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Figure 8. Black: the calculated (MOLBD III) transition-state geometry
for the pseudorotation of free trans-cycloheptene. White: the geometry
reached from the transition state upon displacement in the direction of
the reaction coordinate (the normal mode with imaginary frequency).

superimposed structures indicate the direction of motion along
the reaction coordinate at the transition state, i.e., the one normal
mode of the transition state which has a negative force constant.

Conclusions

The '*C DNMR behavior of the CuOTf complex of trans-
cycloheptene shows that the equilibrium geometry of the olefin
has no symmetry elements. The results of molecular mechanics
and semiempirical quantum mechanical calculations show free
t-C;H,, to have an unsymmetrical chair equilibrium geometry.

It is proposed that the observed dynamical process is due to
conformational automerization (pseudorotation) of the olefin. The
calculated AG* values for the automerization of the free olefin
are 10.5 and 8.6 kcal/mol, using MOLBD and MNDO, respec-
tively. They are in excellent agreement with the experimental
value of 9.47 %+ 0.20 kcal/mol found for ¢-C;H,,-CuOTf at 299
°C, particularly in view of the fact that quantum mechanical

calculations of this type are known generally to underestimate
activation barriers.?23% In principle, the agreement may be only
apparent in that the calculation is on the free olefin and the
measurement on a complexed olefin. As noted above, however,
extrapolation of previous experience with similar olefins and
complexes suggests strongly that the effects of the complexation
on conformational mobility of the cycloalkenes are minor.

Experimental Section

The cycloalkene complexes were prepared according to ref 12 and 13.
The '*C NMR spectra were run on a Varian SC-300 spectrometer using
dried, degassed diethyl ether as solvent. The probe temperature was
calibrated with a '*C chemical shift thermometer and has an absolute
uncertainty of £1°C at the lowest temperature. The line-shape analysis
employed a program based on the method of Nakagawa.?® The error
limits in the rate constants were taken from simulated spectra corre-
sponding to values which are clearly either too fast or too slow based on
visual fitting. The values of the free energy of activation were calculated
from the Eyring equation, AG* (cal mol™') = 1.98727(23.7600 + In T
—In k). The DNMR kinetic data for -C;H,;,*CuOTf and ¢-CgH 4
CuOTf are presented in the table.

The molecular mechanics calculations used the MOLBD III pro-
gram'® with modifications similar to those reported in ref 31. The
MNDO calculation was done using the standard program of Dewar.!”
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Abstract: Penning ionization electron spectroscopy (PIES) has been used to study spatial electron distributions of individual
molecular orbitals. On the basis of comparison of observed band intensities with electron densities of ab initio molecular orbitals,
a simple principle for orbital activities in Penning ionization has been established; the outer orbital which is exposed outside
the van der Waals surface is active and the inner orbital which is localized inside the van der Waals surface is inactive. Penning
ionization can be considered as an electrophilic reaction of rare gas atoms in metastable states with sample molecules. [t is
concluded that PIES is a sensitive method for probing orbital electron densities at the very frontier of the molecule where

the molecule is attacked by the reagent.

The concept of the molecular orbital (MO) stems from the early
days of the quantum theory. Its importance has been supported
by a vast accumulation of experimental results and also by suc-
cessful applications of quantum chemical methods to various
problems. Although molecular orbitals are introduced on purely
theoretical grounds, recent developments in photoelectron spec-
troscopy have made it possible to relate molecular orbitals to
observed ionization bands for most closed-shell molecules.!™
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Further, observed ionization potentials can be compared with
theoretical orbital energies in many cases where Koopmans’
theorem* is valid. This enables us to consider that individual
electron energy levels in molecules can be observed experimentally.
On the other hand, phenomena, which directly reflect orbital
functions for “individual” molecular orbitals, have eluded ob-
servation hitherto, although “total” electron densities have been
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measured by diffraction methods.

Branching ratios for the population of different ionic states
produced upon ionization of molecules can be measured as relative
partial ionization cross sections by electron spectroscopic meth-
0ds.>7  In most closed-shell molecules, these quantities are
proportional to probabilities for processes extracting electrons from
individual molecular orbitals. Therefore, electron spectroscopic
studies may provide information about individual molecular orbital
functions.

Partial photoionization cross sections can be measured by
photoelectron spectroscopy as functions of the photon energy.
Angle-resolved studies provide further information about differ-
ential cross sections. Partial photoionization cross sections depend
mostly on the types of atomic orbitals that constitute molecular
orbitals. It is well known that the relative band intensities in
photoelectron spectra are nearly the same when the comparison
is made between ionizations from molecular orbitals that are made
up from the same set of atomic orbitals.” Therefore, it is very
difficult to obtain direct experimental information about spatial
electron distributions of molecular orbitals from photoelectron
spectroscopic studies.

In (e,2e) electron spectroscopy, electron distributions in the
momentum space can be determined for individual molecular
orbitals.*1° This technique has been used to estimate the quality
of basis sets for MO calculations. However, the comparison has
been made between theory and experiment for the electron dis-
tribution obtained as a function of the absolute value of the
momentum. This means that the local character of orbitals in
real coordinate space, which is important from the chemical point
of view, cannot be considered directly in the (e,2e) technique. The
relatively low resolution of about 2 eV in (e,2e) spectroscopy is
a serious obstacle for its application to large molecules, because
deconvolution of overlapping bands is necessary to obtain the
momentum distributions.

Large differences were observed for the relative partial ioni-
zation cross sections of various molecules when UV photoelectron
spectra (UPS) and Penning ionization electron spectra (PIES)
were compared.!!>* In PIES of polyatomic molecules, an en-
hanced ionization probability was observed for lone-pair electrons
located on the N atom of the molecules containing the CN group.!!
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Figure 1. The electron-transfer process in Penning ionization. The
metastable atom (A*) reacts as an electrophilic reagent with the sample
molecule (M). An electron in a molecular orbital (¢y) is transferred into
the vacant inner-shell orbital (x,) of the metastable atom and an electron
is ejected from the occupied outer-shell orbital (x;) of the metastable
atom into the orbital (¢,.) of a continuum state.

For unsaturated hydrocarbons, the 7 bands in the PIES were found
to be enhanced with respect to the ¢ bands in comparison with
the UPS, and this finding was interpreted on the assumption that
the transition probability depends on the electron distribution of
molecular orbitals.!? In subsequent studies of other unsaturated
molecules, the spatial electron distribution of individual molecular
orbitals has been indicated to be one of the most important factors
governing the PIES intensity.!>!4

The purpose of the present study is to establish a simple principle
governing the PIES intensity on the basis of comparison between
theoretical electron distributions of molecular orbitals and ex-
perimental band intensities. He I UPS and He*(23S) PIES were
measured for some simple molecules by means of a transmis-
sion-corrected electron spectrometer. Electron distributions of
molecular orbitals were calculated by an ab initio MO method
with a 4-31G basis set. The nature of PIES was found to be very
useful for probing spatial electron distributions of individual
molecular orbitals at the very frontier of the molecule where the
molecule is attacked by the reagent.

A Simple Model for Penning Ionization

When a molecule (M) meets with an excited atom (A*) with
enough energy, an electron-transfer process can occur to yield an
ionic state of the molecule (M*) and the ground state of the atom
(A) together with an ejected electron (e7): A*+ M — A + M*
+ e”. Analysis of the kinetic energy distribution of the ejected
electrons provides a Penning ionization electron spectrum (PIES),?
which is similar in many respects to a UV photoelectron spectrum
(UPS). Observed bands in both spectra are assigned to electrons
in molecular orbitals for the usual closed-shell molecules. Kinetic
energies of ejected electrons (1/,m0?) can be related to ionization
potentials (IP) which are equal to the absolute values of the orbital
energies in Koopmans' theorem: !/,mv? = E - IP - §, where E
is the energy of the excited atom or the photon and 6 is the energy
balance arising from relative motions among the particles. For
UPS 6 is negligible, whereas for PIES § is a variable quantity
depending on the distance between the excited atom and the target
molecule where the electronic transition occurs. The variation
of this quantity around the most effective distance may result in
obscured vibrational structures. However, since the value of &
for PIES is usually not very large and much less than a few
hundred meV, UPS and PIES are very similar in their energy
scales. On the other hand, a considerable difference in the relative
band intensities has been observed between UPS and PIES. This

(25) Cermak, V. J. Chem. Phys. 1966, 44, 3781-3786.
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MOLECULAR
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Figure 2. The principle for orbital activities in Penning jonization. The
metastable atom (A*) can approach the molecule (M) up to the molec-
ular surface shown by the solid curve. Electron transfer from M to A*
can take place easily for the outer orbital (a) which has a large overlap
with the vacant inner-shell orbital of A*, The process is almost forbidden
for the inner orbital (b) because of its small overlap with the orbital of
A* even when the metastable atom (A*) comes up to the minimum
distance.

must be ascribed to the difference in the mechanisms between
photoionization and Penning ionization.

Although the quantum-mechanical treatment of Penning ion-
ization has been developed for atoms,?2® applications of such a
treatment to large molecules are not so straightforward. Penning
ionization involving a closed-shell ground-state molecule (M) and
a metastable atom in an excited triplet state (*A*) has been
considered as an electron-transfer process,?3° which is sche-
matically shown in Figure I; an electron in a molecular orbital
¢y is transferred into the vacant inner-shell orbital x, of the
metastable atom and followed by removal of an electron from the
occupied outer-shell orbital x, of the metastable atom to yield
an electron in a continuum state ¢,. The transition probability
of this process is governed by an exchange-type interaction:

K = 106 omDI(1 /rled Dxa(2)

The value of K increases exponentially as the metastable atom
approaches the target molecule. This means that the most fa-
vorable distance for the transition must be in the neighborhood
of the classical turning point of the collision trajectory, which
occurs near the van der Waals surface where the interaction
potential becomes repulsive. Furthermore, major contributions
to the integral can be attributed to local regions where ¢y ef-
fectively overlaps with x,. Therefore, relative activities of indi-
vidual orbitals are governed by electron densities of ¢y in the
exterior region outside the van der Waals surface.

A clear insight is obtained for qualitative understanding when
we imagine a classical collision between the metastable atom and
the target molecule. The solid curve in Figure 2 indicates the
boundary of the repulsive interaction between the metastable atom
and the molecule. The dashed curve in Figure 2a shows an orbital
extending out of the repulsive molecular surface, and the dashed
curve in Figure 2b shows an orbital enveloped in the surface. Since
an orbital exposed to the outside more easily interacts with in-
coming species, the outer orbital (a) overlapping the A* inner-shell
orbital gives rise to a larger intensity in PIES than does the inner
orbital (b). This provides an approximate selection rule for PIES;
the outer MO which is exposed to the outside is active and the
inner MO which is localized in the inside is inactive. Such an
effect may be summarized as a stereoelectronic effect of molecular
orbitals on Penning ionization.

Calculations

In order to verify the approximate selection rule for Penning
ionization, theoretical orbital electron densities were calculated
by the ab initio MO method with a 4-31G basis set? and the
results were compared with the experimental PIES band inten-
sities. For the qualitative comparison between the electron dis-
tribution and the PIES intensity, electron density maps were
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(27) Miller, W. H. J. Chem. Phys. 1970, 52, 3563-3572.

(28) Miller, W. H,; Slocomb, C. A.; Schaefer, H. F., 111 J. Chem. Phys.
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Figure 3. Energy dependence of the relative transmission of the electron
spectrometer.

drawn. The repulsive molecular surfaces were estimated from
the van der Waals radii of the atoms (r¢ = 1.74, rg = 1.4 4,
rv = 1.5 A, ry = 1.2 A). The repulsive surface so obtained
corresponds to the Stuart model®? composed of spheres with the
van der Waals radii. For a more quantitative comparison, total
densities of electrons outside the repulsive molecular surface were
defined as “exterior electron densities (EED)”. The EED’s were
found to be in the range 0.01-0.10 for each orbital. Contributions
due to the outer region over 1.5 A from the van der Waals surface
were neglected to save computation time, since these contributions
were estimated to be less than 107,

Experimental Section

The helium metastable atoms, 23S (19.82 eV) and 2'S (20.62 eV),
were produced by impact of 60-eV electrons with the beams of helium
atoms collimated through a fused glass-capillary array. At this impact
energy, the He I photons (21.22 eV) from the 2!P state are negligible.
A water-cooled helium discharge lamp was used as a quench lamp to
eliminate 2'S atoms, and almost pure (more than 95%) 23S atoms were
introduced into the interaction chamber. The He I resonance line (584
A, 21.22 eV) used for UPS was produced by a dc discharge in pure
helium gas. The electron spectra were obtained at an ejection angle 90°
with respect to the metastable atom beam or the photon beam by means
of a hemispherical type analyzer with electron lens systems and scanning
electrodes. The analyzed electrons were detected by an electron multi-
plier (Mullard B419BL) and a conventional pulse counter combined with
a signal averaging system. Typical times for the measurements were
about 60 min for UPS and 120 min for PIES. The energy dependence
of the transmission of the electron spectrometer was determined by a
detailed study of the UPS of O,, CO, CO,, N,, C;H,, butadiene, and
benzene. We compared our results with those of Samson and Gardner™
and Kimura and co-workers.> As can be seen in Figure 3, the relative
transmission efficiency is a smooth function of energy except for very
small electron energies less than 0.5 eV.

Results

Figures 4-10 show the transmission-corrected He*(23S) PIES
and He I UPS of NH3, Hzo, st, Nz, CO, C2H2, and C6H6' The
observed bands are assigned to electrons in molecular orbitals.
Electron density maps obtained by ab initio MO calculations with
a 4-31G basis set are shown also in Figures 4-10. The thick solid
curves in the maps indicate the molecular surfaces estimated from
the van der Walls radii of the atoms. Since the real repulsive
surface will not have such dips as shown in the figures, more
appropriate surfaces are indicated for simple diatomic molecules
by dashed curves (Figures 7 and 8). Contour lines of orbital
electron densities are shown for a plane including the molecular
symmetry axis, except for benzene. The contour lines for benzene
(Figure 10) are shown for a plane 1.7 A above the molecular plane.

Table I shows relative orbital activities (OA, a) in Penning
ionization and exterior electron densities (EED, pg,cq) for the
molecular orbitals concerned. The calculated EED (p) were found
to be between 102 and 107!, This means that the electron density
outside the molecular surface is only 1-10% for each orbital. The
observed OA (ag,q) Was obtained for each MO from the observed
He*(23S) PIES intensity. For degenerate orbitals, the integrated

(32) Fieser, S.; Fieser, M. “Basic Organic Chemistry”; D. C. Heath:
Boston, 1959; pp 13 and 14.

(33) Gardner, J. L.; Samson, J. A. R. J. Electron Spectrosc. Relat. Phe-
nom. 1976, 8, 469-474.
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band intensity was divided by the degeneracy, in order to make
this quantity represent the orbital activity. Theoretical values of
relative orbital activities were calculated from EED values and
are shown in brackets (ayeq). The aggeq for N, and CO were
obtained from p,.q for the corrected molecular surface without
dips (dashed curves in Figures 7 and 8). The values of a were
normalized to the value of the most active MO.

Our experimental results can be compared with earlier results.
Brion et al. have measured He* PIES of NH;, H,0, N,, and
CO0.2%2 Cermik et al. reported He* PIES of H,0, H,S, and
CO.3%35 Hotop et al. studied He* PIES of N, and CQ.2436.37
Their results, however, have involved some problems. The
metastable helium atom beam used by Brion et al. was contam-
inated with a large amount of He*(2!S) atoms in addition to
He*(23S) atoms. The energy sources used by Cermidk et al.
involved He I resonance photons as well as He*(2°S) and He*(2!S)
atoms. Their He* PIES are therefore complicated, and analysis
for the He*(23S) PIES intensities is difficult. In our results,
contributions from He*(2!S) or He I resonance photons are found
to be negligible. It must be noted that band structures are much
more resolved in our PIES of NH; and H,O in comparison with
those obtained by Brion et al.?»?2> Another problem is a very large
background which significantly limits the accuracy of the intensity
measurements. This makes earlier results less reliable for the
analysis of the PIES intensities, especially for small electron
energies less than 2 eV. The most serious cases are the lack of
the third band of H,O(1b,) and the third band of CO(40) in
earlier PIES. In our PIES, these bands have been observed in
the very small energy region owing to a small background.

Ne* PIES of C,H, and C¢H, were reported by Cermak.® The
He* (23S) PIES of these molecules obtained in the present study
show considerably improved aspects; structures are more resolved
for the wider energy region and relative band intensities can be
obtained more precisely.

Hotop et al. studied PIES of N, in detail and compared relative
populations of produced ionic states with those measured in earlier
work.?” Their results were found to be different from those ob-
tained by Brion et al.?® The reason for this has been considered
to be due to the difference in the methods of producing metastable
atoms. Hotop et al. used a gas discharge, while Brion et al. used
an electron gun. Hotop et al. pointed out that the difference in
relative PIES intensities can be attributed to the difference in the
average temperature of the metastable atom beams. Although
we used the electron impact method as Brion et al. did, the relative
PIES intensities of N, obtained in our experiments agreed with
those for the metastable atom beams of 400 K obtained by Hotop
et al. This may indicate that our metastable atom beams have
an average temperature of about 400 K.

Discussion

In the PIES in Figures 4-6, bands due to electrons in the
nonbonding orbitals (3a; orbital of NHj;, 1b; and 3a, orbitals of
H,0, 2b, and 5a, orbitals of H,S) are much more enhanced than
those due to electrons in the bonding orbitals. This can be ex-
plained qualitatively from the electron density maps. For example,
the nonbonding orbital of ammonia (3a;) has a large density
outside of the molecular surface, whereas for the bonding orbital
(le) a smaller density is seen in the corresponding region.
Necessarily, the nonbonding orbital is more active in PIES than
the bonding orbital, since the orbital exposed to the outside has
a larger overlap with the inner-shell orbital of the metastable atom.
The same can be seen for water and hydrogen sulfide; the b;- and
a;-type orbitals, which have nonbonding p-type character, are
active in PIES, and the b, orbitals localized on the ¢ bonds are
less active. These results clearly support the approximate selection

(34) Cermiak, V.; Yencha, A. J. J. Electron Spectrosc. Relat. Phenom.
1977, 11, 67-73.

(35) Cermdk, V. J. Electron Spectrosc. Relat. Phenom. 1976, 9, 419-439.

(36) Hotop, H.; Niehaus, A. Int. J. Mass Spectrom. Ion Phys. 1970, 5,
415-441.

(37) Hotop, H.; Kolb, E.; Lorenzen, J. J. Electron Spectrosc. Relat.
Phenom, 1979, 16, 213-243.

(38) Cermak, V. Adv. Mass Spectrom. 1968, 4, 697-704.
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Figure 4. Transmission-corrected He* (2°S) Penning ionization electron
spectrum (PIES, upper) and He I photoelectron spectrum (UPS, lower)
for NH;. Electron density maps are shown for the relevant molecular
orbitals.} The density of the nth line from the outside (d,) is 5 X 2" X
107 au™.
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Figure 5. Transmission-corrected He*(23S) Penning ionization electron
spectrum (PIES, upper) and He I photoelectron spectrum (UPS, lower)
for H,0, and electron density maps for the relevant molecular orbitals
(d, = 2.5%X2"x 10 au™). A small peak at nearly 0 eV in the PIES
is due to low-energy scattered electrons.

rule for PIES proposed in the present study. For the UPS, no
such simple relationship can be found between the spectral in-
tensity and the spatial distribution of the orbital.

Although N5, CO, and C,H, are linear molecules of isoelec-
tronic systems having two ¢ and one degenerate = orbitals, their
PIES activities are considerably different (Figures 7-9, Table I);
the relative order of the activity is ¢ > & for N, and CO, whereas
it is # > o for C,H,. This indicates that the symmetry of the
orbitals is not necessarily correlated with the selection rule. The
electron density maps in Figures 7-9 show the importance of the
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Figure 6. Transmission-corrected He*(23S) PIES (upper) and He I UPS
(lower) for H,S, and electron density maps for MO (d, = 4 X 2" x 10~
au™).
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Figure 7. Transmission-corrected He*(23S) PIES (upper) and He I UPS
(lower) for N,, and electron density maps for MO (d, = 2 x 2" x 10™*
au™).

spatial electron distribution in PIES. The relative activity of the
5o orbital of CO with respect to the 4 orbital can also be ex-
plained from the electron density maps (Figure 8) where the
exterior electron density is found to be larger for the 5o orbital.

In Figure 10, = orbitals of benzene are found to be very active
in PIES. This can be understood easily, since 7 orbitals extend
out of the molecular plane; electron density maps in Figure 10
clearly explain the strong activity of the x orbitals. This finding
has been reported earlier for Ne*(°P,, 16.62 eV) PIES of benz-
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Figure 8. Transmission-corrected He*(23S) PIES (upper) and He [ UPS
(lower) for CO, and electron density maps for MO (d, = 2.5 X 2" X 107
au™),
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Figure 9. Transmission-corrected He*(23S) PIES (upper) and He I UPS
(lower) for C,H,, and electron density maps for MO (4, = 1.25 X 2" X
1074 au™).

ene.!? Although Brion et al. have pointed out that enhancements
of PIES bands relative to UPS bands are possibly due to the
difference in the available excitation energies,?! our results clearly
show the PIES activities strongly depending on the nature of the
molecular orbitals from which an electron is extracted. We have
confirmed this tendency for many molecules using He*(2'S, 20.62
eV), He*(23S, 19.82 eV), Ne*(°P,, 16.62 V), and Ar*(°P,, 11.55
eV). From Figure 10, we can also find some important aspects
of the PIES activity. Among the o orbitals, the a,, orbital having
CH bonding character shows a relatively large activity in P1ES.
This may be ascribed to the distribution of this orbital spreading
out without nodes in the molecular plane. Although the b,, orbital
gives a band with considerable intensity in the UPS, the corre-
sponding band is almost missing in the PIES. The b,, orbital
behaves as an inner orbital, because it is located along the carbon
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Figure 10, Transmission-corrected He*(23S) PIES (upper) and He I

UPS (lower) for C¢Hy, and electron density maps for MO. The maps
are drawn for a plane 1.7 A above the molecular plane.

skeleton and shielded by the = orbitals, and therefore it is almost
completely inactive in PIES.

More quantitative comparison between theory and experiment
can be made for the orbital activities (0peq and orpeg) listed in
Table I. In general, the agreement between a g and agpgg IS
satisfactory. This means that the orbital selection in Penning
ionization is governed by the exterior electron density of the
relevant molecular orbital. It must be noted that only 1-10% of
the orbital electron density (p = 0.01-0.10) governs the orbital
activity in Penning ionization. This is a quite natural result of
the reaction mechanism; the metastable atom, which behaves as
an electrophilic reagent, attacks the frontier of the molecule and
mainly interacts with “exterior electrons” spreading out from the
molecular surface, which protects large numbers of “interior
electrons” from the electrophilic attacks. In the case of pho-
toionization, the molecular surface does not act as a repulsive wall
to photons, which penetrate into the inside to interact also with
the interior electrons.

We must make here some comments on the results in Table
I. The relative activities of the « orbitais in N, and CO are more
emphasized in the calculations; exterior electron densities for the
o orbitals, which are nonbonding or less bonding, are relatively
underestimated. This may be due to the inaccuracy involved in
the ab initio orbital functions; Weigold et al. pointed out on the
basis of (e,2e) electron spectroscopy that usual ab initio calcu-
lations underestimate orbital electron densities at long range,
especially for lone-pair-type (nonbonding) orbitals.® The values
of aeq for the 1b, orbital of H,O and the 2b, orbital of H,S are
rather large. This can be improved when the additional electron
densities due to the unreal dips in the approximate molecular
surface shown in Figures 5 and 6 are disregarded. Another
discrepancy between agpe and agaeq is found for H,O. The
calculation shows that the 1b; orbital is more active than the 3a,;
orbital, whereas the experimental activity of the 3a, orbital is much
larger than that of the 1b, orbital. Since the underestimation of
exterior electron density has been reported for the 1b; orbital,?
this discrepancy may be ascribed to other causes: (i) the crude
approximation for the repulsive molecular surface or (ii) the
anisotropic effect on the effective solid angle open to incoming
metastable atoms. This latter effect has been found to be im-
portant for molecules in which steric shielding effects of some
bulky groups are involved.!7-1#

In connection with the frontier electron theory by Fukui et a
a few comments must be made. Although highest occupied
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(39) Fukui, K.; Yonezawa, T.; Shingu, H. J. Chem. Phys. 1952, 20,
722-725.

Ohno, Mutoh, and Harada

Table I. Exterior Electron Density (EED, p)? and Relative Orbital
Activity (OA, a)?

Pealed® %obsd (@caled)
NH, 3a, 0.050 1.00 (1.00)
le 0.031 0.3¢ (0.61)
H,0 1b, 0.037 0.61{1.23)
3a, 0.030 1.00 (1.00)

1b, 0.022 0.48% (0.72)
HS 2b, 0.053 1.00 (1.00)
Sa, 0.045 0.70 (0.84)
2b, 0.044 0.44 (0.83)
N, 3o, 0.030, 0.029 0.90 (1.23)
Imy 0.040, 0.025 0.36 (1.06)
2oy 0.025,0.023 1.00 (1.00)
CO So 0.030, 0.030 1.00 (1.00)
In 0.028,0.016 0.20 (0.53)

40 0.018,0.015 0432 (0.50)
CH, Im, 0.041 1.00 (1.00)
30g 0.021 0.51(0.52)

204 0.021 0.68% (0.52)

? The EED (p) is defined for each MO by the total clectron
densities outside the repulsive molecular surface. b The observed
OA (agpsq) is the relative PIES intensity for each MO. The
calculated OA (aga1eq) is the relative value of the EED (o). The
values of @ are normalized to the value for the most active MO.
¢ For simple diatomic molecules, N, and CO, the values for van
der Waals surfaces (left) and those for more real surfaces (right)
were calculated. These surfaces are shown by solid and dashed
curves, respectively, in Figures 7 and 8. da background subtract-
ing technique was used and the vibrational contributions expected
outside of the spectral range were estimated from the vibrational
structures in the UPS.

molecular orbitals (HOMO) are mostly active in the PIES of the
molecules studied in the present work, the PIES activity is not
necessarily concentrated on HOMO. The 20, orbital of N, is more
active in PIES than the 30, and I, orbitals. In the case of
ferrocene,!” the HOMO, which is due to iron d orbitals, has been
found to be inactive in PIES. The = orbitals other than the
HOMO are also very active in PIES for various aromatic mol-
ecules including naphthalene and anthracene.!>1® These results
can commonly be explained in terms of “exterior electrons” outside
the repulsive molecular surface on the basis of the present model.
It must be stressed here that the HOMO, which has been con-
sidered to be occupied by the “frontier electrons”,?® does not
necessarily have the largest exterior electron density. Furthermore,
the proximity condition for energies of the orbitals involved in the
electron-transfer process is not important in Penning ionization,
since the energy of the 1s orbital of a He atom is about —24.6 eV
and much smaller than the orbital energies of relevant molecular
orbitals. The decisive factor governing the electrophilic process
in Penning ionization is not the proximity in energy but the
proximity in real coordinate space between the inner-shell orbital
of the metastable atom and the MO of the target molecule.

In the present experiments, sample molecules are randomly
oriented with respect to the metastable atom beam, and various
parts of the molecular surface are probed on the average by the
metastable atoms. When the direction of collision between
metastable atoms and target molecules is controlled, for example,
by introducing metastable atom beams with a definite direction
onto a regular array of molecules adsorbed on a solid surface, the
orbital electron density may be probed for a given part of the
molecular surface. The variation of the orbital electron density
along the direction vertical to the molecular surface can also be
observed by controlling the relative velocity between the projectile
and the target.

Conclusion

The nature of Penning ionization of closed-shell molecules
induced by collision with metastable atoms can be understood as
an electrophilic reaction in which an electron in a molecular orbital
is transferred into the vacant orbital of the metastable atom. The
orbital selection upon Penning ionization depends on the spatial
electron distribution of the individual molecular orbital. It is of
great note that the orbital activity in Penning ionization is governed
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by a small amount of the exterior electron density which is about
1-10% for every molecular orbital. This extreme sensitivity of
Penning ionization to the exterior electron densities can be sum-
marized as the sterecelectronic effect of exterior electrons in
individual molecular orbitals.

The present model of calculating the orbital activity is satis-
factory to make a quantitative connection between theory and
experiment for branching ratios in Penning ionization. Further
experimental developments involving anisotropic factors and the
velocity dependence of metastable atoms will make it possible to
probe the electron density of the individual MO as a function of
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various parts of the molecule. Penning ionization electron
spectroscopy is very useful not only for probing spatial distributions
of individual molecular orbitals from a quantum chemical point
of view but also for understanding chemical properties of mole-
cules, because electron densities of orbitals at the very frontier
of the molecules should play important roles in chemical reactions.
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Abstract: Crystallization of tri-o-thymotide (TOT) from solutions of appropriate racemic guest species affords chiral single
crystals of clathrate inclusion complexes in which the guest enantiomers are incorporated to different degrees. Channel-type
complexes (space group P6;) or cage-type complexes (P3,21) are obtained. The extracted guest from single crystals of the
former has uniformly low, but significant, enantiomeric excess, while this excess (ee) in the latter varies widely. The highest
enantiomeric purities were observed for 2,3-dimethyl-trans-oxirane (47%), 2,4-dimethyl-trans-oxetane (38%), and 2-bromobutane
(37%). Larger scale resolutions of chiral guests are possible by crystallization following seeding solutions of racemic guest
and TOT with powdered single crystals of clathrate. Guests with appreciably enhanced optical purity can be obtained by
repeated TOT enclathration using a partially enriched guest (an unexpectedly high chiral amplification was observed in a
channel complex). The TOT optical rotation, + or -, and dominant guest chirality, R or S, were determined for each clathrate,
and correlations between guest chirality and TOT absolute configuration were found, e.g., all (§)-2-haloalkanes crystallize
preferentially with P-(+)-TOT. TOT clathrates may thus be used for guest configurational assignments. Crystal structure
analyses of M-(-)-TOT:(R)-2-bromobutane, M-(-)-TOT-(R,R)-2,3-dimethyl-trans-oxirane, the P-(+)-TOT-(S,S)-2,3-di-
methyl-trans-thiirane clathrates, and the P-(+)-TOT-2,3-dimethyl-frans-thiirane clathrate containing a 1:2 ratio of the R,R
and S,S enantiomers provided cage dimensions and geometry (an ellipsoidal, 2-fold symmetric cavity). Evidence that chiral
discrimination is accounted for by the intermolecular interactions in the crystal has been obtained, and therefore the crystal
structures also define the discriminating interactions between TOT host molecules and the more favored and less favored guest
enantiomers. It is not possible to predict the preferred guest enantiomer solely by considering the van der Waals contacts
between guest enantiomers and closest host atoms, but the crystal structure analyses help clarify some of the factors that govern

chiral discrimination in TOT clathrates.

Introduction

One of the properties of biological systems that has long fas-
cinated chemists is the extraordinarily high degree of chiral
discrimination that such systems display when they interact with
racemic substrates. In recent years, many ingenious chemical
approaches have been taken that seek to mimic these properties.
The motivation for this work has been both fundamental, to better
understand the features that control chiral interactions, and
practical, to obtain efficient enantiomer resolutions; many notable
achievements have been reported.?

The inclusion complexes of tri-o-thymotide (TOT; Figure 1)
provide a possible medium for reactions of included guest mole-

(1) (a) Weizmann Institute of Science. (b) Israel Institute for Biological
Research. (c) Laboratoire de Physique, Centre Pharmaceutique.

(2) (a) Cram, D. J.; Cram, J. M. Acc. Chem. Res. 1978, 11, 8. (b) Lehn,
J. M. Pure Appl. Chem. 1979, 51, 979. (c¢) Gil-Av, E.; Nurok, D. Adv.
Chromatogr. 1974, 10, 99. (d) Wulff, G.; Sarhan, A.; Zabrocki, K. Tetra-
hedron Lett. 1973, 4329. (e) Baba, N.; Matsumura, Y.; Sugimoto, T. 1bid.
1978, 4281. (f) Tabushi, I. Acc. Chems. Res. 1982, 15, 66.
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cules and present an attractive system for studying molecular and,
especially, chiral recognition. The previously reported? ability of
TOT to form clathrates* with a wide variety of guest molecules,
many of which crystallize in chiral (cage and channel type)

(3) (a) Baker, W.; Gilbert B.; Ollis, W. D. J. Chem. Soc. 1952, 1443. (b)
Newman, A. C. D.; Powell, H. M. Ib1d. 1952, 3747. (c) Lawton, D.; Powell,
H. M. Ibid. 1958, 2339.

(4) Powell originally used the term clathrate only for those complexes
where the guest molecules are surrounded on all sides by host molecules. He
avoided its use for channel complexes. Later, however, most workers used the
term clathrate and inclusion complex either as synonyms or, together, as a
generic term for crystalline host—guest complexes wherein voids within the
packing arrangement of the host (a packing arrangement that is generally only
possible in the presence of the guest) are occupied by guest molecules. The
term has also been generally implied to indicate a broader phenomenon than
a simple solvate, in that many different guests can be accommodated within
these voids. We favor the use of clathrate, or clathrate inclusion complex,
for this entire class of molecular complexes and then cage, channel, or other
descriptor.  Other descriptors may be required as, for example, in the
TOT-stilbene and related clathrates,® where the guests are contained in sep-
arate cages that are connected to one another to form a channel.
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