 2. c x corresponds to
the a-principal axis, y to the b-principal axis, and z to the c-principal
axis of isoxazole.
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electron density distribution of the complex are a result of
exchange repulsion forces.14 The argon atom has to approach
its complex partner as close as possible to benefit from large
stabilizing dispersion forces. However, exchange repulsion
forces, which envelope isoxazole like a cloud, prevent Ar from
coming too close to the ring. The two opposing forces direct
Ar to a position which keeps exchange repulsion as small as
possible but maximizes stabilizing dispersion and induction
forces. In this way, exchange repulsion determines geometry
and electron density distribution of the complex. Accordingly,
an investigation of the electron density of the complex should
reveal those positions in the vicinity of the isoxazole molecule
where exchange repulsion is small. For the purpose of detecting
these locations, we analyze the difference electron density ∆F(r)

which is defined as the difference between the electron density
of the complex and the electron densities of the noninteracting
complex partners kept at the positions they adopt in the complex.
In eq 6, the abbreviation DCBS indicates that the electron
densities of isoxazole and Ar are corrected for BSSE errors using
the CP method.
In Figures 6, 7, 8, and 9, contour line diagrams of the MP2

difference electron density distribution of the isoxazole-argon
complex are shown with regard to reference planes that are
perpendicular to the plane of the isoxazole ring and that contain
both the Ar nucleus and the nucleus of that atom which is next
to the Ar atom, i.e., reference planes for geometries 1-4 contain
beside the Ar nucleus also that for C5 (Figure 6), O (Figure
7a), N (Figure 7b), C4 (Figure 8), and C3 (Figure 9). In this
way, the difference density plots in Figures 6-9 provide
information about important electronic structure changes upon
complexation.
All diagrams reveal a regular pattern of regions with increase

(solid contour lines) and decrease (dashed contour lines) of
electron density as a result of complex formation. Electron
density is pushed out of the intermolecular region toward the
back of the Ar atom. Similarly, the π-electron density of the
isoxazole ring is pressed on to the ring atoms and through the
center of the isoxazole ring so that a buildup of electron density

can also be found on the back of the ring. In particular, there
is a pronounced buildup of negative charge in front of that atom
that is next to Ar and it is this accumulation of electron density
that stops Ar from approaching the ring as close as possible in
order to increase stabilizing dispersion interactions. In other
words, the regions of charge buildup above the ring atoms
provide a qualitative description of the regions with increasingly
large exchange repulsion effects that hinder any closer approach
of the two complex partners.
In the case of a carbon atom (geometries 1, 3, and 4, Figures

6, 8, and 9), exchange repulsion starts “early” because of a
somewhat more diffuse charge buildup above the carbon atoms
C5, C4, and C3. In the case of the nitrogen atom (geometry 2,
Figure 7b), the Ar atom can approach the ring somewhat more
because π-density is more contracted toward the more elec-
tronegative N atom thus reflecting the fact that exchange
repulsion forces are smaller in this region than in the region
above the C atoms. There is even further contraction of the
region of large exchange repulsion above the O atom as is
reflected by the stronger contraction of the charge buildup at
this atom (geometry 2, Figure 7a). There is a depression
(“hole”) in the enveloping sphere of large exchange repulsion
above the O atom, which is a direct result of the large
electronegativity of O that leads to a strong contraction of
negative charge toward the O nucleus.
In comparison with the situation in the oxazole-argon

complex, the hole in the exchange repulsion sphere of isoxazole
is less developed at position 2 (or the minimum geometry 7)
than for the corresponding position found above the oxazole
ring. This simply reflects the fact that for the latter ring, there
is just one isolated depression region, namely that above the O
atom, while in the isoxazole case the two depression regions
above O and above N atom are adjoined thus giving the Ar
atom the chance of a relatively close approach toward the ring
while benefiting at the same time from the inductive effects of
two rather than one electronegative atom. As a consequence,
the optimal position of Ar is distinctively shifted from 5 (above
center of mass) toward the ON bond of the ring.
We conclude that the position of the Ar atom above the ring

is determined by reduced exchange repulsion above the O and
N atom. Although these atoms possess more electrons than any

Figure 6. Contour line diagram of the MP2 difference electron density distribution of isoxazole-argon (geometry 1), ∆F(r) ) [F(isoxazole-
argon] - F(isoxazole)DCBS - F(argon)DCBS] using the 6-31G(+sd,+sp) basis for isoxazole and the [7s4p2d1f] basis for argon. The reference plane
contains Ar and C5 as is schematically indicated in the figure. Contour lines range from 2 × 10-6 to 2 × 10-1 [e/bohr3]. Solid lines correspond
to an increase of electron density upon complex formation and dashed lines to a decrease.

∆F(r) ) F(r)complex - [F(r)isoxazoleDCBS + F(r)ArDCBS]
(6)
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other atom in the isoxazole ring, their negative charge is much
more contracted and, as a consequence, their volumes are
smaller.
As shown in our previous work on the oxazole-argon

complex,14 a similar explanation of the complex geometry is
obtained by just analyzing the Laplace concentration of the
electron density, -∇2F(r), of the partner molecule.29 For
isoxazole, -∇2F(r) exhibits holes in the π-space of O and the
N atom, which suggest that an approaching electron-rich atom
will prefer these sites because of low exchange repulsion. In
this way, the analysis of the Laplace concentration provides a
basis to qualitatively predict the most stable geometry of an Ar
van der Waals complex.
Since exchange repulsion is in any case destabilizing, the

complex has to be considered as being predominantly dispersion
bound although exchange repulsion effects determine the
position of the Ar atom. Any position of the Ar atom in the
isoxazole 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 as indicated by a somewhat more extended in-plane
Laplace concentration compared to that perpendicular to the ring.

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.

5. Conclusions
The results of this work can be summarized in as follows.
1. The most stable geometry of the isoxazole-argon van

der Waals complex is characterized by the Ar being located
above (or below) the ring rather than in the ring plane, which
is a result of intermolecular dispersion and exchange repulsion
effects.
2. The measured ring-Ar distance R is 3.436 Å (rs; r0 3.449

Å), which is somewhat smaller than MP4(SDTQ)/6-31G-
(+sd,+sp) and MP2/6-31G(+sd,+sp) distances of 3.527 and
3.547 Å (at equilibrium geometry 7). While experimentally it
is not possible to distinguish between an Ar position closer to
either C4 (geometry 3) or bond ON (geometry 2), supermo-
lecular MP perturbation theory at second, third, and fourth order
clearly predicts a position closer to the NO bond (a ) 0.162 Å,
b ) 0.6376 Å, c ) 3.527 Å) to correspond to the global
minimum of the isoxazole-argon complex (geometry 7).
Hence, of the four possible geometries suggested by experiment,
geometry 2 (close to 7) is the correct one.

Figure 7. Contour line diagram of the MP2 difference electron density distribution of isoxazole-argon (geometry 2), ∆F(r) ) [F(isoxazole-
argon] - F(isoxazole)DCBS - F(argon)DCBS] using the 6-31G(+sd,+sp) basis for isoxazole and the [7s4p2d1f] basis for argon. The reference plane
contains (a) Ar and O and (b) Ar and N as is schematically indicated in the figure. Contour lines range from 2 × 10-6 to 2 × 10-1 [e/bohr3]. Solid
lines correspond to an increase of electron density upon complex formation and dashed lines to a decrease.
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3. The MP2 and MP4 complex stabilities are 308 and 283
cm-1 (880 and 990 cal/mol) at position 7 which compare well
with the calculated binding energies for the oxazole-argon
complex (MP2 316 cm-1 and MP4 304 cm-1 (904 and 870 cal/
mol), ref 14).
4. As in the case of oxazole-argon, the isoxazole-argon

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 forces, exchange repulsion forces play an important
role insofar as they determine the exact position of the Ar above
the ring. Ar moves toward the atoms with the smallest volume
and the smallest exchange repulsion spheres, namely oxygen
and nitrogen, which are the most electronegative atoms in the
ring and, hence, exhibit the strongest charge contraction. This
is in agreement with the observations made for the oxazole-
argon complex, for which also a global minimum has been found
in the vicinity of the O atom with a ring-Ar distance of 3.538
Å (MP2/6-31G(d); experimental value 3.485 Å; ref 14).

5. Differences between oxazole-argon and isoxazole-argon
result from the different topology of the ring molecules. In the
latter case, two electronegative ring atoms O and N are
connected by a bond. As a consequence, the Ar atom is shifted
toward the center of the NO bond thus benefiting from the
polarizing power of the two rather than just one electronegative
atom. This leads to the slightly larger stability of isoxazole-
argon compared to the oxazole-argon. Also, its R value is
somewhat smaller due to the fact that Ar feels the exchange
repulsion sphere of O and N atom somewhat later when it orients
itself more toward the center of the NO bond rather than directly
toward the O nucleus as in the case of the oxazole-argon
complex.
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