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Abstract. Stereodynamics in ionization of toluene and o-, p-chlorotoluenes by collision with He∗(23S)
metastable atoms were investigated by two-dimensional collision-energy/electron-energy-resolved Penning
ionization electron spectroscopy. Anisotropic interactions around the molecule were studied by the collision
energy dependence of partial ionization cross-sections (CEDPICS) as well as model potential calculations,
and shielding effect by the methyl group was observed in CEDPICS for ionization from Cl lone-pair
orbitals of o-chlorotoluene. Attractive interaction with He∗(23S) around the π orbital region was found
to be larger for toluene rather than o-, p-chlorotoluenes. Exterior electron density (EED) calculation of
partial ionization cross-sections in Penning ionization and negative CEDPICS for ionization band observed
in ca. 4 eV in electron energy indicated that π−2π+1 shake-up state was observed in Penning ionization
electron spectroscopy of toluene.

PACS. 34.20.-b Interatomic and intermolecular potentials and forces, potential energy surfaces for
collisions – 34.20.Gj Intermolecular and atom-molecule potentials and forces – 34.50.Lf Chemical reactions,
energy disposal, and angular distribution, as studied by atomic and molecular beams

1 Introduction

In the case of chemical reaction induced by collision be-
tween neutral species, it can be important for obtaining
information on stereodynamics around the local part of
molecules to compare reactivity and its collisional energy
dependence for structural isomers containing the same
functional groups.

A chemiionization process known as Penning ioniza-
tion [1–3] can occur when a metastable excited atom A∗
collides with a target molecule (or atom) M, where A∗ has
larger excitation energy than the lowest ionization poten-
tial (IP) of M:

M + A∗ → M+ + A + e−. (1)

Two important variables of the Penning ionization pro-
cess, (a) collision energy Ec between A∗ and M in the
entrance channel of the reaction and (b) kinetic energy
Ee of the ejected electrons in the exit channel, can be
measured by (A) velocity (or collision energy) selection
of A∗ and (B) Penning ionization electron spectroscopy
(PIES) [4,5], respectively. When one measures a total
Penning ionization cross-section as a function of the colli-
sion energy, it is difficult to obtain information on stereo-
dynamics of the reaction around a local part of the target
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molecule M because the total ionization cross-section is
the sum of partial ionization cross-sections and, there-
fore, it reflects averaged characteristics of the interac-
tion [6–11]. Ionic-state-resolved partial Penning ioniza-
tion cross-sections as a function of collision energy [12,13]
and collision-energy-resolved Penning ionization electron
spectra (CERPIES) [14,15] can be measured by collision-
energy/electron-energy-resolved two dimensional Penning
ionization electron spectroscopy (2D-PIES) [16] that is the
combined technique of the methods (A) and (B).

In the Penning ionization process, an electron ex-
change model [17] was proposed for the reaction mech-
anism: an electron in a molecular orbital (MO) is trans-
ferred to the inner-shell orbital of colliding A∗, and the
excited electron in A∗ is ejected into the continuum. It
has been shown from the study of He∗(23S) PIES that
the most effective geometrical situations for the Penning
ionization are different depending upon the electron distri-
bution of the target MOs [18]. For quantitative estimate of
relative band intensity in PIES, an exterior electron den-
sity was calculated using ab initio molecular orbital wave
functions [18,19]. In the exterior electron density model,
exterior electron densities (EED) are defined for individ-
ual MOs

(EED)i =
∫

Ω

|ϕi(r)|dr (2)



76 The European Physical Journal D

where Ω is the subspace outside the boundary surface and
ϕi is the respective MO to be ionized. Calculated EED
values have been found to be in good agreement with the
observed band intensities of He∗(23S) PIES, that is reac-
tivity of each MO with A∗, where the boundary surface
was approximated by rigid van der Waals spheres [18,19].

Since the electron distribution of valence MOs is more
or less localized around the boundary surface of the col-
lision, the measurement of collision energy dependence of
partial ionization cross-sections (CEDPICS) [12,14] for
ionization from MOs enables us to investigate the local
information on interaction potentials. Attractive interac-
tions between M and He∗(23S) were found for the out-
of-plane directions of a benzene ring [15,20,21], while re-
pulsive interactions were found for σCH orbital region. On
the other hand, the interaction around the halogen atom
is highly anisotropic. In the case of Cl atom, the inter-
action potential for a collinear direction approach of He∗
to the C–Cl bond of CH2=CHCl [22], C2H5Cl [23], and
C6H5Cl [24] is less attractive than that for perpendicular
directions of the C–Cl bond.

For a chlorotoluene molecule, attractive interactions
are expected around the Cl atom and the phenyl ring,
while repulsive interaction around the methyl group may
shield the attractive interaction around the Cl atom.
The orbital reactivities of chlorotoluenes including ortho,
meta, and para isomers were previously [25] studied by
He∗(23S) PIES band intensities. In this study, we investi-
gate stereodynamics and the anisotropic interaction po-
tential between He∗(23S) and chlorotoluene isomers by
2D-PIES. Anisotropic interactions around the Cl atom or
the benzene ring and the effect in interaction potentials
caused by the substitution groups are discussed.

2 Experiment

The experimental apparatus for He I UPS and He∗(23S)
2D-PIES has been reported previously [16,26,27].
Metastable He∗(23S, 21S) atoms were produced by a dis-
charge nozzle source with a tantalum hollow cathode.
He∗(21S) components were quenched by a helium dc lamp.
He I resonance photons (584 Å, 21.22 eV) produced by a
discharge in pure helium gas were used for photoelectron
spectroscopy. The kinetic energy of the electrons ejected
in Penning ionization or photoionization were determined
by a hemispherical electronic deflection type analyzer at
a collection angle of 90◦ with respect to the incident He∗
or photon beam. The energy resolution of the electron
energy analyzer was estimated to be 60 meV from the
full width at half-maximum of Ar+(2P3/2) peak in the
He I UPS. The transmission of the electron energy ana-
lyzer was determined by comparing our UPS data with
those by Gardner and Samson [28] and Kimura et al. [29].

For the collision-energy-resolved/electron-energy-
resolved two-dimensional measurement, the He∗ beam
was modulated by a pseudorandom chopper [30] rotating
ca. 400 Hz and introduced into a reaction cell at 504 mm
downstream from the pseudorandom chopper. Time
dependent electron signals for each electron kinetic

energy Ee were measured with a dwell time of 3 µs and
recorded with scanning electron energies of 35 meV step.
In order to obtain higher electron counts, we lowered
the resolution of the analyzer to 250 meV in the 2D
measurements. The time-of-flight (TOF) spectrum of
He∗(23S) was obtained by detecting signals of electrons
emitted from a stainless steel plate inserted at the center
of the reaction cell. The CEDPICS were obtained from
2D data within an appropriate range of Ee (typically
the fwhm of the respective band) to avoid the effect of
neighboring bands.

3 Calculations

For a discussion about UPS and PIES bands, we per-
formed ab initio self-consistent field (SCF) calculations
in order to obtain electron density contour maps and
schematic diagrams of respective MOs. The geometri-
cal parameters of the target molecules were optimized
by density functional hybrid method (B3LYP) [31] using
6-311+G* basis set.

The electron density maps were calculated with
6-311++G** basis set and shown on the molecular plane
for a′ MOs and those of a′′ orbitals are plotted on a plane
above 1.7 Å (van der Waals radii of C) from the molec-
ular plane. In electron density contour maps reported in
the figures, thick solid curves indicate the repulsive molec-
ular surface approximated by van der Waals radii [32]
(rC = 1.7 Å, rH = 1.2 Å, and rCl = 1.95 Å). Schematic
diagrams of MOs indicating component atomic orbitals
were calculated with 4-31G basis set and shown by circles
and ellipses. Solid circles showed valence s orbitals, where
couples of ellipses and dashed circles showed in-plane and
out-of-plane components of p orbitals, respectively. Signs
of orbital coefficients were indicated by the thickness of
the lines. Calculations of EED values outside the van der
Waals surface were performed using the SCF MOs by 6-
311++G** basis set. The IP values were calculated by the
outer valence Green’s function (OVGF) method [33] with
cc-pVTZ basis set.

Interaction potentials between He∗(23S) and the tar-
get molecule in various directions were calculated on the
basis of the well-known resemblance between He∗(23S)
and Li(22S) [34]; the shape of the velocity dependence
of total scattering cross-section of He∗(23S) by He, Ar,
and Kr is similar to that of Li(22S), and the location
of the interaction potential well and its depth are simi-
lar for He∗(23S) and Li(22S) with various targets [2,8,35,
36]. For atomic targets (H, Li, Na, K, and Hg), a recent
study [37] found well depths in good agreement, within
a ratio of 1.1 to 1.2, by Li model potential with respect
to He∗(23S). Because of these findings and difficulties as-
sociated with calculations for excited states, the Li(22S)
atom was used in this study to simulate a He∗(23S) atom.
A standard 6-31+G* basis set was used, and the corre-
lation energy correlation was partially taken into account
by using second order Møller-Plesset perturbation theory
(MP2). The full counterpoise method [38] was used to
correct the basis set superposition errors. Natural charge
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Fig. 1. He I UPS and He∗(23S) PIES of toluene.

values for the interacting systems were calculated by nat-
ural population analysis [39] of wave functions obtained
by UHF/6-311++G** calculations.

All ab initio MO calculations were carried out by uti-
lizing a quantum chemistry program Gaussian 98 [40].

4 Results

Figures 1–3 show the He I UPS and He∗(23S) PIES of
toluene, o- and p-chlorotoluene, respectively. For an easier
comparison, the electron energy scales for PIES are shifted
relative to those for UPS by the difference in excitation
energies, 21.22 – 19.82 eV = 1.40 eV.

Figures 4–6 show CEDPICS of toluene, o-, and
p-chlorotoluene, respectively. The calculated electron den-
sity maps of MOs and simplified diagrams indicating
component atomic orbitals are also plotted in the fig-
ures. Collision-energy-resolved PIES of toluene, o-, and
p-chlorotoluene were shown in Figures 7–9, respectively.
In each figure, the low-collision-energy spectrum is shown
by a solid line and the high-collision-energy spectrum is
shown by a dashed line.

Tables 1–3 summarize the vertical IPs determined by
He I UPS, calculated IPs by the OVGF method, and the
assignment of the observed bands. The peak energy shift
(∆E) in PIES measured with respect to the “nominal”
energy E0 (= the difference between the metastable ex-
citation energy and the target ionization potential) are
also shown in the tables. The peak energy shifts of some

Fig. 2. He I UPS and He∗(23S) PIES of o-chlorotoluene.

Fig. 3. He I UPS and He∗(23S) PIES of p-chlorotoluene.
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Table 1. Band assignments, observed IPs, calculated IPs, EED values (%), peak energy shift (∆E) and obtained slope parameter
of CEDPICS (m) for toluene.

Band IP/eV IPOVGF/eV (pole strength) Orbital character EED ∆E/meV m

1 8.89 8.845(0.89) 4a′′(π3) 5.23 −150 −0.29

2 9.28 9.095(0.89) 3a′′(π2) 6.15 −50 −0.45

3 11.42 11.792(0.90) 20a′#1 2.11 - −0.16

4 11.83 11.798(0.90) 21a′#1 2.33 - −0.36

5 11.83 12.063(0.83) 2a′′(π1) 5.04 -

6 (13.2) 13.387(0.90) 19a′(πCH3‖) 2.54 - −0.09

7 13.80 13.775(0.88) 18a′ 2.10 −110 −0.18

8 14.05 14.166(0.88) 17a′#1 2.90 -

9 14.05 14.422(0.87) 1a′′(πCH3⊥)#1 4.12 -

10 14.97 15.213(0.87) 15a′#1 0.98 −120 −0.17

11 (15.5) 15.334 (0.87) 16a′#1 2.30 - −0.35

S (15.6) - - -

12 16.40 16.828(0.85) 14a′ 2.40 −140 −0.14

13 (18.4) - 13a′ 1.25 - −0.11

14 19.10 - 12a′ 1.08 - -
#1 Koopmans’ IP order is reversed, and assigned by OVGF calculation.

Fig. 4. Collision energy dependence of partial ionization cross-
sections for toluene collided by He∗(23S). Electron density
maps of a′ orbitals are plotted on the molecular plane: those of
a′′ orbitals are plotted on a plane above 1.7 Å from the nodal
plane.

Fig. 5. Collision energy dependence of partial ionization cross-
sections for o-chlorotoluene. Electron density maps of a′ or-
bitals are plotted on the molecular plane: those of a′′ orbitals
are plotted on a plane above 1.7 Å from the nodal plane.
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Fig. 6. Collision energy dependence of partial ionization cross-
sections for p-chlorotoluene. Electron density maps of a′ or-
bitals are plotted on the molecular plane: those of a′′ orbitals
are plotted on a plane above 1.7 Å from the nodal plane.

overlapping bands were not estimated. Values of the slope
parameter m for the logσ vs. logEc plots in collision en-
ergy range 100–300 meV were estimated by a linear least-
squares method and listed in the tables.

Figure 10 shows interaction potential energy curves
V (R) as functions of the distance R between Li and
C, Cl, or the center of the benzene ring of toluene
(Fig. 10a), o-chlorotoluene (Fig. 10b), and p-chlorotoluene
(Fig. 10c). Interaction potential energy curves V (θ) for
Li-chlorotoluenes as functions of angle θ were shown in
Figure 11 (θ is an angle from the collinear direction of the
C–Cl bond axis). The angle θ was scanned on the molec-
ular plane and the Li–Cl distance was fixed at 2.6 Å.

5 Discussion

5.1 Attractive interactions around π electrons

Since He∗ atoms at smaller collision energies can be at-
tracted to the region where the MO extends (MO re-
gion) more effectively than He∗ atoms at higher collision
energies, negative CEDPICS indicates attractive interac-
tions [12,13] around the MO region. In the case of atomic

Fig. 7. He∗(23S) collision-energy-resolved PIES of toluene:
solid curve, Ec ∼ 249–271 meV, average 260 meV; dotted
curve, Ec ∼ 107–114 meV, average 110 meV.

Fig. 8. He∗(23S) collision-energy-resolved PIES of o-
chlorotoluene: solid curve, Ec ∼ 249–271 meV, average
260 meV; dotted curve, Ec ∼ 107–114 meV, average 110 meV.

Fig. 9. He∗(23S) collision-energy-resolved PIES of p-
chlorotoluene: solid curve, Ec ∼ 249–271 meV, average
260 meV; dotted curve, Ec ∼ 107–114 meV, average 110 meV.
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Table 2. Band assignments, observed IPs, calculated IPs, EED values (%), peak energy shift (∆E) and obtained slope parameter
of CEDPICS (m) for o-chlorotoluene.

Band IP/eV IPOVGF/eV (pole strength) Orbital character EED ∆E/meV m

1 8.96 8.903(0.89) 6a′′(π3) 4.79 −80 −0.26

2 9.33 9.241(0.89) 5a′′(π2) 5.41 0 −0.42

3 11.11 11.304(0.89) 27a′(nCl‖) 3.49 −80 −0.20

4 11.52 11.714(0.87) 4a′′(nCl⊥) 5.01 −130 −0.34

5 12.04 12.262(0.90) 26a′oσCCl) 1.88 - −0.21

6 12.23 12.418(0.89) 25a′ 1.84 -

7 12.70 12.931(0.85) 3a′′(π1) 4.20 - −0.29

8 13.54 13.816(0.90) 24a′(πCH3‖) 2.42 - −0.11

9 13.81 14.164(0.88) 23a′ 1.81 -

10 14.25 14.433(0.88) 22a′#1 2.12 - −0.17

11 14.40 14.698(0.86) 2a′′(πCH3⊥)#1 4.09 -

12 15.25 15.643(0.87) 21a′ 2.06 −130 −0.18

13(S)#2 15.66 15.810(0.87) 20a′ 0.95 80

14 16.60 17.026(0.85) 19a′ 2.16 −20 −0.02

15 18.49 - 18a′ 0.95 - -
#1 Koopmans’ IP order is reversed, and assigned by OVGF calculation. #2 Shake-up satellite band suggested by EED simulation
and CEDPICS.

Table 3. Band assignments, observed IPs, calculated IPs, EED values (%), peak energy shift (∆E) and obtained slope parameter
of CEDPICS (m) for p-chlorotoluene.

Band IP/eV IPOVGF/eV (pole strength) Orbital character EED ∆E/meV m

1 8.80 8.766(0.89) 6a′′(π3) 4.10 −100 −0.40

2 9.49 9.434(0.89) 5a′′(π2) 5.93 −70 −0.33

3 11.18 11.338(0.89) 27a′(nCl‖) 4.15 −100 −0.34

4 11.31 11.538(0.87) 4a′′(nCl⊥) 4.60 −120

5 11.95 12.274(0.89) 26a′(σCCl) 1.66 - −0.10

6 12.46 12.360(0.90) 25a′ 2.30 -

7 12.99 13.169(0.84) 3a′′(π1) 4.65 −80 −0.31

8 (13.7) 13.923(0.90) 24a′(πCH3‖) 2.40 - −0.04

9 14.03 14.047(0.88) 23a′ 1.42 -

10 14.31 14.638(0.88) 22a′#1 2.60 - −0.04

11 14.45 14.736(0.86) 2a′′(πCH3⊥)#1 4.02 -

12 15.34 15.796(0.87) 20a′#1 0.92 - −0.17

13(S)#2 15.66 15.801(0.86) 21a′#1 2.17 -

14 16.54 16.841(0.86) 19a′ 1.68 −70 −0.18

15 18.45 - 18a′ 1.27 - -
#1 Koopmans’ IP order is reversed, and assigned by OVGF calculation. #2 Shake-up satellite band suggested by EED simulation
and CEDPICS.

targets, if the long-range attractive part of the interaction
potential V (R) is assumed to have a function form

V (R) ∝ R−s, (3)

the ionization cross-section σ(Ec) is represented [2,6] by

σ(Ec) ∝ E−2/s
c . (4)

On the contrary, for repulsive interactions, Illenberger and
Niehaus [6] showed that σ(Ec) can be expressed as

σ(Ec) ∝ [ln(B/Ec)]
2 (Ec/B)(b/d)−1/2, (5)

based on the assumption that interaction potential V (R)
and the transition probability W (R) can be represented

by the simple expressions,

V (R) ∝ B exp(−dR) (6)

and
W (R) ∝ C exp(−bR). (7)

The asymptotic decay of every Hartree-Fock orbital was
probed to be the same except for the Be atom and the
asymptotic value of the orbital exponent was shown to be
equal to (−2εHOMO)1/2, where εHOMO is the orbital en-
ergy of HOMO [41,42]. The value of b is, therefore, com-
mon for all ionic states of a given molecule M and can be
expressed as

b = 2 [2I(M)]1/2 (8)
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Fig. 10. Interaction potential energy curves V (R) between Li and the C, Cl, or the center of the benzene ring of (a) toluene,
(b) o-chlorotoluene, and (c) p-chlorotoluene.

Fig. 11. Interaction potential energy curves V (θ) for (a) Li and o-chlorotoluene and (b) Li and p-chlorotoluene: θ scanning
begins from the collinear direction of the C–Cl bond axis (θ = 0◦) with a Li–Cl distance of 2.6 Å.

where I(M) is the lowest IP. Positive slope of CEDPICS
shows that He∗ atoms at higher collision energies can ac-
cess the inner reactive region against the repulsive wall
with the effective hardness d (= b/(m + 1/2)) [13]. If the
corresponding MO extends in both repulsive and attrac-
tive interaction regions, the slope value of the positive or
negative CEDPICS shows the extent of deflection of in-
coming trajectories of He∗ atoms by both repulsive and
attractive interactions.

For toluene, large negative slope of CEDPICS was
observed for ionization from π1−3 orbitals distributing
around the benzene ring (−0.45 < m < −0.29). Attractive
interaction more than 100 meV was obtained by the model
potential calculation for the access of a Li atom to the
center of benzene ring of toluene (Fig. 10). On the other
hand, repulsive interaction was indicated for the access of
a Li atom to the methyl group, and small negative slope
values of CEDPICS were observed for ionization from σ
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Fig. 12. Natural charge of (a) toluene–Li and (b) p-chlorotoluene–Li at R = 2.5 Å from the center of the benzene ring by
natural population analysis for UHF/6-311++G** level of calculation.

or πCH3 orbitals except for band 11 and smaller electron
energy region around 4 eV (band S). The assignment of
the band S is going to be discussed in Section 5.3.

For p- and o-chlorotoluenes, similar negative slope val-
ues of CEDPICS with those for toluene were observed
for ionization from π1−3 orbitals. Although the first two
π bands of toluene and o-chlorotoluene overlap largely in
PIES, negative slope value of CEDPICS for band 1 results
to be smaller than that of band 2, which can be caused
by the repulsive interaction around the methyl group in
ionization from the π3 orbital. The negative slope value
of CEDPICS for the band 1 of p-chlorotoluene is, how-
ever, relatively large (m = −0.40). In a comparison with
toluene, substitution effect was reflected in the negative
CEDPICS for band 1. For the case of benzene [20,21], the
negative slope value of π1 band is similar to that for ion-
ization from degenerate π2,3 orbitals (m ∼ −0.3), while
the largest negative slope values of CEDPICS for π bands
of toluene and p- and o-chlorotoluenes are more than –0.40
and the in-phase extending of π1 orbital at the center po-
sition of the benzene ring does not result in the largest
negative slope of CEDPICS. This can be ascribed to the
complex interaction potential surface for the out-of-plane
direction of the studied molecules by the substitution.

Interaction potential calculations (Fig. 10) indicate
that substitution of an H atom in benzene ring of toluene
with a Cl atom (chlorotoluene) has an influence on the
attractive interaction for out-of-plane direction above the
ring. In the case of toluene, interaction potential is attrac-
tive with value of –105 meV at the distance R = 2.5 Å
from the center of the ring, while the energy value in-
creased to –35 meV at R = 3.5 Å (–16 meV at R = 2.5 Å)
for p-chlorotoluene and –34 meV at R = 3.5 Å (–12 meV
at R = 2.5 Å) for o-chlorotoluene. Natural charge val-
ues by natural population analysis of UHF/6-311++G**
calculations was shown in Figure 12 for toluene–Li and p-
chlorotoluene–Li at R = 2.5 Å. One can find that positive
charge values of H atoms (∼+ 0.2) in the ring for toluene–
Li are quite different from the slight negative charge on
the Cl atom (−0.002) of p-chlorotoluene–Li. This differ-

ence can be caused by the larger electronegativity of a Cl
atom (+ 3.0) rather than an H atom (+2.1) [32].

Interesting checking of the electronegativity effect has
been performed in interaction potential calculations for
2,4,6-trichlorotoluene–Li and p-fluorotoluene–Li. The ob-
tained calculation results for 2,4,6-trichlorotoluene–Li are
effected by repulsive interaction with the energy values of
–4.4 meV at R = 3.5 Å and +128 meV at R = 2.5 Å.
For the case of p-fluorotoluene–Li, the large electroneg-
ativity of an F atom (+4.0) results in relatively smaller
attractive interaction with the values of –22 meV at
R = 3.5 Å (+30 meV at R = 2.5 Å) compared with
the case of p-chlorotoluene–Li. Although obtained slope
parameters of CEDPICS for ionization from π orbitals of
toluene (m = −0.37 in average) were not different largely
from those of o-chlorotoluene (m = −0.34 in average)
and p-chlorotoluene (m = −0.35 in average), observa-
tion of the electronegativity effect on the CEDPICS of
π bands by the substitution groups can be expected for p-
fluorotoluene or 2,4,6-trichlorotoluene. It should be noted
that a previous study indicates smaller negative slope of
CEDPICS for π bands of fluorobenzenes such as 1,3,5-
triflorobenzne (m = −0.22 in average) [43] rather than
benzene (m = −0.30 in average) [21].

5.2 Anisotropic interactions around C–Cl bonds

Attractive interactions around the C–Cl bonds were sug-
gested by the negative slope of CEDPICS for ionization
from nonbonding chlorine orbitals distributing to out-of-
plane direction (nCl⊥) of o-chlorotoluene. Small attractive
interaction potential with the well depth of ∼30 meV was
indicated by the model potential calculation for out-of-
plane approaching of He∗ to the Cl atom (Fig. 10). In the
case of a sulfur atom, attractive interaction was found for
the vertical direction of C–S or C=S bonds [44–46] simi-
larly with the C–Cl case. This is reversed trend with C=O
(Refs. [45,46]) or C–F (Refs. [24,43]) case depending on
the period of chalcogen or halogen atoms, where collinear
direction is the most attractive direction for the case of
C=O and C–F bonds.
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For in-plane direction, relatively smaller negative slope
value of CEPICS for ionization from nCl‖ orbital of
o-chlorotoluene (m = −0.20) than that of nCl⊥ orbital
(m = −0.34) was observed, which is consistent with the
repulsive interaction effect of the shielding effect by the
methyl group and H atoms in model potential calcula-
tion (Figs. 10 and 11). Due to the overlapping of nCl‖
and nCl⊥ bands, difference in slope of CEDPICS was not
able to be observed. As for the collinear approaching to
the C–Cl bonds, repulsive interaction was obtained by
the model potential calculation. Although ionization band
from σCCl (26a′) orbitals can be assigned to band 5 for p-
and o-chlorotoluenes, band 6 ionized from 25a′ σCC or-
bitals is overlapping with band 5. Obtained slope values
of CEDPICS for bands 5,6 are small negative, and the
model potential calculation resulted in repulsive or very
weak attractive interaction with well depth of ∼10 meV.
For the case of chlorobenzene [24], small negative slope
value of CEDPICS was obtained (m = −0.17).

The well depth of attractive interaction can be esti-
mated by the negative peak energy shift values (∆E) if
the potential energy in exit channel is assumed to be flat.
The obtained peak energy shift values for ionization from
the Cl lone-pair orbitals are around –100 meV, which was
relatively larger values than obtained well depth by model
potential calculations (ca. –25 meV). This inconsistency
may be ascribed to insufficient electron correlation effect,
limit of model potential calculations, and repulsive exit
potential curves.

5.3 EED spectra and shake-up band observed in PIES

He I UPS and He∗(23S) PIES of halogenotoluenes were
measured, and all observed bands in UPS of chlorotoluenes
were assigned to MOs based on band intensity in PIES and
SCF calculations [25]. However, there are some inconsis-
tency for the band assignment between IP orders based on
Koopmans’ theorem and OVGF calculations in this study.

As for toluene, OVGF calculation results in nearly de-
generate ionic states for ionization from 20a′ and 21a′ or-
bitals, while EED simulation of PIES reproduced weak in-
tensity of band 3 and strong bands 4,5. Since EED values
and orbital character for 21a′ and 20a′ orbitals is simi-
lar, assignment of band 3 cannot be determined by PIES
and CEDPICS. Overlapping bands 7–9 are also difficult to
assign to orbitals. Negative slope of CEDPICS for band
11,S is steep (m = −0.35), which can be ascribed to a
π−2π∗+1 shake-up satellite state because of the similar
negative slope value of CEDPICS with that of π bands.
In the case of benzene, π−2π∗+1 shake-up satellite band
was observed around 3.5 eV in electron energy [15,21,47]
and negative slope of CEDPICS (m ∼ −0.21) was ob-
tained [21]. Another proof of the S band is small EED
value for 16a′ orbital (2.30) which is similar value with
EED for 19a′ (band 6).

For the case of chlorotoluenes, assignment of
bands 10,11 can be reversed with Koopmans’ IP order be-
cause of the OVGF results. Since EED simulations of PIES
with Koopmans’s IP order and OVGF IP order resulted in

slight difference in bands 10,11, the assignment of bands
10,11 was not able to determine. The relatively large neg-
ative slope of CEDPICS for band 10,11 of o-chlorotoluene
can be ascribed to the electron density for out-of-plane
direction around the Cl atom of 2a′′ orbital. On the other
hand, negative slope of CEDPICS and large intensity for
bands 12,13 of p- and o-chlorotoluene cannot be explained
by electron density distribution. Shake-up satellite being
similar with toluene may exist under the direct ionization
bands of p- and o-chlorotoluene. EED simulation of bands
12,13 with OVGF IP order for p-chlorotoluene gives better
agreement with observed PIES than Koopmans’ IP order.

Different negative slope of CEDPICS for band 14
of p-chlorotoluene (m = −0.18) and o-chlorotoluene
(m = −0.02) for ionization from 19a′ MO that is the in-
phase σCH orbital outside the molecular surface is interest-
ing, which may be ascribed to larger Cl component of 19a′
MO in p-chlorotoluene rather than that of o-chlorotoluene.

6 Conclusion

We have reported on the two-dimensional collision-
energy-resolved PIES study of stereodynamics in colli-
sional ionization of toluene and o, p-chlorotoluenes with
He∗(23S) metastable atoms in conjunction with outer-
valence Greens’ function (OVGF) calculation for ioniza-
tion potential energies as well as exterior electron density
(EED) calculation of partial ionization cross-sections in
Penning ionization. Negative collision energy dependence
of partial ionization cross-sections (CEDPICS) for ioniza-
tion band observed at ca. 4 eV in electron energy can
be ascribed to π−2π∗+1 shake-up satellite band, which
is also supported by inconsistency in observed PIES and
EED simulation of direct Penning ionization. Assignments
of ionization bands were examined by OVGF and EED
calculations based on the ionization potential order by
Koopman’s theorem.

Anisotropic interaction and stereodynamics in the col-
lisional ionization have relation with the substitution of
an H atom in benzene ring of toluene with a Cl atom.
Observation of CEDPICS indicates that the difference in
stereodynamics for ionization from Cl lone-pair orbitals of
o− and p-chlorotoluenes is caused by the shielding effect
for in-plane directions by the methyl group. For out-of-
plane direction, interaction potential calculations for the
access of He∗ to the π orbital region show attractive inter-
action for toluene rather than chlorotoluenes due to large
electronegativity of the Cl atom.
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Society for the Promotion of Science).
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