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Abstract. Collisional ionization of styrene (phenylethylene), 2-vinylpyridine, and 4-vinylpyridine with
metastable He*(23S) atoms were studied by means of collision-energy/electron-energy resolved two-
dimensional Penning ionization electron spectroscopy. Collision energy dependence of partial ioniza-
tion cross-sections, which reflects the anisotropic interactions between a He*(23S) atom and the tar-
get molecules, indicates that attractive interaction for the out-of-plane access of a He*(23S) atom to
phenyl group is stronger than that for the out-of-plane access to vinyl group. Moreover, it was found for
vinylpyridines that the attractive interaction around π electrons became weaker than that for styrene, and
that the attractive interaction for the in-plane access to the nitrogen atom is stronger than that for out-
of-plane π-directions. However, in 2-vinylpyridine, the hydrogen atom of vinyl group prevents a He*(23S)
atom from approaching to the nitrogen atom along in-plane directions, and thus the attractive interactions
around the nitrogen atom were shielded by the vinyl group. The experimentally observed anisotropic inter-
actions were qualitatively supported with ab initio model interaction potential calculations between a Li
(He*(23S)) atom and the target molecule. Concerning with electronic structures of investigated molecules,
the assignment of Penning ionization electron spectrum for 4-vinylpyridine was discussed on the basis
of different behavior of collision-energy dependence of partial ionization cross-sections, and the satellite
ionization band in Penning ionization electron spectra was also reported for styrene.

PACS. 34.20.Gj Intermolecular and atom-molecule potentials and forces – 34.20.Mq Potential energy
surfaces for collisions – 34.50.Gb Electronic excitation and ionization of molecules; intermediate molecular
states (including lifetimes, state mixing, etc.)

1 Introduction

Styrene (phenylethylene) and vinylpyridine are well
known as one of the most typical materials in polymer
chemistry. Their polymers are widely used for indus-
trial and engineering applications, and the properties
of the polymers and the interactions between aromatic
π-systems and various materials have been extensively
investigated in connection with physical, photochemi-
cal, and biological importance. On the more basic level,
styrene and vinylpyridine are known as the simplest
molecule in which an aromatic π ring is in conjugation
with another unsaturated unit. The conjugation effect
on both electronic structures and molecular structures of
styrene and vinylpyridines has been studied by using var-
ious techniques, such as ultraviolet photoelectron spec-
troscopy [1–6], electronic absorption spectroscopy [7,8],
and theoretical approaches [9–12]. Weakly bound clusters
are utilized to study microscopic interaction of styrene
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with atoms [13] and molecules [14]. Resonant two-photon
ionization spectra of styrene-water clusters were discussed
by using a calculated structure of a styrene-water complex
in which a water molecule lied above the styrene molecular
plane with hydrogen bonds but was closer to the ethylene
group than to the center of the benzene ring [14].

In π conjugated systems, there must be several in-
teraction sites which produce local minima of an inter-
action potential energy surface. Although colliding beam
experiments can give information on chemical reaction dy-
namics, it is in general not easy to elucidate anisotropy
of intermolecular interactions. One of the experiments
which combines the electron spectroscopy and the col-
lision experiment is Penning ionization electron spec-
troscopy [15–18]. When a metastable atom A* collides
with a target molecule M, where A* has an excitation
energy larger than the lowest ionization potential (IP) of
M, a chemi-ionization process known as Penning ioniza-
tion [19] can occur:

A∗ + M → A + M+
i + e−. (1)
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Based on the electron exchange model [20] proposed for
the Penning ionization process, an electron in a molecular
orbital (MO) of M is transferred to the inner-shell orbital
of A* and the excited electron in A* is ejected. When
a He*(23S) atom (the excitation energy, E(He*(23S)) =
19.82 eV) is used as A*, ionization into a final ionic state i
takes place with a high probability when the 1s orbital of
the He atom overlaps effectively with the target MO from
which an electron is removed. Therefore, the reactivity
of Penning ionization is directly related to the electron
distribution of the ionized MO.

Penning ionization electron spectra (PIES), which is
obtained from the analysis of ejected electron kinetic en-
ergy in Penning ionization, usually shows different band
intensities, widths, and positions from those of ultraviolet
photoelectron spectra (UPS). PIES contains the informa-
tion on the orbital reactivity [21] for Penning ionization
and on the anisotropic interactions between A* and M.
Coupled experimental techniques including velocity (or
collision energy) selection of He*(23S) atoms and electron
kinetic energy analysis have been developed [22] to yield
collision-energy/electron-energy resolved two-dimensional
Penning ionization electron spectra (2D-PIES) [23]. Colli-
sion energy dependence of partial ionization cross-section
(CEDPICS) obtained from 2D-PIES reflects the interac-
tions around the regions where the ionized MO mainly ex-
tends, because the most reactive geometries for Penning
ionization are governed by the electron distributions of
the target MOs. Therefore, the 2D-PIES technique has
been shown to be a powerful tool to investigate exte-
rior characteristics of MOs and anisotropic interaction po-
tential surfaces for various fundamental molecules with
He*(23S) atoms [24]. For example, anisotropic interac-
tions of He*(23S) with unsaturated compounds such as
ethylenes [25–28], benzenes [25,29–32], and heterocyclic
compounds [33] have been disclosed by 2D-PIES. More-
over, the different behaviour of CEDPICS for π and ni-
trogen lone-pair orbitals gave useful information on the
assignments of PIES and UPS for azines [33]. Anisotropic
interactions of molecules and the other metastable rare
gas atoms (Rg*) such as He*(2 1S) [34], Ne* [35], and
Ar* [36] have also been studied.

It is known that the shape of the velocity dependence
of the total scattering cross-section of He*(23S) by He,
Ar, and Kr is very similar to that of Li [37], and that
the location of a interaction potential well and its depth
are also very similar for He*(23S) and Li(22S) with vari-
ous targets [38,39]. Although theory of Penning ionization
for atomic targets has been established by Nakamura [40]
and Miller [41], ab initio computational study on Penning
ionization of molecular targets have been limited to sim-
ple molecules such as H2 [42], N2 [43], and H2O [44] ow-
ing to the difficulty in obtaining anisotropic interaction
potentials. The well-known similarity of a Rg* atom to
a respective alkali atom [37–39] has therefore an advan-
tage in estimation of anisotropic potentials, and have been
successfully utilized to interpret the results of 2D-PIES
for many molecules. Classical trajectory calculations on
potential energy surface for N2 and CH3CN interacting

with a Li atom well explained the experimental features
of CEDPICS for He*(23S) + N2 [45], CH3CN [46]. The
Li model potentials can also be modified in order to give
quantitative agreement between experiments and calcula-
tions [30,47,48].

In this study, He*(23S) 2D-PIESs were measured for
the phenyl and pyridyl substituted ethylenes (styrene,
2-vinylpyridine, and 4-vinylpyridine). Although ethy-
lene [25,27] and substituted ethylenes [26,28] have been
extensively studied by collision energy resolved measure-
ments, it was difficult to evidently investigate the ex-
istence of weak attractive interactions with He*(23S)
around π electron regions. However, it is possible to
change the strength of interactions around vinyl π elec-
tron regions by a substitution of a π conjugation system
for a hydrogen atom. Since a pyridine molecule strongly
attract a He*(23S) atom at the directions where the
lone pair electrons extend [33], it is also expected that
vinylpyridines show different anisotropic interactions with
He*(23S) from styrene. Moreover, the strength of attrac-
tive interactions around lone-pair electron regions is also
changed by the vinyl substitution position of vinylpyridine
owing to the steric effect of vinyl group in 2-vinylpyridine.
From these points of view, the anisotropic interactions be-
tween a metastable helium atom He*(23S) and styrene, 2-
vinylpyridine, and 4-vinylpyridine have been investigated
by means of 2D-PIES combined with the Li model poten-
tial calculations in this study. The assignment of 2D-PIES
for 4-vinylpyridine was also discussed on the basis of the
slope of CEDPICS.

2 Experiment

The experimental apparatus used in the present study has
been reported in previous papers [22,49]. He I ultravio-
let photoelectron spectra (He I UPS) were measured by
using the He I resonance photons (584 Å, 21.22 eV) pro-
duced by a discharge in pure helium gas. A metastable
beam of He was produced by a nozzle discharge source,
and the He*(21S) component was quenched by a water-
cooled helium discharge lamp. The kinetic energy of elec-
trons ejected during the Penning ionization or photoion-
ization was measured by a hemispherical electrostatic
deflection type analyzer using an electron collection angle
90◦ to the incident He*(23S) or photon beam. The trans-
mission efficiency curve of the electron energy analyzer
was determined by comparing our He I UPS data with
those of Gardner and Samson [50] and Kimura et al. [4].
The energy resolution of the electron energy analyzer was
60 meV estimated from the full width at half maximum
(fwhm) of the Ar+(2P3/2) peak in the He I UPS. The back-
ground pressure in the reaction chamber was on the order
of 10−7 Torr, and the experiments were performed under
a sample pressure of ca. 2 × 10−5 Torr.

In collision-energy-resolved measurements, the metas-
table He*(23S) beam was modulated by a pseudorandom
chopper [49] and then introduced into a collision cell lo-
cated 504 mm downstream from the chopper disk. The
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time-of-flight (TOF) of He* from the chopper to the col-
lision cell can be obtained by the Hadamard transforma-
tion [49] of time-dependent electron signals emitted from
a stainless steel plate inserted into the collision cell, since
TOF of secondary electrons from the metal surface to the
detector are negligibly short in comparison with that of
the He* atoms. The time-dependent Penning ionization
electron signals of sample molecules Ie(Ee, t) as functions
of electron kinetic energy Ee and time t were converted
to Ie(Ee, τTOF ) as functions of Ee and TOF of the He*
beam by the Hadamard transformation. The Ie(Ee, τTOF )
can be led to Ie(Ee, vHe∗) as functions of Ee and velocity
of He* atoms vHe∗ . By the following equations, the 2D
Penning ionization cross-section σ(Ee, vr) was obtained,

σ(Ee, vr) = c
Ie(Ee, vHe∗)
IHe∗(vHe∗)

vHe∗

vr
(2)

vr =

√
v2
He∗ +

3kBT

m
(3)

where c is a constant, vr is the relative velocity aver-
aged over the velocity of the target molecule, kB is the
Boltzmann constant, and T and m are the gas temper-
ature and the mass of the target molecule, respectively.
The cross-section in equation (2) is normalized by using
the velocity distribution of He* beam IHe∗(vHe∗). Finally,
σ(Ee, vr) is converted to σ(Ee, Ec) by the relation

Ec =
1
2
µv2

r (4)

where µ is the reduced mass of the colliding system. Colli-
sion energy dependence of partial ionization cross-sections
(CEDPICS) σ(Ec) can be obtained by integrating 2D-
PIES cross-sections σ(Ee, Ec) over the Ee range related
to each ionic state.

3 Calculations

All ab initio quantum chemical calculations were per-
formed on the GAUSSIAN program [51]. It is gener-
ally difficult to obtain reliable interaction energies by the
ab initio treatments of He*(23S) associated with highly
excited electronic states embedded in ionization continua.
Li(22S) has the same outer valence electronic configu-
ration as He*(23S) with a 2s electron that mainly con-
tributes to the interactions. For atomic targets (H, Li, Na,
K, and Hg), quantitative estimation of the well depth of
the Li model potential was recently summarized to be in
good agreement with the ratio of 1.1 to 1.2 with respect to
He*(23S) [39]. Based on the similarity between He*(23S)
and Li(22S) [37–39], a ground state Li atom instead of a
He*(23S) atom can be used to calculate the approximate
potentials VLi for V *. The model interaction potential en-
ergy VLi was obtained by the following manner

VLi = EMLi − (EM + ELi). (5)

EMLi, EM, and ELi are the total energy of the super-
molecule (MLi), the isolated molecule (M), and the iso-
lated Li atom, respectively. The Li model interaction

Fig. 1. He I UPS and He*(23S) PIES of styrene. Positions
and heights of bar graphs in He I UPS show vertical ioniza-
tion potentials and the pole strength by the OVGF method,
respectively.

potential calculations were performed by the second-
order Møller-Plesset perturbation theory (MP2) with 6-
311++G** basis set. The full counterpoise method [52]
was employed to correct the basis set superposition er-
ror (BSSE). The molecular structures were fixed at the
experimental or optimized equilibrium geometry. The ge-
ometry of a styrene molecule was selected from microwave
spectroscopic measurements [53]. For 4-vinylpyridine and
2-vinylpyridine, the molecular structures were determined
by the geometry optimizations at MP2 with 6-311++G**
basis set.

Vertical ionization potentials were calculated by using
outer-valence Green’s function (OVGF) [54] method with
6-311++G** basis sets in order to assign the ionic states
of UPS and PIES. Electron distributions of molecular or-
bitals for the isolated target molecules were also obtained
by ab initio self-consistent field (SCF) calculations using
6-311++G** basis sets.

4 Results

Figures 1–3 show He I UPS and He*(23S) PIES of the
target molecules. The electron energy axes for PIES are
shifted relative to those for the UPS by the difference in
the excitation energies, 21.22 – 19.82 = 1.40 eV. Positions
and heights of bar graphs in He I UPS show vertical ion-
ization potentials (IP) and the pole strength by the OVGF
method, respectively.
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Table 1. Band assignments, observed ionization potential (IPobs.), calculated ionization potential (IPcalc.), peak energy shift
(∆E), and obtained slope parameter (m) of the logσ–logEc plots in CEDPICS for styrene, 2-vinylpyridine, and 4-vinylpyridine
(see text).

molecule band orbital character IPobs. / eV IPa
calc. / eV ∆E / meV m

styrene 1 4a′′(π4) 8.50 8.44 (0.89) −150 −0.34
2 3a′′(π3) 9.26 9.21 (0.88) −130 −0.36
3 2a′′(π2) 10.54 10.71 (0.87) −110 −0.29
4 24a′(σ) 11.50 11.99 (0.89) − −0.13
5 23a′(σ) 12.16 12.12 (0.88) −
6 1a′′(π1) (12.5) 12.48 (0.80) − −0.28
7 22a′(σ) 12.84 12.93 (0.88) −
8 21a′(σ) 13.86 14.07 (0.87) − −0.09
9 20a′(σ) 14.48 14.32 (0.87) −
10 19a′(σ) 14.92 14.82 (0.86) 70
11 18a′(σ) 15.14 15.38 (0.86) −
12 17a′(σ) 15.54 15.86 (0.85) −
S (15.97)b −0.22
13 16a′(σ) 16.52 16.99 (0.84) − −0.15

2-vinylpyridine 1 4a′′(π4) 8.88 8.71 (0.89) − −0.34
2 24a′(nN) 9.52 9.71 (0.88) −210 −0.33
3 3a′′(π3) 10.24 10.14 (0.87) − −0.33
4 2a′′(π2) 10.84 10.89 (0.87) −70 −0.36
5 23a′(σ) 12.10 12.38 (0.89) − −0.09
6 22a′(σ) 12.78 13.20 (0.88) −
7 1a′′(π1) 13.10 13.33 (0.80) − −0.29
8 21a′(σ) 13.64 13.72 (0.87) −
9 20a′(σ) 14.22 14.45 (0.87) 100 −0.15
10 19a′(σ) 14.60 15.03 (0.86) −130
11 18a′(σ) 15.52 15.75 (0.85) −
12 17a′(σ) 15.94 16.26 (0.85) −
13 16a′(σ) 16.68 17.10 (0.84) − −0.08

4-vinylpyridine 1 4a′′(π4) 9.23 9.21 (0.88) (−60∼− 260)c −0.25d

2 3a′′(π3) 9.52 9.56 (0.88) (−180∼− 380)c

3 24a′(nN ) 9.68 9.72 (0.87) (−340∼− 580)c −0.42e

4 2a′′(π2) 11.36 11.55 (0.87) −90 −0.27
5 23a′(σ) 12.34 12.57 (0.89) − −0.08
6 22a′(σ) 12.84 13.03 (0.88) −
7 1a′′(π1) 13.14 13.28 (0.80) − −0.35
8 21a′(σ) 14.14 14.37 (0.87) − −0.10
9 20a′(σ) 14.30 14.57 (0.87) −
10 19a′(σ) 14.94 15.16 (0.86) −
11 18a′(σ) 15.47 15.91 (0.86)
12 17a′(σ) 16.03 16.40 (0.85) −
13 16a′(σ) 16.65 17.09 (0.84) −100 −0.12

aThe pole strength in parenthesis. bBinding energy estimated from PIES. cEstimated from the plot of slope value of CEDPICS
on electron energies in Figure 6a. dEstimated in the electron energy range from 10.0 to 10.8 eV. eEstimated in the electron
energy range from 9.5 to 10.0 eV.

Table 1 lists the IP determined from the He I UPS
and the assignment of the observed bands for styrene, 2-
vinylpyridine, and 4-vinylpyridine. The assignments were
determined based on the OVGF calculations and the IP
values by the OVGF calculations are also shown in the
table. The root mean square error between observed and
calculated IPs was about 0.27 eV for all molecules. The
pole strength for each ionic state was also shown in paren-
theses. The peak energy shifts (∆E) in PIES measured
with respect to the “nominal” energy E0 (E0 = the dif-
ference between the metastable excitation energy and the
target IP) are also shown in the table. Values of the slope

parameter m for the logσ vs. logEc plots estimated by
a linear least-squares method in a collision energy range
from 90 meV to 280 meV are also listed in Table 1.

Figures 4–6 show (a) collision-energy-resolved PIES
(CERPIES) and (b) CEDPICS obtained from the two-
dimensional data of styrene, 2-vinylpyridine, and 4-
vinylpyridine. The CERPIES are shown for low collision
energy (ca. 92−111 meV), middle collision energy
(ca. 134–169 meV), and high collision energy (ca.
207–279 meV). The CEDPICS were obtained by integrat-
ing electron counts of the 2D-PIES over an appropriate
range of Ee and shown by the log σ vs. logEc plots in



M. Yamazaki et al.: Collision-energy-resolved Penning ionization electron spectroscopy 51

Fig. 2. He I UPS and He*(23S) PIES of 2-vinylpyridine. Posi-
tions and heights of bar graphs in He I UPS show vertical ion-
ization potentials and the pole strength by the OVGF method,
respectively.

Fig. 3. He I UPS and He*(23S) PIES of 4-vinylpyridine. Posi-
tions and heights of bar graphs in He I UPS show vertical ion-
ization potentials and the pole strength by the OVGF method,
respectively.
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Fig. 6. (a) Collision-energy-
resolved He*(23S) PIES of
4-vinylpyridine; solid curve
at 91–109 meV, average
100 meV; dashed curve
at 134–169 meV, average
150 meV; dotted curve
at 209–282 meV, average
240 meV. Plot of slope value
of CEDPICS for bands 1−3
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width of 140 meV is in-
serted. Band positions were
roughly estimated as shown
by shadings. (b) Collision
energy dependence of partial
ionization cross-sections
for 4-vinylpyridine with
He*(23S).

a collision energy range 90–280 meV. Thick solid lines in
the CEDPICS indicate observed data and thin lines rep-
resent the least-squares-fitted lines. Electron density con-
tour maps for respective molecular orbitals are also shown
in Figures 4–6, in which the thick solid line in the maps
represents the approximate molecular surface estimated
from van der Waals radii of component atoms. The cut-
ting planes of the electron densities are 1.0 Å away from
the symmetry plane of each molecule. From the electron

density maps, the effective access directions of a He* atom
for the ionic state production can be known.

Figure 7 shows Li model potential curves of some se-
lected directions for (a) styrene, (b) 2-vinylpyridine, and
(c) 4-vinylpyridine. The distance R between Li and the
molecule is measured from the centers of phenyl or vinyl
group for out-of-plane access, and from the nitrogen atom
for in-plane access to N atom.
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Fig. 7. Interaction potential energy curves for (a) styrene +
Li, (b) 2-vinylpyridine + Li, and (c) 4-vinylpyridine + Li calcu-
lated at the level of MP2/6-311++G** with BSSE corrections:
out-of-plane access to the phenyl group (square); out-of-plane
access to the vinyl group (triangle); in-plane access to the N
atom (circle); in-plane access to the N atom (filled circle).

5 Discussion

5.1 Styrene

The electronic interactions between the phenyl group and
its substituents have been extensively studied by photo-
electron spectroscopy [1]. The substitution of a hydro-
gen atom in benzene generally results in a lowering of
the molecular symmetry and thus split the energy levels
of highest occupied molecular orbitals (HOMO) in ben-
zene depending on the electronic interaction between the
phenyl group and the substituents. The conjugation effect
between phenyl and unsaturated units causes electron de-
localization and results in a splitting of energy levels for
phenyl π orbitals. Styrene (phenylethylene) is known to
show a strong conjugation effect, and the energy splitting
of photoelectron bands in the low binding energy region
of styrene has been well studied [2–5].

In Figure 1, bands 1, 2, 3, and 6 were assigned to the
ionization from π orbitals that show strong band inten-
sity in PIES [55]. It is of note that the 1a′′(π1) band
(band 6) which is hidden under the three intense σ ion-
ization bands in UPS is enhanced in PIES. This enhance-
ment of π orbitals has also been observed in Ne* PIES of
styrene [56]. Band 2 corresponds to almost pure 1e1g(π)
orbitals (HOMO) of benzene. However, one of the degen-
erate 1e1g(π) orbitals of benzene interacts with the vinyl π
orbital, and the resulting two MOs correspond to bands 1
and 3. Therefore the 4a′′(π4) and 2a′′(π2) orbitals are the
destabilized phenyl π orbital and the stabilized vinyl π
orbital, respectively. For the assignment of σ bands, the
calculated IPs of 24a′(σ) and 23a′(σ) are very close to each
other which is due to the degenerate 1e2g(σ) orbitals of
benzene. It is known that the degenerate 1e2g(σ) orbitals
of benzene are subject to pronounced interactions of the
Jahn-Teller and pseudo Jahn-Teller types [57,58]. Band 13
has as large intensity as π bands, because the correspond-
ing MO (16a′) is consist of in-phase combinations of all

σCH units. This enhancement of σCH band intensities was
also observed in the case of vinylpyridines in Figures 2 and
3 as well as in benzene [25,30,59] and pyridine [33]. In the
case of styrene in Figure 1, band 12 was also observed to
show relatively large intensity, which may be affected by
the existence of additional satellite band and is mentioned
later.

From the slopes m of CEDPICS in Table 1 and Fig-
ure 4, the anisotropic interactions between a styrene
molecule and a He* (23S) atom can be studied. As dis-
cussed in previous papers [16,22,24], positive or negative
slope of CEDPICS reflects the type of interaction between
targets and He* atoms. In the case of attractive interac-
tion, slower He* atoms can approach high electron density
region more effectively due to a deflection of its trajectory.
If a He* atom has enough speed to overcome attractive
force, a He* atom and a target molecule cannot be close
to each other effectively. Therefore, if the attractive inter-
actions are dominant, CEDPICS shows a negative slope
(m < 0). Niehaus [16] showed collision energy dependence
of ionization cross-section for atomic targets by using clas-
sical relations. If the long-range attractive part of the in-
teraction potential V *(R) plays a dominant role for colli-
sion dynamics, and its functional form is of the type

V ∗(R) ∝ R−s, (6)

energy dependence of the cross-section σ(Ec) can be
represented by

σ(Ec) ∝ E−2/s
c . (7)

Therefore, the slope m of the logσ–logEc plots can be re-
lated to the steepness of the attractive part of the interac-
tion potential. In the case of repulsive interaction, on the
other hand, faster He* atoms with high collision energy
can approach reactive inner region of the target molecule,
which results in positive CEDPICS (m > 0).

For styrene, the π bands show large negative slope
(m = −0.28∼− 0.36) of CEDPICS, which indicates that
the interaction in the perpendicular region to the molec-
ular plane is dominantly attractive. On the other hand,
the slope values of CEDPICS for σ orbitals are relatively
small (m = −0.09∼− 0.15), and thus the ionization of
σ orbitals should be affected by the repulsive interac-
tion in the molecular plane. These experimental findings
on anisotropic interactions can be supported by the Li
model interaction calculations as shown in Figure 7. Ac-
cording to the Li model potentials, attractive interactions
around the vinyl π orbital (the well depth D ∼ −30 meV)
are much weaker than those around phenyl π orbitals
(D ∼ −100 meV), which can be related to the fact that
the stabilized vinyl π orbital, 2a′′(π2) shows weaker colli-
sion energy dependence (m = −0.29) than the destabilized
phenyl π orbital, 4a′′(π4, m = −0.34).

In CERPIES (Fig. 4), an additional band S observed
around 3.85 eV in electron energy shows negative colli-
sion energy dependence. The slope of CEDPICS for the
S band is –0.22 and is apparently different from those
of σ orbitals. In PIES of He*(23S) + C6H6, the satel-
lite bands have been observed [25,30,59]. The satellite
bands can be interpreted to originate from the many-body
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effect in ionization process. The S1 band of He*(23S) +
C6H6 around Ee ∼ 3.6 eV was assigned to the ionization
from the 1e1g(π2, π3) orbitals (HOMO) associated with
the π(1e1g)−π*(1e2u) excitation [59], since the binding
energy for the S1 band (16.1 eV) was in good agreement
with the summation of the ionization potential (IP) cor-
responding to the 1e1g(π2, π3) orbitals (9.25 eV) [4] plus
the π(1e1g)−π*(1e2u) transition energy (6.95 eV) [60].
Green’s function method [61] assigned the S1 band to 2A2u

state which originates from the interaction of the 1a2u(π1)
hole and the (1e1g)−2(1e2u)1 configurations. Moreover,
collision energy dependence of the S1 band intensity
showed negative slope [25,30], which supported the as-
signment based on the similarity in the slope of CEDPICS
with the 1e1g(π2, π3) orbitals (HOMO). Based on this fact,
the S band in this study for styrene can be assigned to the
satellite band that has relation with ionization from π or-
bitals.

5.2 2-vinylpyridine

In 2-vinylpyridine, the first four bands in UPS are well
separated to each other. However, there must be the geo-
metric isomers (rotational isomers) in 2-vinylpyridine ac-
cording to the relative position of the CH2 group to the
N atom, which is characterized by the rotational angle φ
around the CC single bond that connects the vinyl and the
pyridine moieties. In this study, the trans-isomer with the
CH2 and the N atom to be most far apart from each other
was defined to have the rotational angle φ = 180◦, and
the other cis-isomer shown in Figures 2, 5, and 7 to have
φ = 0◦. The existence of the geometric isomers should
affect on both the intensity and its collision-energy de-
pendence of 2D-PIES, although it was difficult to distin-
guish them in UPS. Ab initio calculations indicated that
the difference in the electronic structures between the two
isomers was very small. The OVGF calculation on the
two isomers showed that the difference in IPs was at most
0.24 eV. From Figure 2, bands 1, 3, 4, and 7 are clearly
assigned for the ionization from π orbitals because of their
strong intensities in PIES, and the band 2 can be assigned
to be the ionization from 24a′(nN ) orbital which is not
conjugated with the vinyl π orbital. However, the inten-
sity of nN band is much weaker than those of π bands,
whereas the nN bands of azines showed as large intensi-
ties as π bands [33]. The relatively weak intensity of the
nN band in 2-vinylpyridine implies a steric hindrance for
in-plane access of a He* atom to the N atom.

As the same case in styrene, the slopes of CEDPICS
for the π orbitals are negatively larger than those for σ or-
bitals, which indicates that the interactions around π or-
bitals are more attractive. Concerning with the nN band,
it is well-known that the CEDPICS for an nN band usually
shows larger negative slope value than that for π bands
as reported in previous studies on such as azines [33] and
nitriles [49]. For example, the slope value of –0.54 was ob-
tained for the CEDPICS of the ionization from the nN

orbital of pyridine [33], whereas those of π bands ranged
from –0.34 to –0.49. However, no difference in the slope

of CEDPICS for nN band and π bands could be found
in 2-vinylpyridine; the slope of CEDPICS for nN band
(m = −0.33) shows almost the same magnitude as those
for π orbitals (m = −0.29∼− 0.36). It must be noted here
that the strength of the attractive interactions around
the N atom does not become weak, and that the steric
hindrance of the vinyl group causes relatively small slope
value of CEDPICS for the nN orbital of 2-vinylpyridine.
The calculated model potential shown in Figure 7 clearly
indicates the steric effect around the region where the nN

orbital extends. The Li model potentials shows repulsive
potential energy for in-plane access to the N atom (open
circles in Fig. 7b). When a Li atom approaches to the
N atom in order to avoid the vinyl group (filled circles
in Fig. 7b), the interaction potential became an attrac-
tive type one with a well depth of ca. 250 meV. In the
case of the trans-isomer (trans-2-vinylpyridine) which has
no steric effect of the vinyl group on the N atom, the Li
model calculations showed that the interaction around the
N atom became attractive type with the depth of 430 meV.
Therefore, the vinyl group of cis-2-vinylpyridine shields
the attraction of a He*(23S) atom to the N atom of cis-
2-vinylpyridine. This is the reason because the negative
energy dependence of the nN band for 2-vinylpyridine is
not as strong as those previously observed in nitrogen-
containing compounds [33,49] and because the nN band
shows weaker intensity than π orbitals in PIES. As listed
in Table 1, observed peak energy shift (∆E = −210 meV)
for the nN band of 2-vinylpyridine is comparable to the
interaction well depth of ca. 250 meV, and is not so large
compared with commonly observed ones (for example, the
averaged ∆E for the nN band of propionitrile, acryloni-
trile, and 3-butenenitrile was ca. –340 meV [49]).

5.3 4-vinylpyridine

The UPS of 4-vinylpyridine has been already measured
previously [6] in which three ionic states were observed in
the binding energy region from ca. 8.5 eV to ca. 10.5 eV.
Each ionic state is separated by a very small energy spac-
ing of ca. 0.2 eV, which is caused by the interaction of π or-
bitals between subunits of a composite molecule. Concern-
ing with the pyridine moiety, the first band of pyridine was
carefully assigned to ionization from the lone-pair of ni-
trogen (nN ) by angle-resolved measurements of photoelec-
trons [62,63], multiphoton ionization spectroscopy [64],
and PIES study [33], and the next-HOMO of pyridine is
the 1a2(π3) orbital of which the N atom is on the nodal
planes. However, the vinyl π orbital will not perturb the
lone-pair (11a1(nN )) and π3 (1a2) orbitals of pyridine moi-
ety, since the 11a1 and 1a2 orbitals cannot have significant
overlap with the vinyl π orbital as shown in the electron
density contour maps of 4-vinylpyridine (Fig. 6b). It is also
noted that the IP value (9.68 eV) of the third ionic state of
4-vinylpyridine is very similar to that (9.67 eV) of the first
ionic state of pyridine which corresponds to the ionization
from the nN orbital [33]. On the other hand, the 2b1(π2)
orbital of pyridine can interact with the vinyl π orbital
because of both the large overlap and the small energy
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difference, which result in the 4a′′(π4; HOMO) and
the 2a′′(π2) orbitals of 4-vinylpyridine. A semi-empirical
molecular orbital calculation (HAM/3) assigned the first
three bands to be 4a′′(π4) < 24a′(nN ) < 3a′′(π3) in in-
creasing order of IP [11]. On the other hand, OVGF AM1
calculations showed 4a′′(π4) < 3a′′(π3) < 24a′(nN ) [12].
In this study, the OVGF calculation for 4-vinylpyridine re-
sulted in nearly degenerate energy (the difference is 0.16
eV) for the second and the third ionic states which ap-
proximately corresponds to the ionization from 24a′(nN )
and 3a′′(π3) orbitals, respectively. Ortiz et al. pointed
out [65] that the partial third order (P3) [54] and the
OVGF method did not determine the order of the first
two states for pyridine cation because the errors of these
method with the cc-pVDZ basis were 0.19 and 0.25 eV, re-
spectively, for typical molecules. In order to conclude the
IP ordering of experimental energy spacing with ca. 0.15
eV, it is needed to apply more precise correlation methods
and larger basis sets with an accuracy within 0.1 eV.

The largest negative slope value of CEDPICS should
be found in bands 1–3, since the CEDPICS for an nN

band is usually different from those for π bands owing
to the strong attractive interaction in the region where
lone-pair electrons extend. Such kind of attractive inter-
actions is caused by a dipole-induced dipole electrostatic
attraction between a target molecule and a He* atom. For
example, the slope value of CEDPICS for the lone-pair in
an acetonitrile molecule was about two times larger than
that for the π orbitals [46]. In the case of pyridine [33],
the largest slope value of CEDPICS was also observed for
the ionization from the nN orbital as mentioned in Sec-
tion 5.2. Actually, the Li model interaction calculation in
Figure 7 showed the deepest point of the attractive in-
teraction energy (D ∼ −500 meV) in the direction where
the lone-pair electrons of nitrogen extend (marked with
circle in Fig. 7c). The change of slope values of CEDPICS
for bands 1−3 on electron energy can be seen in the in-
serted graph in Figure 6a. A considerable change of the
slope values was observed in the electron energy region
from 9.72 to 9.86 eV. The largest negative slope (–0.46) of
CEDPICS for bands 1–3 is found in the lower electron en-
ergy region, which suggest the existence of the ionic state
related to the ionization from the 24a′(nN ) orbital. It is of
note that, in the case of pyridine, the nN band appeared
in the second band of 2D-PIES, whereas the nN band is
the first ionic state in UPS. Moreover, the slope values
for higher electron energy region are ranged from –0.13 to
–0.34 (average −0.26) which are comparable to the slope
value (−0.27) for the isolated band 4(π2). In the case of
2D-PIES for 4-vinylpyridine, the assignments of bands 1–3
are thus 4a′′(π4) < 3a′′(π3) < 24a′(nN ).

The change of slope values of CEDPICS at each elec-
tron energy is due to the fact that the peak positions in
PIES are usually shifted to higher or lower electron en-
ergy side with respect to the “nominal” energy E0 (E0 =
the difference between the metastable excitation energy
and the target IP). The energy of an electron ejected in
Penning ionization is determined by the energy difference
of entrance (M + He*(23S)) and exit (M+

i + He) chan-

nels. If the potential energy in exit channel is assumed
to be nearly zero at the geometry where the ionization
occurs, the peak energy shift ∆E will reflect the interac-
tion energy in the entrance channel. Since the entrance
potential energy surface exists above the exit one, the at-
tractive interaction between the molecules and He*(23S)
often cause a negative ∆E. In PIES of 4-vinylpyridine,
the band corresponding to the electron removal from the
lone-pair of nitrogen 24a′(nN ) is expected to show a large
negative peak shift owing to the strong attractive inter-
actions around nitrogen atom. If the third ionic state in
UPS is assigned to be the 24a′(nN ) orbitals, ∆E for the
electron energy region from 9.72 to 9.86 eV in PIES was
from –580 meV to –340 meV which can be comparable
to the well depth of 500 meV in the direction where the
lone-pair of nitrogen extend as shown in Figure 7c. It is
also of note that the negative peak energy shift for ion-
ization from nN orbital of pyridine was assumed to be
–500 meV, [33] which is a value consistent with ∆E for
the nN band of 4-vinylpyridine.

As is the same with the cases of styrene and 2-
vinylpyridine, the difference of CEDPICS between σ and
π bands reflects the anisotropy of the potential surface.
The negative slopes for π orbitals are much larger than
those of σ orbitals, which indicates that the attractive in-
teractions are dominant in the perpendicular directions of
the molecular plane and the interaction for in-plane direc-
tions of the molecule is repulsive. However, the negative
slope values of CEDPICS for π bands of 4-vinylpyridine
become smaller than those of styrene. The Li model po-
tential calculation also show weaker attractive interaction
(D ∼ −43 meV) around phenyl π electron region of 4-
vinylpyridine than that of styrene (D ∼ −100 meV) as
shown in Figure 7. This can be interpreted by the effect
of HOMO levels on attractive interaction in Penning ion-
ization. Yamakado et al. measured CEDPICSs for the ion-
ization from π orbitals of substituted ethylenes (ethylene,
vinyl chloride, propene, and methyl vinyl ether), and the
direct correlation between the slope of CEDPICS and the
calculated energy level of HOMO was found [28]. For sub-
stituted ethylenes, the strengths of attractive interaction
around π electrons increase as the energy levels of the
HOMOs become higher. Molecular orbitals in higher en-
ergy levels can effectively interact with the 2s-2p orbitals
of He* to give attractive interactions more strongly. For
styrene and vinylpyridine, the same situation can occur
because the HOMO level of 4-vinylpyridine is lower than
that of styrene. It is of note that the attractive interac-
tions around π electrons of azines [33] are also weaker than
those of benzene [30] based on a recent 2D-PIES study.

The difference between 4-vinylpyridine and 2-
vinylpyridine in interactions with He*(23S) can be found
in the interaction around the vinyl group. As can be
seen in Figure 7, the attractive interactions around the
vinyl group of 2-vinylpyridine are stronger than that of
4-vinylpyridine. This difference can result in a relatively
large negative slopes of CEDPICS for π bands of 2-
vinylpyridine than those of 4-vinylpyridine. It is noted
that the attractive region around the N atom exists not
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only in-plane directions but also out-of-plane directions
where the vinyl π orbital is distributed in the cis-isomer
of 2-vinylpyridine (φ = 0◦).

6 Conclusion

Anisotropic interactions of styrene (phenylethy-
lene), 2-vinylpyridine, and 4-vinylpyridine with a
metastable He*(23S) atom were investigated by collision-
energy/electron-energy-resolved two-dimensional Penning
ionization electron spectroscopy combined with ab initio
model interaction potential calculations. Observed partial
ionization cross-sections showed different collision energy
dependence depending on the spatial region where the
ionized orbital extends. From observed slopes in log-log
plot of collision energy dependence of partial ionization
cross-sections (CEDPICS), the following remarks can be
addressed.

(1) The attractive interaction for the out-of-plane access
of a He*(23S) atom to phenyl group is stronger than
to vinyl group of styrene.

(2) The interaction around σ orbital regions is dominantly
repulsive for all molecules except for the region where
nitrogen lone pair electrons of vinylpyridines extend.

(3) In 2D-PIES of 2-vinylpyridine, the existence of the ge-
ometric isomers affects the slope of CEDPICS and the
band intensity for the ionization from the nN orbital
because the vinyl group of the cis-isomer prevents a
He*(23S) atom from approaching to the attractive re-
gions around the nitrogen atom.

(4) The attractive interaction around the nitrogen atom
should be stronger than that of π electron regions, and
the interaction around π electrons became weaker in
4- and 2-vinylpyridines than in styrene. Therefore, the
strongest attractive direction was changed from out-
of-plane directions of a styrene molecule to in-plane
directions of vinylpyridine molecules by the effect of
lone-pair electrons of the N atom.

These experimental findings were well supported with
ab initio model interaction potential calculations between
a Li atom and the target molecule on the basis of the
similarity between a He*(23S) atom and a Li(22S) atom.

Regarding the observed electron spectra of styrene and
4-vinylpyridine, two points can be addressed by 2D-PIES.
The satellite band in 2D-PIES of styrene clearly showed
negative collision energy dependence of ionization cross-
section, and it was related to the ionization from π or-
bitals and a shake-up process as with the same case of
benzene [25,30,59]. Although the ordering of energy levels
for nearly degenerated nitrogen lone-pair and π3 orbitals
of 4-vinylpyridine was not clearly determined, the large
negative slope of CEDPICS enables us to confirm that the
ionization from lone-pair (nN ) orbital of nitrogen appears
as the third band in 2D-PIES.
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57. H. Köppel, L.S. Cederbaum, W. Domcke, J. Chem. Phys.

89, 2023 (1988)
58. M.S. Deleuze, A.B. Trofimov, L.S. Cederbaum, J. Chem.

Phys. 115, 5859 (2001)
59. S. Masuda, M. Aoyama, K. Ohno, Y. Harada, Phys. Rev.

Lett. 65, 3257 (1990)
60. J.P. Doering, J. Chem. Phys. 51, 2866 (1969)
61. H.-G. Weikert, L.S. Cederbaum, Chem. Phys. Lett. 237,

1 (1995)
62. C. Utsunomiya, T. Kobayashi, S. Nagakura, Bull. Chem.

Soc. Jpn 51, 3482 (1978)
63. M.N. Piancastelli, P.R. Keller, J.W. Taylor, F.A. Grimm,

T.A. Garlson, J. Am. Chem. Soc. 105, 4235 (1983)
64. C.R. Brundle, M.B. Robin, N.A. Kuebler, J. Am. Chem.

Soc. 94, 1466 (1972)
65. J.V. Ortiz, V.G. Zakrzewski, J. Chem. Phys. 105, 2762

(1996)


