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This is a brief survey of studies on exterior characteristics of molecules conducted by means of atomic probes, most-
ly by metastable states of rare gas atoms in collisional ionization experiments and partly by atoms from H to Ar in quan-
tum chemical calculations. Spatial distributions of molecular orbitals (MO) outside the molecular surfaces have been stud-
ied to determine stereoelectronic properties related with partial ionization cross sections of molecules due to electrophilic
attacks of metastable atoms. A newly developed collision-energy/electron-energy resolved two-dimensional electron
spectroscopy has disclosed anisotropic and dynamic characteristics of molecular surfaces (MS) via collision-energy de-
pendence of partial ionization cross sections. Starting from a simple theoretical model of exterior electron densities
(EED), researchers have developed quantum chemical treatments of the ionization reactions to a level of trajectory cal-
culations based on potential energy surfaces of both entrance and exit reaction channels together with electronic transition
rates between the surfaces. The present stage of techniques can elucidate one of the two aspects, MO or MS, assuming
knowledge of the other. Since experimental aspects may contain various features of MO and MS, a simultaneous deter-
mination of both MO and MS by experiments will allow further developments in experimental techniques.

Exterior parts of molecules are of great importance in chemi-
cal phenomena and physical properties, because it is through
them that molecules usually interact with each other. Exterior
characteristics of molecules are related to their molecular orbi-
tals and molecular surfaces. Molecular orbitals play dominant
roles in electron transfer or electron exchange in connection
with reduction–oxidation (redox) processes, excitation energy
transfer, and production or dissociation of chemical bonds. Mo-
lecular surfaces govern various properties, such as molecular
shape and intermolecular forces, due to repulsive and attractive
interactions. A molecule’s shape excludes other three-dimen-
sional bodies from the interior parts of its own body, and hence
it determines the reactant accessible areas. Intermolecular
forces lead to adsorption, association, and formation of molec-
ular complexes and clusters as well as formation of condensed
phases.

Although molecular orbitals were introduced on purely the-
oretical grounds, experimental observation of the orbital pat-
tern was suggested by Fukui1 on the basis of successful studies
on chemical reactions by molecular orbital theories.2,3 Various
electron spectroscopic techniques have been employed to study
molecular orbitals experimentally. Ionization energies ob-
served by photoelectron spectroscopy4–6 have been compared
with theoretical orbital energies in many cases where
Koopmans’ theorem7 is valid. Experimental momentum distri-
butions for individual orbitals obtained by (e, 2e) electron spec-
troscopy have been used to test the quality of theoretically ob-

tained molecular orbital functions.8–15 Although photons and
electrons are excellent probes to obtain information about mo-
lecular properties in general, local characteristics of molecules,
especially in the chemically important exterior regions, are
more sensitively studied by atomic probes. Atoms interact with
molecules strongly on their molecular surfaces, whereas most
photons and electrons penetrate through the molecules because
of their relatively very low cross sections.

The external surface of a molecule is of great significance
when it meets with other chemical species. An outer boundary
surface of a molecule that divides the exterior regions from the
interior region can be defined as the molecular surface. The
concept of molecular surfaces is also important for recognition
of shapes of molecules.16 The most primitive description of mo-
lecular surfaces and molecular bodies can be constructed as the
van der Waals contour, a union of the constituent atomic
spheres.17 Such surfaces are known as the van der Waals sur-
faces. Along with similar surfaces known as the solvent contact
surfaces and the solvent exclusion surfaces,18 they have been
used in many fields, such as biosciences19 and analytical chem-
istry.20 Although these surfaces are useful, some inaccuracies
may be expected when one uses van der Waals radii regardless
of local circumstances. van der Waals radii should depend on
the kind of atoms interacting with each other. Anisotropy of
the van der Waals radii should be considered when the molecu-
lar system is highly anisotropic. The van der Waals surface as
the boundary to the incoming species should vary with the rel-
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ative velocities of collisions in scattering experiments and also
with the forces exerted in atomic force experiments.

This account presents an overview of our investigations for
two decades in attempting to look into exterior characteristics
of molecular orbitals and molecular surfaces by means of atom-
ic probes. Our motivation has been cultivated by the strong re-
lationships between the molecular orbital theory and the organ-
ic reaction chemistry.2,3 Since organic reactions are explained
by spatial characteristics of molecular orbitals, electron distri-
butions of molecular orbitals should also be elucidated by some
experiments along the converse direction, provided that the
phenomena can be directly connected with molecular orbital
functions. It was a Penning ionization experiment21 that trig-
gered the author to engage in the present investigations which
include a number of long troublesome challenges to develop
new experimental techniques and theoretical treatments.

1. Study of Stereoelectronic Properties of Molecular
Orbitals by Penning Ionization Electron Spectroscopy

When a molecule (M) collides with an excited atom (A�)
with an energy higher than the ionization energy (IE) of M,
an electron transfer process can occur to yield an ionic state
of M (Mþ) and the ground state of the atom A together with
an ejected electron (e�);

A� þM ! AþMþ þ e�: ð1Þ

This process is known as Penning ionization,22 where A� is a
metastable rare gas atom, such as He�(23S), He�(21S),
Ne�(3P0;2), and Ar�(3P0;2), whose excitation energies23,24 are
comparable with UV resonance photon energies of a rare gas
discharge, as shown in Table 1. Analysis of the kinetic energies
(Ee) of ejected electrons gives a Penning ionization electron
spectrum (PIES),25 which is similar in many respects to a UV
photoelectron spectrum (UPS).5,6 Electron energies Ee can be
related to ionization energies IE, which are the absolute values
of self-consistent molecular orbital energies in Koopmans’ the-
orem:7 Ee ¼ E � IE� �, where E is the energy of the excited
atom or the photon and � is the energy balance due to the rel-
ative motion of the particles. Although for UPS � is always neg-
ligible, for PIES � depends on the distance between M and A�
at the instance of the electron ejection.26 This quantity � for
PIES is usually much less than a few hundred meV. Therefore,
UPS and PIES show very similar ionization spectra in the elec-
tron energy scales. Since observed bands in UPS for most
closed shell molecules have been assigned to occupied molecu-
lar orbitals,4–6 most of the spectral bands in PIES can also be
ascribed to individual molecular orbitals. Thus, these electron
spectroscopic techniques can provide some information on mo-

lecular orbitals.
It is well known that the relative band intensities in UPS are

nearly the same when the comparison is made among ionization
bands originating from molecular orbitals that are composed of
the same set of atomic orbitals.27 Therefore, it is difficult to ob-
tain direct experimental information on spatial electron distri-
butions of molecular orbitals from photoelectron spectra. On
the other hand for PIES, ionization cross sections or ionization
reaction probabilities can be related with the spatial character-
istics of molecular orbitals, because Penning ionization has
been considered as an electron-exchange type process.28

As shown in Fig. 1(a), a metastable He�(23S) atom as A� re-
acts as an electrophile to attack an occupied molecular orbital
�i of the target molecule M, from which an electron is transfer-
red into the vacant inner-shell orbital �1s of He

�, and an elec-
tron is ejected from the occupied outer-shell orbitals �2s of He

�
into a continuum-state orbital ’e to be detected as an ejected
electron. A simple principle for orbital activities in Penning
ionization reactions can be established on the basis of the elec-
tron-exchange model, where the mutual overlap of involved or-
bitals plays key roles in electron transfer processes. It should
also be noted that the metastable atom A� cannot penetrate into
the molecular surface of M, which is the repulsive boundary
against the incoming A�. As shown in Fig. 1(b), He�(23S)
atoms as A� can approach the molecule M up to the molecular
surface. Electron transfer from M to He�(A�) can easily take

Table 1. Excitation Energies and Resonance Photon Ener-
gies of Rare Gas Atoms

Excitation Energy/eV Resonance Photon energy/eV

He�(23S) 19.820 He I 21.217
He�(21S) 20.616
Ne�(3P2) 16.619 Ne I 16.671
Ne�(3P0) 16.715 16.848
Ar�(3P2) 11.548 Ar I 11.623
Ar�(3P0) 11.723 11.823

Fig. 1. (a) Process of Penning ionization. (b) The principle
for the relationship between the spatial electron distribu-
tion of the molecular orbital and the relative PIES intensity.
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place for the outer orbital �1 which has a large overlap with the
vacant inner-shell orbital of He�(A�) rather than for the inner
orbital �2 which does not extend much into the exterior region.
Thus, the outer orbital exposed to the outside gives a higher in-
tensity in PIES than does the inner orbital localized in the in-
side. This stereoelectronic principle was evidenced by the first
systematic inspection of relative band intensities in PIES of
various inorganic and organic compounds, on the basis of care-
ful corrections of the transmission efficiency of the electron
spectrometer,29 though the earlier studies had compared inten-
sity distributions between PIES and UPS.30–33 The introduction
of the molecular surface as the repulsive boundary surface,29

which separates the exterior reactive regions from the interior
inactive parts in Penning ionization, removed many difficulties
found in earlier studies.

In the case of N2, CO, and CN compounds, � orbitals corre-
sponding to lone-pair orbitals were found to give remarkably
enhanced PIES bands with respect to � bands.30–32 A reverse
tendency was found in PIES of unsaturated hydrocarbon mole-
cules for which � bands were found to be much more enhanced
than the � bands.33 This formal contradiction was removed by
the principle of Penning ionization; PIES intensities are not
governed by the orbital symmetry but by the extent of the ex-
terior electron distributions. Further studies of PIES intensi-
ties34–44 revealed relative activities of various kinds of molecu-
lar orbitals as listed in Table 2. For linear inorganic molecules,
� orbitals with some nonbonding characters give much larger
activities in Penning ionization than � orbitals, while for unsat-
urated hydrocarbons � orbitals give much higher activities than
� orbitals as mentioned above. In the case of unsaturated hy-
drocarbons, some interesting differences were found among �
orbitals; �(CH) type orbitals are more active than �(CC) type
orbitals, because CC bonding orbitals are much more localized
on the bonding region where metastable rare gas atoms cannot
attack.29,36 Relative activities of nonbonding orbitals (n) were
found to be large with respect to those of bonding orbitals (b)
for both inorganic29 and organic39 molecules. Very high activ-
ities of nonbonding orbitals were compared for various types of
lone-pair orbitals. The outer valence shell39,40 and the lower
electron negativities in the order of groups 15(V) > 16(VI) >
17(VII) in the periodic table39,41 were found to yield higher ac-
tivities, because of the larger extent of electron distributions in
the exterior regions. The tendency of �(n) > � was also found
for organic systems with a CN or CO group having an N or O
atom, which is more electronegative than a C atom.35,42 Spatial-
ly localized orbitals inside the molecules were found to be

much less active.43,44 Typical examples are metal complexes
and organometallic compounds with a central metal atom and
some ligands surrounding the metal atom. These propensities
are well understood by the above-mentioned stereoelectronic
principle of Penning ionization, which is governed by spatial
distributions of molecular orbitals and strong limitations of ac-
cessible regions for incoming reactant atoms. The connection
of the reactivity with the shape of the relevant orbitals was
pointed out by Hoffmann,45 and this connection is called the
isolobal analogy by Mingos.46 The above findings in Penning
ionization also demonstrate the isolobal effects on collisional
ionization processes.35,47

Stereoelectronic properties of molecular orbitals were dis-
closed for many molecules by a series of systematic stud-
ies.41,47–50 Effects of through-space and through-bond interac-
tions51 on electron distributions of molecular orbitals were
studied for 1,4-diazabicyclo[2.2.2]octaene (DABCO) and nor-
bornadiene.48 Figure 2 shows an example of the through-bond
interaction by which the antisymmetric type nonbonding orbital
(na) of DABCO is more active with the larger exterior electron
distribution than the symmetric type nonbonding orbital (ns).
The through-bond interaction in the ns orbital causes strong ab-
sorption of electron densities into bonding regions and hence a
decrease of exterior electron densities, to result in a considera-
ble reduction of the efficiency in the electrophilic reaction of
the ns orbital. An example of the through-space interaction
was observed for norbornadiene: the symmetric type � orbital
(�s) was found to be more active than the antisymmetric type �
orbital (�a). This indicates that the exterior electron distribu-
tions in the endo face are effectively increased for the �s orbital
by through-space interaction that switches on the extraction of
electron densities outside the molecular surface into the exteri-
or region to enhance the efficiency of the electrophilic reaction
of the �s orbital.

Steric effects were observed for the geometrical accessibility
of metastable atoms. Figure 3 shows relative PIES and UPS ac-
tivities of � and n orbitals in substituted anilines with methyl
groups.49 The ratios for UPS are almost constant indicating that
photoionization cross sections are nearly equal for molecular
orbitals composed of similar type atomic orbitals.27 Therefore
UPS does not show substitution effects in the relative intensi-
ties. On the other hand, relative PIES intensities exhibit remark-
able substitution effects. Depending on the number of methyl
substitution on the ring, I(n)/I(�2) increases, whereas this ratio
decreases when the substitution is introduced on the amino
group. Since methyl groups are bulky obstacles for metastable

Table 2. Relative Activity of Molecular Orbitals in Penning Ionization

Tendency Example Reference

�(n) > � N2, CO, CO2, N2O 29, 30, 34, 35
� > �CH > �CC C2H2, C2H4, C6H6 29, 33, 36

C10H8, C14H10 37, 38
n > b NH3, H2O, H2S 29

RX (X = NH2, SH, Cl, Br, I) 39
nX: 5p > 4p > 3p > 2p RX (X = Cl, Br, I, F) 39, 40
nX: V > VI > VII RX (X = NH2, OH, F, SH, Cl) 39, 41
nsp > � RCN, RCOR0 35, 42
Ligand > Metal-d Fe(C5H5)2, Fe(CO)5 43, 44
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atoms to approach the target orbitals, the methyl substitution
causes strong steric effects decreasing the PIES activities of
nearby orbitals.

Subtle changes of electron populations depending on chemi-
cal structures were probed by metastable atoms.50 A systematic
study of PIES activities in (CH3)4M (M = C, Si, Ge, Sn, Pb)
showed that the relative activity of �(MC) orbitals with respect
to �(CH) orbitals decreases with the sizes of the central atom
M. This is because, on going from C to Pb, the interactions be-
tween M and the methyl group become weaker, associated with
the considerable decrease of the IE value for the M atom.

Dynamic effects on exterior electron distributions were ob-
served for hydrogen bonding systems.41 When a hydrogen bond
is formed in a molecule such as XCH2CH2OH, the PIES activ-
ity of the nonbonding orbital related to the lone-pair electrons
contributing to the hydrogen bond decreases. An analysis of
the temperature dependence showed that dissociation of the hy-
drogen bond causes the recovery of the activity of the nonbond-
ing orbital, because the steric shield against the incoming meta-
stable atoms is taken away at high temperatures.

In order to compare observed relative PIES band intensities
with molecular orbital functions, researchers developed the ex-
terior electron density model.29,36 The exterior electron density
(EED) is defined for each molecular orbital � by the following
equation:

(EED) ¼
Z
�

j�j2dr: ð2Þ

The integration should be taken for the exterior region outside
the boundary repulsive molecular surface from which A� can-
not penetrate into the inside of the molecule. When the electron
density integrated for the interior region is denoted as the inte-
rior electron density (IED), then (EED) + (IED) = 1 for each
molecular orbital. The repulsive molecular surface is, therefore,

Fig. 3. The integrated intensity ratio for the n and �2 bands in He
�(23S) PIES and He I UPS of methyl anilines.49 Closed circles are

for PIES and open circles are for UPS. The studied compounds are shown at the top of the figure. The positions of methylation at the
ring are shown beside the circles for mono and dimethylanilines.

Fig. 2. He�(23S) PIES and electron density contour plots of
the symmetric nonbonding orbital (ns) and the antisymmet-
ric nonbonding orbital (na) for 1,4-diazabicyclo[2.2.2]-
octane (DABCO).48 HOMO is ns with IE = 7.60 eV, and
the next HOMO is na with IE = 9.64 eV. Thick solid curves
in the map indicate the repulsive molecular surface.
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the boundary dividing the inactive part of j�j2 (IED) from the
reactive part of j�j2 (EED). Thus EED has a physical meaning
of the relative number of reactive electrons distributed outside
the repulsive molecular surface. The EEDmodel gives (1) a rel-
ative magnitude for the PIES band intensity and (2) the branch-
ing ratio of the ionization reaction, which are considered to be
proportional to the partial ionization cross section for the
molecular orbital to be ionized. Figure 4 shows a calculated
EED spectrum in comparison with the observed He�(23S)
PIES. Enhanced intensities for � bands in PIES of unsaturated
hydrocarbons such as benzene, phenylacetylene, styrene, buta-
diene, cyclohexene, and cyclohexadiene, were well reproduced
by the EED model.36 The EED model has been successfully ap-
plied to many other compounds, naphthalene,52 anthracene,38,52

paracyclophane,53 norbornadiene,48 DABCO,48 carbonyl com-
pounds,35 group 14 (group IV) compounds,54,55 diphenylchalco-
genides,56 t-butylchloride,55 organic sulfur compounds,57 and
cyclohexanol.58 It is of note that the orbital activity in Penning
ionization is governed by a small amount of EED of ca. 0.01–
0.10. In other words, Penning ionization is very sensitive to the
EED.

Associated with detailed comparisons of EED calculations
with observed PIES activities of molecular orbitals, the follow-
ing problems have been studied.
(1) Qualities of wave function tails and the basis-set depend-
ence.
(2) Qualities of repulsive molecular surfaces and anisotropic
interaction potentials.
(3) Three-dimensional accessibilities of atoms to molecular
surfaces in connection with collision trajectories and survival
fractions.

EED values were found to depend crucially on the qualities
of wave function tails obtained by quantum chemical calcula-
tions.59–62 Small basis sets underestimate EED values especial-
ly for nonbonding orbitals. Larger basis sets including diffuse
functions yield larger EED values to give better agreement with
observed PIES band intensities. Thus, the EED has been used to
estimate the qualities of wave function tails theoretically ob-
tained.59–62 Inclusion of diffuse functions was found to be es-
sential, and reasonable qualities of wave function tails can be
checked by comparison with the correct asymptotic decay of
Hartree–Fock orbitals.63–65

Repulsive molecular surfaces in the EED model for Penning
ionization have been estimated as van der Waals (VDW) sur-
faces composed of spheres with respective VDW radii of the
constituent atoms.29,36,59 VDW surfaces so obtained correspond
to widely used space filling models of molecules. The VDW
model for repulsive molecular surfaces needed for EED calcu-
lations is an approximation of the interaction potential.

The EED concept has been applied to studies of selectivity of
organic reactions.66 In order to consider the anisotropy of reac-
tion probabilities, one can divide the EED into subspaces, two
regions divided by a certain plane in a molecule, for example,
anti/syn, endo/exo, and axial/equatorial. This variation of the
EED model is called the exterior frontier orbital electron
(EFOE) density model.66 Some other applications of the EED
model divided into subspaces50,61 were made prior to the EFOE
density model.

Penning ionization spectroscopy studies of solid surface
have been made to provide useful information concerning with
(1) exterior electron distributions of limited parts of molecular
orbitals that are exposed to incoming metastable atoms and (2)
orientation and geometrical arrangement of surface molecules.
These topics have been reviewed by Harada and co-workers.67

2. Development of Collision-Energy/Electron-Energy
Resolved Two-Dimensional Penning Ionization
Electron Spectroscopy and High-Sensitivity

Electron Spectroscopic Techniques

During the studies on stereoelectronic properties of molecu-
lar orbitals by Penning ionization electron spectroscopy and the
EED model described in the previous section, the concept of
molecular surfaces, which divide exterior reactive regions from
the interior inactive regions, was used effectively. However, the
nature of each molecular surface has not been elucidated. Since
Penning ionization processes crucially depend on local charac-
teristics of electron distributions of molecular orbitals, the local
nature of molecular surfaces may be probed by metastable
atoms. In addition to this, one may vary velocities of metastable
atoms to probe the dynamic nature of molecular surfaces,
whether they are hard or soft or even adhesive. In the case of
attractive potentials related to adhesive interactions, ionization
cross sections are expected to decrease with the increase of ve-
locities or collision energies, because the slow He� atoms may
be deflected to interact more effectively than the fast He�
atoms, as can be seen from Fig. 5. In the case of repulsive po-
tentials, ionization cross sections are expected to increase with
the increase of the collision energy, because fast He� atoms
may climb up the repulsive wall to approach within a shorter
distance, causing a larger overlap between relevant orbitals

Fig. 4. Observed He�(23S) PIES (lower) and calculated
EED spectrum (upper) for phenylacetylene and electron
density maps.36 Maps are drawn for some molecular orbi-
tals for a plane 1.7 �A above the molecular plane.
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than slow atoms. Since the penetration of the He� atoms into
the molecular surface becomes more remarkable when the re-
pulsive molecular surface is soft, the increase of the cross sec-
tion against the increase of the collision energy is expected to
be much steeper than that for the hard molecular surface. Thus,
the inclination of ionization as a function of the collision energy
or the velocity of the colliding particles will give us information
on the most important nature of the molecular surface. Based on
this scope, the present study has advanced into the next stage
concerning the development of collision-energy/electron-ener-
gy resolved two-dimensional Penning ionization electron spec-
troscopy.

There are two important variables in Penning ionization ex-
pressed in Eq. 1: one is the kinetic energy of the ejected elec-
tron Ee, and the other is the collision energy Ec between two
particles A� and M. When one measures produced ion intensi-
ties, then one obtains total ionization cross sections. Total Pen-
ning ionization cross sections as functions of Ec have been
measured extensively.68–75 However in many cases several ion-
ic states can be produced. It follows that detection of produced
ions does not give any information on individual ionic states,
which has been a great obstacle in velocity dependent studies
of Penning ionization. Thus it has been a long standing problem
to separate total ionization cross sections into partial cross sec-

tions for individual ionic states. Another kind of experiment is
electron kinetic energy analyses, which provide PIES men-
tioned in the previous section. Band intensities observed in
PIES give branching ratios for various ionic states, which can
be related with partial ionization cross sections. In the measure-
ments of PIES, collision energies of A� have a wide range of
thermal energies, and therefore the collision energy depend-
ence has been disregarded, except for the use of two metastable
beam sources with different velocity distributions.34 In these
two types of experiments, (1) velocity (or collision energy) se-
lection of A� and (2) electron kinetic energy analysis have been
made separately. Either one of these techniques undergoes con-
siderable reduction of signal intensities due to the selection of a
given value of the variables.

Under such circumstances, our efforts have been focused on
the development of collision energy-resolved Penning ioniza-
tion electron spectroscopy.55,76–83 Velocity selection with a
conventional velocity selector passing atoms of a particular ve-
locity reduces the number of A� atoms by a factor of 10�5 (ca.
10�3 for the use of a mechanical chopper together with ca. 10�2

for a cut of the velocity distribution). When we started this pro-
ject in 1985, a typical time for one PIES measurement without
velocity selection was ca. 3 hrs. This indicates that a velocity
resolved PIES measurement requires (105 times 3 hrs) = (34

Fig. 5. Adhesive, soft, or hard characteristics of the molecular surface of the molecule M as probed by a He� atom. A He� atom with
a fast or slow velocity travels along the respective trajectory shown in a solid (fast) or dashed (slow) curve depending on the at-
tractive or repulsive interaction potential. In the collision-energy dependence of ionization cross-sections, adhesive, soft, or hard
characteristics can be seen as a negative slope, a steep positive slope, or a much less steep positive slope, respectively.
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years) and to be continued from 1985 to 2019, unless technical
improvements are made. Thus, this condition forced us to im-
prove various parts of our PIES apparatus. At that time we used
an electron impact source for production of A� atoms. This
kind of metastable source only gave at best the beam intensity
of 1012 atoms s�1 sr�1, even if we used a tandem source with
many filaments for electron impacts. We also attempted to
use various types of discharge sources employed by many
groups, but we could only obtain an intensity of 1012 atoms
s�1 sr�1. After many efforts we read the report of a nozzle dis-
charge source with an intensity of 3� 1014 atoms s�1 sr�1.84 So
we tried this type in 1988. After many improvements and ad-
justments, we obtained a much higher intensity of 1:6� 1015

atoms s�1 sr�1 than previously reported.77 The advantage of
our nozzle discharge source is the collision free part of dis-
charge outside the nozzle, which avoids large amount of de-ex-
citation of A� due to collisions, although considerable reduc-
tion of A� intensities by collisions has been inevitable in other
beam sources. The development of this very strong source for
A� atoms increased our PIES instrument strength by 103 times.
Figure 6 schematically shows the instrumental development of
collision-energy/electron-energy resolved two-dimensional
Penning ionization electron spectroscopy. The nozzle discharge
source (1) is shown at the top of Fig. 6. Next, we tried to in-
crease the efficiency of velocity selection. Since signal and data
handlings by computers and digital circuits were rapidly im-
proving, time-of-flight (TOF) signals with different velocities
of A� can be recorded at once as a series of time-resolved data
in a time-resolution of 10�6 s order. Such TOF experiments
were used earlier coupled with detection of produced ions.70

However, for our purposes the TOF technique for velocity se-
lection of A� should be combined with detection of Penning
electrons. Here, it is important to note that the time resolution
for TOF analyses of A� (10�6 s) is much shorter than the typi-
cal time scale for electron kinetic energy analyses (10�4 s).
Thus, we decided to use the TOF technique for velocity selec-
tion of A� in combination of electron spectroscopy. For the
TOF measurements we used a mechanical chopper rotating at
24000 rpm with a high-speed hysteresis synchronous motor
(TRW Globe Motors, 18A1003-2). As shown in (2) in Fig. 6,
this approach to velocity selection by TOF in combination with
electronics and computers gave a signal increase of 2� 103

times. We thus gained a total of 2� 106 times improvement.
This enabled us to make collision-energy resolved and ionic
state resolved measurements of Penning ionization cross sec-
tions of molecules for the first time.76,77 Thus, we arrived at
the target stage of collision energy resolved measurements of
PIES much earlier than 2019. However, it still took a long time,
typically a few days, to perform these experiments, because
two-parameter measurements for collision energies Ec and
electron energies Ee should be made while repeating TOF
measurements with point-by-point changes of Ee in the electron
spectrometer by hand. The next project then aimed at develop-
ing full-automated collision-energy/electron-energy resolved
two-dimensional Penning ionization spectroscopy (2D-PIES).
An obstacle of this project was use of large amounts of comput-
er memories for the 2D data. In 1988 when we first measured
collision-energy dependence of partial Penning ionization cross
sections (CEDPICS), a multi-channel scaler larger than 1 MB

was not available. In 1992 we noticed that 2 MB memories
can be used, and we collaborated with Laboratory Equipment
Corporation to construct a new 2 MB-multichannel scaler
LN6600 at a time resolution of 1 ms. Electron energies were
scanned by a step of 10 meV at a typical dwell-time of 30
ms, and the electron-energy scan was repeated for a typical re-
cording time of a few hours. Two-dimensional signals were
stored in a 2 MB random-access memory consecutively. With
this new apparatus, we could observe 2D-PIES for the first
time.79 This 2D-PIES technique not only provides CEDPICS
but also collision-energy-resolved Penning ionization electron
spectra (CERPIES) from one set of data. Then we noted that
the single slit chopper is inefficient, because many A� atoms
cannot be used for measurements. We applied the cross-corre-
lation technique to TOFmeasurements with using a pseudo ran-
dom chopper and Hadamard transformation.85,86 We used a
photo-etched pseudo random pattern of 127 elements on a
104-mm diameter and 0.2 mm thick brass disk. This modifica-
tion gained a further signal increase of ca. 50 times ((3) in
Fig. 6).80 It is of note that this cross-correlation technique

Fig. 6. Development of various parts of the collision-energy
resolved Penning ionization electron spectroscopy appara-
tus. In the left sides, standard methods before the improve-
ments are illustrated. In the middle, improved methods are
schematically shown at the right of thick white arrows. In-
creased efficiencies of signal detection are listed on the
right hand sides of the individual improvements.
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was also supported by the rapidly improved qualities of data
processing devices. The 2D-PIES technique has been applied
to many systems, and observed CEDPICS and CERPIES have
been discussed in connection with anisotropic interaction po-
tentials and stereo reaction dynamics in the collisional ioniza-
tion processes.52,53,57,58,80,81,87–120 Some examples of 2D-PIES
studies will be given in the subsequent sections.

Applications of Penning ionization electron spectroscopy to
van der Waals clusters are expected to be interesting, because
many aspects of their stereoelectronic properties have been
eluded observation. However, number densities of a particular
cluster species in typical experimental conditions are usually
very low in comparison with the monomer component or a usu-
al sample such as nitrogen gas, by a factor of 10�2–10�3 or
much less. In addition, by contrast with photoelectron spectros-
copy, back ground gases outside the ionization center should be
decreased to be low enough. Otherwise, the metastable beam
may easily be quenched before reaching the ionization center.
Thus, in order for one to apply PIES techniques to van der
Waals clusters, (1) the number density of the sample cluster
should be increased as much as possible with keeping the back-
ground pressure low enough to avoid the quenching loss of A�
atoms by background gases, and (2) the sensitivity of the elec-
tron spectrometer should be increased considerably. For this
purpose, we constructed a highly sensitive Penning ionization
electron spectrometer combined with a supersonic crossed
beam source for samples. In the usual method for electron spec-
troscopy with a continuous excitation source, a hemispherical
electrostatic deflection type electron analyzer has been widely
used. This type of electron energy analyzer gives very low elec-
tron collection efficiency, ca. 10�3 or much less. Thus, we in-
troduced a 4� electron collection technique using an inhomo-
geneous magnetic field known as the magnetic bottle ef-

fect121–124 in combination with a retarding electric field. The
electron energy analyzer consists of a strong-field permanent
magnet near the collision center, a guiding solenoid around
the electron flight tube, and a series of retarding electrodes.
Typical magnetic fields at the collision center and in the flight
tube are ca. 800 and 6 G, respectively. Almost all electrons
emitted around the collision center were collected by the mag-
netic bottle effect to be led to the retarding electrodes placed in
the flight tube and detected by a dual microchannel plate (MCP)
at the end of the tube. The electron energy spectra were ob-
tained by differentiating the integrated electron signals record-
ed as a function of the retarding potential. Figure 7 shows a
schematic diagram of our collision-energy-resolved crossed-
beam PIES apparatus using the magnetic bottle electron analyz-
er with retarding electrodes. This magnetic bottle electron ana-
lyzer increased the signal collection efficiency of our PIES ap-
paratus by a factor of 103 ((4a) in Fig. 6).82,83,125 Owing to this
considerable increase of the signal sensitivity of our apparatus,
Penning ionization electron spectra of van der Waals clusters
could be measured for the first time.82,83,125 Unusually fast elec-
trons with extra kinetic energies of 1–2 eV as compared to those
expected for vertical ionization have been detected for Ar and
Kr van der Waals clusters in collisions with He�(23S) atoms.
These fast electrons were ascribed to autoionization into stable
ionic structures via superexcited states embedded in the ioniza-
tion continua, and unusual electrons can be considered to be re-
lated to an adiabatically ionized state to which a direct ioniza-
tion process is almost forbidden because of a very small
Franck–Condon factor. The crossed molecular beam apparatus
equipped with the magnetic bottle electron analyzing system
has been applied to van der Waals clusters and some organic
molecules. Penning ionization electron spectra of CO2 clusters
have been observed for the first time.126

Fig. 7. Schematic diagram of the crossed-beam cross-correlation time-of-flight two-dimensional Penning ionization electron spec-
trometer equipped with a magnetic bottle retarding-type electron analyzer.
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There still remain some inefficient parts in the experimental
system. In our measurements electron kinetic energies were
scanned gradually. If we can use a multiplex technique such
as Fourier transformation spectroscopy, the signal sensitivity
of PIES measurements will then be further increased by a factor
of 102–103. We noted that the cross correlation method that has
been used for modulation of metastable atom beams can also be
applied to electron kinetic energy analyses. The important point
is the time scale. In the case of atomic beams, their velocities
are in the range of ca. 102–104 ms�1, which requires a time re-
solution of ca. 10�6 s. On the other hand, electron velocities are
very fast and ca. 6� 105 ms�1 even for electrons of 1 eV. Thus
a time resolution of ca. 10�9 s is needed for cross correlation
experiments for electron beams. In view of recent development
of the information technology in the GHz regions and even up
to THz regions, we decided to attempt the construction of a
multiplex electron energy analyzer. Although in the time reso-
lution of 10�6 s we can use a mechanical chopper, it cannot be
applied to electron beams in the time resolution of 10�9 s and in
the corresponding frequency region of GHz. Thus, we used
electric gates for chopping the electron beams. Preliminary
but promising results were obtained.127 Although our arbitrary
pattern synthesizer is not fast enough, the forthcoming im-
provement of electronic devices will remove the difficulties
to yield an excellent electron energy analyzer of a gate elec-
trode type that only loses one half of electrons to be analyzed
without scanning processes, which is ca. 106 times more effi-
cient than the conventional hemispherical type electron energy
analyzer ((4b) in Fig. 6). Since this electric gate electron energy
analyzer can also be applied to various types of electron spec-
troscopic techniques using continuous excitation source, the
following merits will be expected: (1) a drastic reduction of
sample amounts, for example from 1 g to 1 mg, or (2) a dramatic
reduction of measuring time by 10�6, for example from 12
days to 1 s.

3. Trajectory Calculations for Penning Ionization
and Interaction Potentials

In order to analyze experimental data on Penning
ionization, classical trajectory calculations have been per-
formed.79,99,104,113,128–135 We will here briefly describe impor-
tant aspects of the trajectory calculations.

The most important theoretical quantities of Penning ioniza-
tion to be considered are the following three functions of the
distance R between M and A� (or Mþ and A);26

(1) the interaction potential for the entrance channel (M +
A�), V�ðRÞ,

(2) the interaction potential for the exit channel (Mþ + A),
VþðRÞ,

and
(3) the electronic transition rateWðRÞ or the ionization width

�ðRÞ ¼ h�WðRÞ.
All aspects of Penning ionization can be calculated by using

these functions. The most important experimental quantities are
the collision energy Ec and the ejected electron energy Ee. It
should be noted that Ee is directly related with the difference
of potential functions.

EeðRÞ ¼ V�ðRÞ � VþðRÞ: ð3Þ

For a particular trajectory of A� approaching to M with a
collision energy of Ec and an impact parameter b, the transition
probability can be calculated in the interval between R and Rþ
dR as PbðRÞdR which is a sum of the incoming contribution of
Pb

inðRÞdR and the outgoing contribution of Pb
outðRÞdR;

PbðRÞdR ¼ Pb
inðRÞdRþ Pb

outðRÞdR: ð4Þ

For the incoming contribution, the probability is a direct prod-
uct of the following three factors; the survival provability of A�
in the excited state, Sb

inðRÞ, the transition rate, WðRÞ, and time
spent at dR, dR=vbðRÞ, where vbðRÞ is the relative velocity at R.

Pb
inðRÞdR ¼ Sb

inðRÞ�WðRÞ�dR=vbðRÞ: ð5Þ

The survival probability is related to Pb
inðRÞ as

Sb
inðRÞ ¼ 1�

Z 1

R

Pb
inðrÞdr: ð6Þ

For the outgoing contribution, the probability is given
similarly:

Pb
outðRÞdR ¼ Sb

outðRÞ�WðRÞ�dR=vbðRÞ; ð7Þ

Sb
outðRÞ ¼ 1�

Z 1

R0

Pb
inðrÞdr �

Z R0

R

Pb
outðrÞdr; ð8Þ

where R0 is the shortest distance at the turning point of the tra-
jectory. Results for various values of b with a given Ec should
be integrated, and then the probability function PðRÞ for a par-
ticular Ec can be obtained.

PðRÞ ¼ 2�
Z 1

0

PbðRÞbdb: ð9Þ

The distance dependence of the transition probability PðRÞdR
can be related to the probability of electron ejection with an
energy between Ee and Ee þ dEe,

PðEeÞdEe ¼ PðRÞdR: ð10Þ

Here, dEe=dR is related with potential functions by Eq. 3. A set
of these calculations for various Ec values yields PðEe;EcÞ,
which provides a theoretically synthesized 2D-PIES. Once a
theoretical 2D-PIES is calculated, CERPIES can be obtained
by fixing Ec at a given collision energy or by partially integrat-
ing PðEe;EcÞ in a certain range of Ec, and also CEDPICS can be
obtained by partial integration of PðEe;EcÞ for a particular ionic
state with a certain range of Ee values.

Although the outline of the above procedures is simple for
atomic targets, there have been many obstacles to perform such
calculations for molecular targets. First of all, molecular sys-
tems are in general highly anisotropic different from atomic
systems. Thus, geometrical situations cannot be described by
a single coordinate of the distance R and an initial condition
of the impact parameter b. The molecular orientation as well
as the direction should be considered throughout the collision
processes. These features make it very difficult to construct po-
tential energy functions both for entrance and exit channels. To
make the matter worse, molecular targets have in general many
ionic states for the exit channels. It is well known that the full
construction of potential energy surfaces becomes almost im-
possible when the system contains more than three atoms. It
should also be noted that calculations of excited-state potential
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energy surfaces are in general much more difficult than calcu-
lations of the ground-state potentials. Starting with an atomic
target of Ar79 and a simple molecular target of N2,

128 we have
developed a model potential approach based on quantum chem-
ical calculations. In this connection, we have also developed
various mathematical treatments utilizing interpolation tech-
niques, non-linear optimization methods, and numerical calcu-
lation methods, as described below.

Entrance potentials V� involving electronic excited states
embedded in ionization continua are very difficult to determine.
Huge numbers of electronic configurations should be consid-
ered, because molecular ionization energies are much lower
than the excitation energy of the A� atom. It has been establish-
ed that interaction potentials between A� and various targets
can be approximated by replacing A� by the respective alkali
atom with the same electron configuration in the valence
shell.136–138 This model seems to be natural, because interaction
potentials are mainly related with the outermost electrons.
Thus, a Li 22S atom can be used in place of a He� 23S atom,
and then a model potential V0 is obtained for the entrance po-
tential V�. Because of the approximate nature of Li–M poten-
tials V0, the subsequent techniques using semiempirical param-
eters have been introduced to optimize V� based on V0. In order
to obtain a suitable V0 by ab initio methods, it is important to
use basis sets with diffuse functions and also to include electron
correlation effects. In our earlier studies, we used the second or-
der M�ller–Plesset perturbation theory with 6-311+G� basis
set for N2.

128 Recently, we performed CCSD(T) calculations
with 6-311++G�� basis sets for C2H2.

134

(Simple Scaling Method)
In order to modify the bare Li model potential, the following

simple scaling (SS) model was introduced:

V�SS ¼ cV0: ð11Þ

Here, c is a scale factor that is determined so as to reproduce
observed PIES data. This simple scaling method has only one
adjustable parameter, and thus the optimization process is
straightforward. This method was applied to some linear mole-
cules, such as N2

128,130 and CO.104 Although the results were
found to be satisfactory, some inaccuracy remained for CO.
Since potentials for CO–He� are more anisotropic, the simple
scaling procedure cannot correct the difference between the
oxygen side and the carbon side. Moreover, this method cannot
be applied to molecular systems with deep potential wells, be-
cause adjustments for positive parts and those for negative parts
are contradicting.
(Exponential Correction Method)

In order to overcome some drawbacks in the simple scaling
method we introduced the following exponential correction
(EC) method:

V�EC ¼ V0 ��iAiPiðcos �Þ expð�R=BÞ: ð12Þ

Here, R is the distance between the He�(Li) atom and the center
of mass (CM) of the molecule, � denotes the angle of the posi-
tion vector R directing to the He�(Li) atom from the CM with
respect to the molecular axis, Piðcos �Þ is the i-th order term of
Legendre polynomials, and Ai and B are parameters to be opti-
mized. This method was found to be satisfactory for N2 and
CO,131 though the convergence in the optimization processes

becomes very slow when the higher order terms (i > 4) in the
Legendre expansion are taken into account.
(Overlap Correction Method)

In order to make meaningful corrections to the bare Li poten-
tial V0, the following overlap correction (OC) model was pro-
posed:134

V�OC ¼ V0 ��iCijh�ij�ij
2; ð13Þ

� ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
�3p�1

p
exp½��r�: ð14Þ

Here, � is a Slater-type atomic orbital function at the position
of the He�(Li) atom, �i is the i-th molecular orbital, and Ci and
� are parameters to be optimized. This model is based on the
consideration that the difference between Li and He� atoms
will be compensated by interactions of an s-type atomic orbital
with the target molecular orbitals, which may be approximated
by their overlap integrals. This OCmethod has been found to be
more efficient in the optimization procedures than the EC meth-
od using the Legendre expansion, because the highly anisotrop-
ic nature and most important interactions with the frontier orbi-
tals are effectively taken into account.133–135 In a recent study to
determine the potential well for benzene–He�(23S), the OC
method gave accurate results of �10 meV and �0:06 �A.135

Energies of the exit potentials Vþ
ðiÞ for the i-th ionic state of

the target molecule M interacting with a ground state He atom
can be calculated by several ways. The absolute value of an or-
bital energy can be treated as the respective ionization energy
IE based on the Koopmans’ theorem.7 This method is referred
to as HF. The second method is to obtain IE values by the outer
valence Green’s function method (OVGF) in which many body
effects are included.139,140 In these HF and OVGF methods, the
potential energy function for the i-th ionic state Vþ

ðiÞ can be ex-
pressed as the summation of the neutral potential for the ground
state VG and the respective ionization energy IEðiÞ, Vþ

ðiÞ ¼
VG þ IEðiÞ. The third method is multi-reference single and dou-
ble excitation configuration interactions (MRSDCI). These
methods were compared for the ionic states of He + N2

130

and He + CO.104 Electron correlation effects on Vþ were found
to be of unexpectedly minor importance. Even the HF method
gave good potential surfaces, though the absolute magnitude
should be adjusted to the observed values. This is probably
due to electrostatic interactions between a molecular ion and
a neutral He atom being dominant. The OVGF method was
found to be comparable with the MRSDCI method, for the ion-
ic-state potential surfaces of He + N2 and He + CO. Thus the
ionic state potential between a rare gas atom and a molecule can
be constructed in an economic way by using the ionization en-
ergies in combination with neutral potentials between the atom
and the molecule in their ground states. Analogous treatments
were also recently reported for ionic clusters of He–COþ,
Ne–COþ, and Ar–COþ.141

The imaginary part of the entrance potential,�i�=2, is relat-
ed to the ionization width �ðiÞ for the i-th ionic state, which is
given by

�ðiÞ ¼ 2p�ðiÞjh�0jHelj�ðiÞij2: ð15Þ

Here, �ðiÞ is the density of final states,Hel is the electronic Ham-
iltonian, and �0 and �ðiÞ are electronic wave functions for the
initial and the i-th final states, respectively. The dependence of
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�ðiÞ on the distance R was assumed as A expð�BRÞ in many ear-
lier studies.26,142–145 However, for molecular target systems
both A and B are highly anisotropic, in addition to having extra
R-dependence. Recent calculations for Ar with He�(21;3S)
showed that ionization widths deviate from the single exponen-
tial form.146 Since the R dependences of directly calculated �ðiÞ

for N2
147 were very similar to those of the overlap integrals, we

arrived at the following treatments. Slater determinant wave
functions composed of one-electron orbitals for both initial
and final states lead to the next formula for the integral in Eq. 15:

h�0jHelj�ðiÞi � h 2sð1Þ�ið2Þjr12
�1j 1sð1Þ�"ð2Þi

� h 2sð1Þ�ið2Þjr12
�1j 1sð2Þ�"ð1Þi; ð16Þ

where 2s and�i are the 2s orbital of He
� and the i-th orbitals of

the target molecule in the initial states, respectively, and 1s and
�" are the He 1s orbital and the outgoing ejected electron orbital
in the final state, respectively. For He�(23S), the first term van-
ishes due to the spin inversion. The remaining second term in
Eq. 16 can then be approximated as a product of two overlap in-
tegrals

Ch�ij 1sih 2sj�"i; ð17Þ

C is a constant factor obtained by replacing r12 with a suitable
average value.148 This overlap approximation is based on the
Mulliken approximation149 for the two electron integral hstjuvi.

hstjuvi ¼ ð1=4Þhsjuihtjvifhssjtti þ hssjvvi

þ huujtti þ huujvvig: ð18Þ

Such an approximation has been extensively used in semiempir-
ical molecular orbital theories as well as in semiempirical treat-
ments for electron transfer rates in various electron transport
phenomena including charge transfer150 and exciton diffu-
sion.151 Because the He 2s orbital and the outgoing electron or-
bital are very diffuse, anisotropy of the ionization width is gov-
erned by the compact He 1s orbital and the ionized molecular
orbital. Thus, the following formula can be used for the ioniza-
tion width:

�ðiÞ ¼ KðiÞjh�ij 1sij
2: ð19Þ

KðiÞ can be determined in order to reproduce observed branch-
ing ratios and total ionization cross section. It should be noted
that, if we perform direct calculations of two electron integrals
without using the Mulliken approximation, computational de-
mands for trajectory calculations will easily exceed the availa-
ble range of the computing system both for storage space and
computation time. It is also of note that, if the overlap integral
in Eq. 19 is replaced by a single exponential function, we then
obtain � ¼ A expð�BRÞ, which is the widely used simple for-
mula.26,142–145 The overlap approximation in Eq. 19 takes into
account anisotropic parts of target wave functions as well as
their radial dependence.

In order to obtain potential energy surfaces based on quan-
tum chemical calculations, we should consider computation
time and amounts of data. We need V�ðRÞ, VþðRÞ, and �ðRÞ
at an arbitrary geometry of the reaction system. If calculations
obtaining these functions are very simple, we might perform
them at any position of each trajectory. However, costs of quan-
tum chemical calculations for the above functions are very high

in comparison with classical treatments of trajectories. More-
over, we need to perform about 104 trajectory calculations for
statistical treatments. Thus, we need to reduce computational
demands on quantum chemical calculations for V�ðRÞ, VþðRÞ,
and �ðRÞ. This is one of the important reasons why we intro-
duced overlap approximation for �ðRÞ instead of direct calcula-
tions of two electron integrals and also why we used model po-
tentials for V�ðRÞ. Discovery of the unexpectedly good quali-
ties of the OVGF and HF calculations for VþðRÞmakes it easier
to use them rather than to use the much more demanding calcu-
lations of MRSDCI.

For a drastic reduction of quantum chemical calculations, in-
terpolation techniques need to be used; the energy for an arbi-
trary point on a potential energy surface (PES) can be created
by interpolation of stored data for limited numbers of points
on the PES. For this purpose we have developed the following
method. Potential data are interpolated with cubic spline func-
tions to obtain the potential energy at arbitrary orientation of
the He atom and a molecule. In order to obtain the maximum
efficiency to reduce essential data points as well as to minimize
inaccuracies associated with interpolations, one should employ
the following procedures: (1) At first, spline treatments are tak-
en along radial directions from the center of mass of the mole-
cule, since the asymptotic properties at the shorter and the long-
er distances are expected to be very simple. At very shorter dis-
tances, the exchange repulsion is very large, and hence the ra-
dial dependence is expected to be simply decreasing like an
exponential function. At the very longer distances, the interac-
tion energies should simply vanish. (2) In the second step,
spline treatments are made for circular directions along with
circles of suitable radii for which potential values at crossing
points with radial axes could easily be obtained from the
splined data determined in the first step. (3) Potential values
at arbitrary points are obtained from the splined data in the first
two steps at every instance of trajectory calculations; a radial
spline along a direction including the sampled point is per-
formed by using already determined circular spline curves for
various radii to yield the potential value of the sampled point
very efficiently. It should be noted here that if one uses rectan-
gular lattice points, hundred times of additional points would be
required to obtain smooth and precise results of the interpola-
tion. Our polar coordinate cubic spline technique has been
found to be very efficient and satisfactory.

In order to increase the efficiency of our trajectory calcula-
tions, we used the following techniques. In order to determine
classical trajectories, differential equations are solved numeri-
cally by the fourth-order Runge–Kutta method with adapted
step size control.152 Although in a real trajectory the ionization
event occurs at most once at a certain position on that trajecto-
ry, one may treat a bundle of the same trajectories in a statistical
way for computational efficiency. The integrated partial ioniza-
tion probability can also be treated as a function of time (or po-
sitions): it can be determined by integration of partial ionization
probability values before time t (or before arriving at the posi-
tion). Then, the survival factor can be obtained from the sum-
mation of the partial ionization probability values over the pos-
sible ionic states. The transition rate to the i-th ionic state for
this particular bundle of the same trajectories can then be eval-
uated with the ionization widths �ðiÞ at each geometrical config-
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urations of He� and a molecule. In the optimization procedures
of our model potentials, we employed an efficient nonlinear
least squares method. Although this method is basically a modi-
fied Marquart method,152 gradients are efficiently renewed from
the current data in our calculations. It should be stressed here
that various technical developments and improvements have
been necessary to make it possible to perform highly demand-
ing computations in efficient ways.

4. Comparison of Observed 2D-PIES
and Trajectory Calculations

Comparison of observed 2D-PIES and trajectory calcula-
tions allowed us to determine entrance potentials V� of M +
He�(23S) for various systems. Optimization of model poten-
tials were made by adjusting parameters in the models to
minimize discrepancies between observed and calculated
CEDPICS and branching ratios (relative band intensities in
CERPIES).132–135

Figure 8 shows (a) observed and (b) calculated two-dimen-
sional Penning ionization electron spectra for N2 + He�(23S).
Heights of electron signals or cross sections are shown in a rel-
ative unit. The right-hand panel of each figure shows CERPIES
drawn with a solid line for Ec � 100meV and with a dotted line
for Ec � 300 meV. Figure 9 shows log�ðiÞ vs logEc plots of
CEDPICS for N2 + He�(23S), CO + He�(23S), and C2H2 +
He�(23S). Observed cross sections are plotted with circles,
and they are compared with those for calculations shown with
solid lines. Contour maps of the electron densities for molecu-
lar orbitals corresponding to the respective ionic states are also

shown in Fig. 9, in which the thick solid line in the maps shows
the contour curve of 800 meV of the entrance potential as a ref-
erence of the repulsive boundary. In the maps of the molecular
orbitals and the repulsive boundary, the thick arrow indicates
important directions of the interactions between the molecule
and the He� atom. The most reactive directions are in the per-
pendicular directions for � states and the collinear directions
for � states, reflecting the respective orbital electron distribu-
tions. It is of note that, for the � state (A) of N2 + He�(23S),
the most reactive directions change from ca. 50	 to 90	 from the
collinear direction on going from 100 to 400 meV. This unusual
behavior is related to the dramatic change of the outer shape of
the boundary surface for N2 with He�(23S) from the oblate
form to the prolate form with increasing energies, which will
be shown in the next section. Intensities of A state for both
N2 + He� and CO + He� increase more rapidly with the in-
crease of Ec than those of X or B state. This difference reflects
the softness of the repulsive potentials towards perpendicular
directions of molecular axis in the collision energy range of
the present study. CEDPICS for X and B states (� states) are
nearly the same for N2 + He�, because the electron distribu-
tions of respective � orbitals (3�g and 2�u) are very similar
in the collinear directions (� ¼ 0	). In the case of CO + He�,
CEDPICS for X and B states (� states) are on the other hand
considerably different, because of the difference of the electron
distribution of the corresponding � orbitals (5� and 4�; the ex-
terior electron distribution is dominant at the C-atom side
(� ¼ 0	) for 5� orbital and at the O-atom side (� ¼ 180	) for
4� orbital. Since the repulsive wall for � ¼ 0	 is much more

Fig. 8. (a) Observed and (b) calculated two-dimensional Penning ionization electron spectra (2D-PIES) for N2 + He�(23S). The
right hand panel shows CERPIES for collision energies of 100 and 300 meV.
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hardened than that for � ¼ 180	 in the energy range between
180 and 40 meV, the slope of the CEDPICS for X state of
COþ is more flattened.

Figures 10 and 11 show log�ðiÞ vs logEc plots of CEDPICS
for CH3CN + He�(23S) and C6H6 + He�(23S), respectively.
Obtained potential energy surfaces are also shown in these fig-
ures. Positive contours corresponding to repulsive surfaces
show the softness; (1) the surface is hard where the interval
is close, and (2) the surface is soft where the interval is wide.
Hydrogen regions are rather hard in comparison with the C
atoms or the CC bond area. In the negative regions, a deep
and wide potential well causes strong attractive or adhesive ef-
fects. The nitrogen lone-pair region around CH3CN is very
strongly adhesive with a He� atom. The � electron regions
of benzene are rather weak but widely adhesive with a He�
atom. This is interesting, because strong affinities of alkali met-
al atoms with � electron systems are well known.

5. Exterior Characteristics of Molecular Surfaces
Probed by He�(23S) Atoms

On the basis of 2D-PIES and trajectory calculations, exterior
characteristics of molecular surfaces probed by He�(23S)

atoms have been elucidated. The qualitative nature of molecu-
lar surfaces with He�(23S) atoms can be classified into repul-
sive (r) or attractive (a) from the positive or negative slope ob-
served in CEDPICS, as shown in Fig. 5. Slope values m for
log�ðiÞ vs logEc plots of CEDPICS have been measured for
various systems. Table 3 lists the (r) or (a) characteristics of lo-
cal regions on molecular surfaces probed by He�(23S) atoms
and typical slope values m for collision energy ranges of
100–200 meV in parentheses. Types of molecular orbitals
and the most relevant atoms are listed with the surface charac-
ters and references.

Figure 12 shows the principal orbital interactions between a
He� atom and a target molecule M. The major factor of bond-
ing interactions that may lead to production of an attractive po-
tential well causing adhesive forces is related to the interaction
of the 2s electron in He� with occupied electrons in the mole-
cule M, which is specified as 1 in Fig. 12. However, the orbital
interaction denoted as 1� in Fig. 12 deteriorates the bonding
characters by the unpaired electron. On the other hand, contri-
butions of the 2p orbital of He� (2) as well as an unoccupied

Fig. 9. The log�ðiÞ vs logEc plots of CEDPICS for (a) N2 +
He�(23S), (b) CO + He�(23S), and (c) C2H2 + He�(23S).
Observed cross sections are plotted with circles, and calcu-
lated curves are drawn with solid lines. Contour maps of
the electron densities for molecular orbitals corresponding
to the respective ionic states are also shown.

Fig. 10. (a) The contour map of the potential energy surface
V� and (b) the log�ðiÞ vs logEc plots of CEDPICS for
CH3CN + He�(23S). A cutting plane is taken for the mo-
lecular three-fold axis. The spacing of the contour curves is
100 meV for positive parts and 50 meV for negative parts.
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orbital of M (3) may considerably reduce the antibonding na-
ture of the unpaired electron. It should be noted that the aniso-
tropic nature of the interaction potentials is due to the electron
distribution of target molecular orbitals via orbital interactions
1 and 3. Figure 13 demonstrates the importance of the orbital
interaction 1; the magnitude of the slope m in CEDPICS for
HOMO shows a correlation with the height of the HOMO en-
ergy levels.93 A similar tendency has also been confirmed for
a comparison of paracyclophane with benzene; the former
has the higher occupied � levels and the larger negative slope
in CEDPICS than the latter.53 Attractive potential wells are lo-
cated around lone-pair electrons and CX (X = C, N, O, S) dou-
ble bonds with � electrons, which is consistent with (1) high
electron densities in the exterior regions and (2) high MO ener-
gy levels or low ionization energies.

In connection with the above tendencies, repulsive charac-
teristics of molecular surfaces have been found for N2, CO,
H2, which have rather high ionization energies of 14–16 eV,
which result in low occupied orbitals leading to very weak in-

teractions for 1. Around H atoms in hydrocarbon molecules, re-
pulsive potentials are dominant, because �CH orbitals have lo-
calized electron distribution in the interior bonding regions and
rather high ionization energies (ca. 13–16 eV). Combinations
of orbital interactions 1 and 3 are most effective for � orbitals
in collinear geometries, whereas for � orbitals the interaction 3
cannot occur because the unoccupied orbital has a nodal plane
in the perpendicular directions where � electrons are distribut-
ed.

The sp hybridization in the interaction 2 can also contribute
more effectively for �XY type orbitals, when the outside atom Y
is more electronegative than the inside atom X. As can be seen
from Fig. 12, the sp hybridization on He� atom causes an elec-
tric polarization with the negative side in the outward direction,
which has a strong attractive interaction with the bond-dipole of
X�þY��. Such types of very strong attractive interactions were
found for �CO orbitals of carbonyl compounds and �CN orbitals
of nitrile compounds. The �NC orbital in CH3NC shows much
less attractive interactions than the �CN orbital in CH3CN be-

Fig. 11. (a) The contour map of the potential energy surface V� and (b) the log�ðiÞ vs logEc plots of CEDPICS for C6H6 +
He�(23S). Cutting planes are taken for the molecular plane and a plane including the six-fold axis. The spacing of the contour curves
is 100 meV for positive parts and 20 meV for negative parts.
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cause of the reversed electro-negativities.90 It should also be
noted that the C=S group87,117 gives much less attractive inter-
actions than the C=O group. Figure 14 demonstrates that at-
tractive interactions around an S atom occur in different direc-
tions in comparison with those around an O atom;133 the collin-
ear side around the O atom is very attractive, whereas the col-
linear side is rather repulsive around the S atom. Relative orders
of IE for C, S, and O atoms are IE(O) > IE(C) > IE(S). Thus,
the above mechanism leading to the bond polarization is not ef-
fective for the C=S group in a collinear geometry. On the other
hand, high HOMO levels of degenerate nonbonding 3p orbitals
directed vertical to the C=S axis yield strong attractive interac-
tions in perpendicular directions. Similar anisotropic interac-

tions were also found for a comparison of F and other halogen
atoms;106–108 an attractive potential well is located along the CF
axis in C2H5F, whereas in C2H5Cl the attractive well is sur-

Fig. 12. Orbital interactions between a molecule M and a
He�(23S) atom. The axis for the 2p orbital is taken to be
directed to M.

Table 3. Repulsive (r) or Attractive (a) Characteristics of Local Regions on Molecular Surfaces
Probed by He�(23S) Atoms

Type Atom Character (m) Reference

�NN N r (soft) 77, 81, 128, 130, 132
�NN N r (hard) 77, 81, 128, 130, 132
�CO C, O r (soft) 104, 132
�OC C r (hard) 104, 132
�CO O r (medium) 104, 132
�CH H r (0.1–0.4) 78, 87, 88, 89, 90, 80, 95
�CO O a (�0:2 to �0:5) 87, 89, 100, 101, 105
�CN N a (�0:2 to �0:5) 87, 90, 94, 80, 111, 119, 120
�NC C a (�0:087) 90
�CS S r, a (0.014 to �0:24) 87, 117
�NO O a (�0:78) 98
�CF F a (�0:1 to �0:5) 107, 108
nF F a (�0:2 to �0:3) 106, 107
nCl Cl a (�0:1 to �0:3) 88, 97, 106, 108, 109, 114, 118
nBr Br a (�0:3 to �0:4) 106, 115, 118, 120
nI I a (�0:3 to �0:4) 97, 106, 119
nO O a (�0:1 to �0:3) 89, 91, 92, 57, 95
nS S a (�0:2 to �0:6) 92, 57, 101, 103, 117, 133
nN N a (�0:2 to �0:6) 92, 94, 98, 100, 102
�CC C a (�0:1 to �0:6) 78, 89, 93, 80, 97, 53
�CN N a (�0:2 to �0:5) 90, 92, 94, 80, 111
�CO O a (�0:2 to �0:4) 87, 89, 92
�CS S a (�0:1 to �0:3) 87, 92

Typical slope values m are listed in parentheses.

Fig. 13. Slope values m in CEDPICS against orbital ener-
gies of HOMOs for ethylene, vinyl chloride, propene,
and methyl vinyl ether.93
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rounding the CCl bond.108 The bond polarization effects, which
are very important for the first row atoms of N, O, and F, were
found to be negligibly small for the lower row atoms such as S,
Cl, Br, and I.

6. Outer Shape of Molecules as Probed by Atoms

Based on experimentally determined interaction potentials
V� of M + He�(23S) for various target molecule M, the outer
shape of molecules probed by He�(23S) atoms can be shown as
contour curves for certain constant potential energies. Some in-
teresting examples are shown in Fig. 15.

Figure 15(a) shows the outer shape of N2 probed by
He�(23S) atoms. Contour lines are drawn from 100 to 800
meV with a constant spacing of 100 meV. Contour curves for
energies larger than 800 meV are not shown, because they al-
most overlap with the curve at 800 meV. Interesting features
of this example can be summarized as follows.

The shape depends on the energies, since the outer boundary
is not rigid as the simple VDW model. At the higher energy
limit, the outer shape can be represented by the curve at 800
meV, which seems to be consistent with our common notion
that the length along the NN axis is much larger than the diam-
eter for the vertical direction. However for the lower energies,
the shape gives a dramatic change into an unbelievable form
that the NN axis is shorter than the diameter. The intervals be-
tween the contour curves change with the energies. This means
that the softness of the repulsive molecular surface changes dra-
matically. Narrow intervals mean steep repulsive walls, giving
hard repulsion. Wide intervals, on the other hand, indicate
small inclinations of the repulsive slope, leading to soft repul-
sion.

Figure 15(b) shows the outer shape of C2H2 probed by
He�(23S) atoms. Contour lines are drawn from 100 to 800
meV with a constant spacing of 100 meV for positive parts:
for negative parts, contours are shown with a spacing of 20
meV. This example also demonstrates that the shape and the
softness of the molecular surface depend dramatically on the
energies. Of course, at the higher energy limit, the shape looks
very similar to our common image of the molecular shape for
C2H2, which has larger diameters at C atoms than at H atoms,
in good agreement with the VDWmodel. However for the low-
er energies, sizes of the atoms in the molecule become re-
versed; H atoms show much larger boundaries than C atoms
in contradiction with our common knowledge about the C2H2

molecule.
Unusual characteristics in the molecular shapes at lower en-

ergies have been understood from anisotropic interactions pull-
ing down the potentials.77,153,154 As has been discussed in con-
nection with orbital interactions in Fig. 12, special directions
undergoing the pulling down effects of the repulsive walls
are (1) for N2 in the collinear directions along the molecular ax-
is around lone pair regions and (2), on the other hand, for C2H2

in the vertical directions around � electron regions.
Although experimental studies on molecular surfaces are not

so easy, theoretical calculations may be applied to this problem
much more systematically. We have obtained ab initio isopo-
tential energy contours of some simple molecules probed by
test atoms from H to Ar.153,154 Ab initio quantum chemical cal-
culations were performed with sufficient sizes of basis func-
tions, and full counterpoise corrections were made to avoid ba-
sis-set superposition errors. The molecular skeletons were fixed
at their equilibrium structures, because the general characteris-
tics of the shapes were found to be nearly the same even if op-
timized structures were used.

Figure 16 shows ab initio energy contours of (a) H2(
1�g

þ)
and (b) N2(

1�g
þ) by single test atoms from H to Ar in the

ground states. Interesting features of molecular shapes in
Fig. 16 can be summarized as follows: (1) prolate forms elon-
gated along the diatomic axis are found for many cases in con-
sistent with the VDW models; (2) in some cases the lengths

Fig. 14. Anisotropy of attractive potential well around S
and O atoms in OCS. The spacing of the contour curves
is 100 meV for positive parts and 20 meV for negative
parts.

Fig. 15. Outer shape of (a) N2 and (b) C2H2 probed by a
He�(23S) atom. The spacing of the contour curves is 100
meV for positive parts and 20 meV for negative parts.
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along the diatomic axis are shortened to become a sphere form
or even an oblate form; (3) some other cases exhibit dented
structures along certain directions to yield an apple form, a pea-
nut form, and a lemon form. These prototypes are illustrated in
Fig. 17. Although shapes depend on the probing atom, this does
not indicate that the probed shape should be ascribed to the
probing atom. As can be seen in Fig. 16, the dented structures
are different for H2 and for N2 for the same probing atom of
C(3P). In the case of H2 + C, the dented part appears in the ver-
tical directions to lead to a peanut form, while in the case of N2

+ C the axial directions are dented to give an apple form.
Somewhat strange characteristics of the outer molecular shapes

can be ascribed to anisotropic interactions between a molecule
and an atom. Repulsive surfaces become dented, when aniso-
tropic interactions reduce repulsion around certain parts of
the molecule. The pulling down effect yields dents on the mo-
lecular surfaces. Some characteristic features are illustrated
with arrows in Fig. 17. Since these anisotropic interactions
originate from orbital interactions as shown in Fig. 12, draw-
backs in the VDWmodels cannot be removed by semiempirical
potentials such as Lennard-Jones (LJ) potentials based on iso-
tropic pair potential functions, which have been widely used
for molecular mechanics studies and also for analyses of scan-
ning probe microscopic data.

Fig. 16. Ab initio isopotentail energy contour of (a) H2 and (b) N2 by a test atom from H to Ar in the ground state.153
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External surfaces of molecules were thus found to be sensi-
tive to anisotropic interactions. Shapes of N2 and C2H2 in
Fig. 15 demonstrate that the VDW models or the LJ models
may be inappropriate even in qualitative levels of understand-
ing. This should be of great significance in molecular recogni-
tion.

7. Experimental Determination of Molecular Orbitals

Although zero-point vibrations disturb molecular structures,
we can determine geometrical molecular structures experimen-
tally in terms of equilibrium bond lengths and bond angles
based on the Born–Oppenheimer formalism and some addition-
al approximate treatments. If there is a firm connection between
experimental results and theoretical models, it may be possible
to determine theoretical quantities by experiments. In quantum
theoretical description of molecules, molecular orbitals are fun-
damental constructs, which are usually determined by self-con-
sistent field molecular orbital (SCF-MO) methods. However,
electron correlation effects are sometimes very important, espe-
cially for open-shell systems and excited electronic states. Nev-
ertheless, experimental determination of molecular orbitals is a
challenging target, since many experimental results obtained by
electron spectroscopic techniques are more or less directly re-
lated with molecular orbitals for closed-shell systems in the
ground electronic states.

As already mentioned in the forgoing sections, experimen-
tally obtained CEDPICS can be related with the entrance inter-
action potential of V� and the ionization width �. In our studies,
observed CEDPICS could be reproduced from V� and � via tra-

jectory calculations. It is of note that V� may also be deter-
mined from some scattering experiments. Thus, it is interesting
to explore whether � can be constructed from CEDPICS and
V�. Since the ionization width � is related almost directly with
target molecular orbitals, we tried to determine molecular orbi-
tal functions155 based on the CEDPICS and V� so far obtained.
Molecular orbital coefficients and orbital exponents of atomic
orbitals were optimized via trajectory calculations using V�
so that calculated CEDPICS may agree with observed
CEDPICS. If we use wrong molecular orbitals clearly different
from correct assignments to electron spectroscopic data, calcu-
lations were found to be very much different from experiments.
When we used molecular orbitals with correct assignments in a
crude level such as those of minimal bases, agreements be-
tween experiments and calculations became better but still far
from satisfactory. Starting from crude orbitals functions of
SCF-MO in minimal basis sets of STO-6G, we obtained opti-
mized molecular orbitals (CEDPICS-MO) in terms of the min-
imal basis sets via trajectory calculations. Figure 18 demon-
strates that electron distributions of the CEDPICS-MO in the
minimal basis sets are in good agreement with those of the

Fig. 17. Types of the outer shape of diatomic molecules
probed by a test atom. Directions of anisotropic interac-
tions pulling down repulsive potentials are specified by
arrows.

Fig. 18. Comparison of electron distributions of molecular
orbitals of (a) N2 and (b) CO. Crude SCF-MOs in a mini-
mal basis of STO-6G are used for initial guess and denoted
as SCF-MO/MINIMAL. Optimized molecular orbitals in
the frame of a minimal set based on CEDPICS and V�
are denoted as CEDPICS-MO/MINIMAL. SCF-MOs with
a 6-311+G� set are denoted as SCF-MO/6-311+G�.
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higher level SCF-MO obtained with 6-311+G� basis sets. This
indicates that experimental determination of molecular orbital
coefficients together with optimization of atomic orbital expo-
nents is possible. In other words, molecular orbital functions
may be determined not by energy variational procedures but
by observed 2D-PIES data including CEDPICS via trajectory
calculations. When recently developed experimental tech-
niques controlling molecular orientation and alignment156,157

can be combined with 2D-PIES experiments, much more pre-
cise determination of molecular orbitals will become possible.

8. Concluding Remarks

The long quest for molecular orbitals and molecular surfaces
has experienced many facets of scientific studies. Many obsta-
cles had to be overcome in both experiments and theories.
Some problems that initially seemed too difficult have been
solved by step-by-step challenges developing new methods
and techniques which had not been tested though they may
be possible in principle. The present article summarizes brief
histories of the author’s quest for disclosing exterior character-
istics of molecules by using atomic probes. Some related topics
could not be described because of the limited space. Many other
important aspects can also be traced via references. As men-
tioned in the last section, the quest may be continued further,
since new experimental methods and theoretical techniques
are in progress. In experiments, angular distributions of Pen-
ning electrons158 and crossed molecular beam studies159 will
give valuable information on collisional ionization dynamics.
In theories, some orbital descriptions including electron corre-
lation effects, such as Dyson orbitals,15 as well as more sophis-
ticated potential energy surface calculations may provide fur-
ther elucidation of molecular orbitals and molecular surfaces.

The author wishes to thank all people who gave important
contributions to the topics in this article. Although the names
of more than sixty peoples cannot be listed here, most of their
names can be found together with the author’s name in Refer-
ences cited below. The author also appreciates the technical
contributions by staff members of machine shop and glass work
shop at The University of Tokyo and Tohoku University. The
author has been financially supported by the Ministry of Educa-
tion, Culture, Sports, Science and Technology, by its Grants-in-
Aid of Scientific Research No. 58470011, No. 61470014,
No. 03403004, No. 07554024, and No. 14340173.
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