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Probing anisotropic interaction potentials of unsaturated hydrocarbons
with He* „2 3S… metastable atom: Attractive-site preference
of �-direction in C2H2 and �-direction in C2H4
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State-resolved collision energy dependence of Penning ionization cross sections of acetylene �C2H2�
and ethylene �C2H4� with He*�2 3S� metastable atoms was observed in a wide collision energy range
from 20 to 350 meV. A recently developed discharge nozzle source with a liquid N2 circulator was
employed for the measurements in the low-energy range from 20 to 80 meV. Based on classical
trajectory calculations for the energy dependence of the partial ionization cross sections, anisotropic
potential energy surfaces for the present systems were obtained by optimizing ab initio model
potentials for the chemically related systems Li+C2H2 and C2H4. In the case of C2H2, the global
minimum was found to be located around the H atom along the molecular axis with a well depth of
48 meV �ca. 1.1 kcal/mol�. On the other hand, a dominant attractive well with a depth of 62 meV
�ca. 1.4 kcal/mol� was found in the �CC electron region of C2H4. These findings were discussed in
connection with orbital interactions between molecular orbitals of the target molecules and atomic
orbitals of the metastable atom. It is concluded that �-type unoccupied molecular orbitals of C2H2

and a �CC-type highest occupied molecular orbital of C2H4 play a significant role for the
attractive-site preference of � direction in C2H2 and � direction in C2H4, respectively. © 2006
American Institute of Physics. �DOI: 10.1063/1.2178298�
I. INTRODUCTION

Anisotropy of interaction potential energy surfaces
�PESs� for atom-molecule systems is of great importance in
connection with solvation/adsorption phenomena, gaseous
transport processes, and stereodynamics in collisional
reactions.1 High-resolution laser spectroscopic studies on
weakly bound complexes have provided valuable informa-
tion on the attractive part of the interaction potential in a
specific relative orientation �global minimum�.2,3 On the
other hand, scattering experiments have enabled us to inves-
tigate both the attractive and repulsive regions of PESs.4–6

Generally it has been difficult to obtain detailed information
on anisotropy of PES �e.g., the position and well depth of the
global or local minimum� because of randomized orientation
of target molecules in gas-phase experiments, however, an-
isotropy of the interaction PESs between unsaturated hydro-
carbons and rare gas atoms has been elucidated recently by
means of sophisticated molecular beam techniques and the-
oretical investigations.7,8

The interaction potential of excited rare gas atoms A*

with molecules M has also been studied for a long time,
because of its fundamental importance in chemi-ionization
processes. Especially, measurements of collision energy �Ec�
dependence of the total Penning ionization �A*+M→Mi

+

+A+e−� �Ref. 9� cross section �T have been performed ex-
tensively by detecting all ions produced, since �T provides
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information on PES between A* and M �e.g., the well depth
and the shape of repulsive wall for atomic targets�.10–16

Based on the electron exchange model proposed by Hotop
and Niehaus,17 an electron of a molecular orbital �MO� � of
M is transferred to the inner vacant orbital � of A*, and
simultaneously an excited electron of A* is ejected. This in-
dicates that partial ionization cross sections �i for producing
each ionic state of M �Mi

+� �branching ratios� depend on the
mutual overlap between the corresponding MO �i and the
inner vacant orbital � of A*. It has been found that experi-
mental branching ratios obtained by Penning ionization elec-
tron spectroscopy18,19 can be related to the electron density
outside the repulsive surface of a target molecule M �exterior
electron density �EED��.20,21 Since the electron distribution
of each MO in a target molecule is highly anisotropic, one
can derive information on the anisotropy of PES from colli-
sion energy dependence of partial ionization cross sections
�CEDPICS, �i�Ec�� even for randomly oriented target mol-
ecules, while such information cannot be obtained by mea-
surements of �T. From this point of view, CEDPICS for mo-
lecular targets was first measured by utilizing an electron
spectroscopic technique combined with a time-of-flight
�TOF� method and a high-flux He*�2 3S� �excitation energy
=19.82 eV� beam.22,23 Further, collision-energy-resolved
Penning ionization electron spectrum24,25 �CERPIES� has
been observed at well-defined Ec by means of supersonic
molecular beams for metastable atoms and target
molecules.24,26,27 Two-dimensional �Ec and electron energy

Ee� Penning ionization electron spectroscopy �2D-PIES� has

© 2006 American Institute of Physics08-1
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been developed in the last decade28 and enabled us to ob-
serve not only CEDPICS but also CERPIES.

Theoretical investigations of interaction PES between A*

and M are also important to elucidate the anisotropic feature
as well as collision dynamics. Penning ionization for simple
molecular targets such as H2 �Refs. 29 and 30� and N2 �Refs.
31 and 32� has been investigated based on the theory estab-
lished by Nakamura33 and Miller.34 According to this theory,
both the ionization width and the interaction potentials are
needed to describe collisional ionization dynamics.
CEDPICS for the N2+He*�2 3S� system was first simulated
by classical trajectory calculations based on an ab initio in-
teraction PES and ionization widths with various
approximations.31,32 Although a recent ab initio calculation
of an interaction PES for atomic targets has succeeded in
accounting for the observed Ec dependence of the ionization
cross section,35,36 it has been quite difficult to obtain reliable
PES under ab initio treatments for molecular targets. This is
caused by the difficulties in describing highly anisotropic
interaction potentials for A*-M systems embedded in an ion-
ization continuum higher than the ionization potential �IP� of
M. Ogawa and Ohno performed classical trajectory calcula-
tions for N2+He*�2 3S� by utilizing a Li model PES �Ref.
37� based on the well-known similarity between metastable
rare gas atoms and corresponding alkali atoms in interactions
with various atomic targets.38–41 It has been found that Li
model potentials should be modified and optimized to the
observed CEDPICS in order to obtain reliable interaction
PES between A* and M. Very recently, an overlap expansion
method improving ab initio PES has been proposed for
atom-molecule interaction systems on the basis of the fact
that intermolecular interactions are more or less related to
overlaps of MOs concerned.42 This correction method has
been designed to construct effectively anisotropic interaction
PES by expanded terms utilizing overlap integrals between
target MOs �i and an atomic orbital.

The 2D-PIES technique combined with classical trajec-
tory calculations based on the overlap correction method has
enabled us to investigate the anisotropy of PESs between a
He*�2 3S� metastable atom and several molecular targets,
such as N2,42 CO,42 OCS,43 CH3CN,44 C2H2,42,43 and
C6H6.45 In the case of N2 and CO, repulsive characteristics
and anisotropy of the interaction PES have been elucidated
in detail.42 In the case of OCS and CH3CN, attractive inter-
action has been found in the lone-pair electron regions.43,44

The �CC electron regions for C2H2 and C6H6 were also
found to be attractive.42,43,45 Furthermore, theoretical inves-
tigations on the PES for the C2H2+He*�2 3S� system sug-
gested for the first time that a stereospecific attractive well
with a depth of ca. 40 meV ��1 kcal/mol� should be ex-
pected to lie around the hydrogen atom.42,43 However, it has
not been confirmed experimentally since measurements of
CEDPICS at collision energies less than 50 meV could not
be performed. This is due to a reduction of electron signals
caused by weak intensity of low velocity He*�2 3S� atom
beams.

Very recently, we have developed a cooled discharge
nozzle source with a liquid N2 circulator for He*�2 3S� meta-

stable atoms in order to obtain CEDPICS for molecules in
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the low collision energy range from 20 to 80 meV.44 In the
study of CH3CN+He*�2 3S� system, a stereospecific attrac-
tive well with a depth of 38 meV around the methyl group
�−CH3� has been found for the first time,44 which may be a
similar situation with respect to the attractive well around
hydrogen atom suggested in the C2H2+He*�2 3S� system.

In this work, CEDPICS for the C2H2+He*�2 3S� system
has been measured in the collision energy range from
20 to 350 meV in order to verify the attractive well around a
hydrogen atom. Although preliminary measurements of
CEDPICS for this system have been reported previously,46 a
full account on the observed CEDPICS is given in this ar-
ticle. Furthermore, we have tried to obtain the interaction
PES between C2H2 and He*�2 3S� by utilizing the new ex-
perimental data of CEDPICS and the above theoretical
method �the overlap correction of an ab initio Li model po-
tential�. The C2H4+He*�2 3S� system has also been investi-
gated by the same method. In addition, the optimized PESs
for both systems have been discussed in terms of orbital
interactions between MOs of the hydrocarbon molecules and
atomic orbitals of the He*�2 3S� metastable atom.

II. EXPERIMENT

A detailed description about the present apparatus has
been reported previously.44 Metastable atom beams of
He*�2 1S ,2 3S� were produced by a nozzle discharge source
with a tantalum hollow cathode and a conical skimmer �ori-
fice diameter=0.7 mm� for an anode. A machined piece of
boron nitride �BN� nozzle cap �orifice diameter=0.8 mm�
was attached onto a Pyrex glass pipe for introducing helium
gas �purity�99.999 95% �. This nozzle cap can be cooled by
a liquid N2 circulator for experiments in lower collision en-
ergies ranging from 20 to 80 meV. The metastable beams
were pulsed by a mechanical chopper �100 mm diam and
0.2 mm thick� with a slit width of 2 mm rotating between
240 and 320 Hz for TOF measurements. The He*�2 1S�
metastable atoms were optically removed by a water-cooled
He discharge �quenching� lamp. Typical values of the aver-
age velocity for the He*�2 3S� beams were 1300 m/s at the
discharge power of 6 W with the liquid N2 circulator, and
2300 m/s at the discharge power of 13 W without the liquid
N2 cooling. Sample gases of C2H2 and C2H4 were introduced
into an ionization region from an effusive beam source
�nozzle diameter=1.5 mm�. The base pressure in the reaction
chamber was 3�10−8 Torr, and the measurements were car-
ried out under the pressure of 2.2�10−6 Torr with both
beams on.

The kinetic energy of ejected electrons was measured by
means of an electrostatic retarding-field-type analyzer
equipped with an electron flight tube. This analyzer employs
the “magnetic bottle effect”47–49 utilizing an inhomogeneous
magnetic field with a permanent magnet and a guiding sole-
noid for high efficient measurements.50 Magnetic fields at the
ionization region and in the flight tube are ca. 80 and 1.4 mT,
respectively. The ejected electrons were decelerated by the

retarding electrodes and then accelerated to the former speed.
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The electrons that passed through the retarding fields were
detected by a dual microchannel plate �MCP� placed at the
end of the flight tube.

For collision-energy-resolved measurements, electron
signals Ie�Ee , t� as functions of electron kinetic energy �Ee�
and TOF of the metastable He*�2 3S� atoms between the col-
lision center and the chopper disk �flight length=735 mm�
were stored in a two-parameter multichannel scaler equipped
with a retarding voltage generator �Laboratory Equipment
Corporation, VSCANMCS NT-2400M� at a typical time
resolution of 2 �s, a step of electron-energy scan of 40 meV,
and a dwell time of 100 ms. The Ie�Ee , t� can be converted to
Ie�Ee ,	He*� as functions of Ee and the velocity of metastable
He* atoms �	He*�. The two-dimensional Penning ionization
cross section ��Ee ,	r� with normalization by the velocity
distribution of He* atoms IHe* �	He*� was obtained by the
following equations:

��Ee,	r� = c
Ie�Ee,	He*�

IHe*�	He*�

	He*

	r
, �1�

	r = �	He*
2 + 	M

2 , �2�

where c is a constant, 	r is the relative velocity between the
He*�2 3S� atom and the target molecule, and 	M is the veloc-
ity of the target molecule. Under an effusive beam condition,
	M was obtained by averaging over the velocity of the target
molecule,

	M =�3kBT

mM
, �3�

where kB is the Boltzmann constant, T is the temperature of
the effusive nozzle �298 K�, and mM is the mass of the target
molecule. The velocity distribution IHe*�	He*� was deter-
mined by monitoring secondary electrons emitted from an
inserted stainless steel needle. It should be noted that TOF of
the ejected electrons to reach the electron detector �MCP�
from the ionization region �
0.5 �s� can be negligible in
comparison with that of the metastable He*�2 3S� atoms to
reach the collision center from the chopper disk
�200–800 �s�. Finally, ��Ee ,	r� is converted to the final
form ��Ee ,Ec�,

EC =
1

2
�	r

2, �4�

where � is the reduced mass of the colliding system.

III. CALCULATIONS

A. Interaction potential energy surface

For anisotropic molecular targets, it has been difficult to
evaluate interaction potentials in good accuracy under ab
initio treatments, since the electronic state with a large exci-
tation energy of a He atom is embedded in continuum states
much higher than the ionization threshold of the target mol-
ecules. In this point of view, we first calculated an approxi-
mate interaction PES V0 using Li�2 2S� in place of He*�2 3S�
on the basis of the well-known resemblance between

* 3 2
He �2 S� and Li�2 S� �Refs. 38–41� �V0: Li model poten-
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tial�. Ab initio MO calculations of V0 for both systems of
C2H2+Li and C2H4+Li were performed using a GAUSSIAN

quantum chemistry program51 at the coupled cluster level of
theory including single, double, and optional triple excitation
CCSD�T� with 6-311+ +G** basis set. The Li model poten-
tial V0 between the target molecule M and a Li atom can be
obtained by the following manner:

V0 = EMLi − �EM + ELi� . �5�

Here, EMLi, EM, and ELi are the total energies of a supermol-
ecule MLi, an isolated molecule M, and an isolated Li atom,
respectively. The basis-set super position error �BSSE� was
corrected by the full counterpoise method.52 The experimen-
tal equilibrium geometry was used for each molecule, and
then the interaction PES V0 can be expressed as functions of
R and � for the C2H2+Li system, where R is the distance
between a Li atom and the center of mass of C2H2, and � is
the polar angle from the molecular axis. In the case of the
C2H4+Li system, V0 was obtained as functions of R, �, and
�, where R is the distance between a Li atom and the center
of mass of C2H4, � denotes the polar angle from the C2

symmetry axis parallel to the CvC double bond, and � is
the azimuthal angle.

Although Li�2 2S� has the same valence electronic con-
figuration as He*�2 3S� with a 2s electron that predominantly
contributes to intermolecular interactions, it is natural that
orbital interactions between Li�2 2S� and target molecules
should differ to some extent from those of He*�2 3S�. Thus,
in order to obtain anisotropic interaction potential V* be-
tween target molecules and a He*�2 3S� atom more quantita-
tively, the Li model potential V0 should be optimized to bet-
ter reproduce experimental observations of CEDPICS. In the
present calculations, the overlap expansion �OE� method42

was used for improving the ab initio model potentials. In the
OE method, the Li model PES V0�R ,� ,�� can be modified
with the following equations to obtain the V*�R ,� ,�� for the
present systems �� is not a parameter in the C2H2+Li sys-
tem�:

V*�R,�,�� = V0�R,�,�� − �
i

Ci�	�i��
�2, �6�

� = ��3/� exp�− �r� . �7�

Here, � is a Slater-type s orbital function with an exponent �,
which is located at the position of the He*/Li atom. r is the
distance from the center of �. This correction method has
been developed to describe effectively anisotropic interaction
PESs by expanded terms using overlap integrals between
target MOs �i concerned and an atomic orbital �. As re-
ported in the previous studies for several molecular
targets,42–45 the optimized values of � in Eq. �7� have been
found to be very close to the exponent of the 2s orbital of
He* atom, which is 0.575 bohr−1 according to Slater’s rule.
This allows us to fix the � parameter in Eq. �7� to the above
value. The expansion coefficients Ci are parameters to be
optimized in the present potential corrections. In trial calcu-
lations, we found that the following MOs �i should be em-
ployed in the correction term: 2�u, 3�g, 1�u, 4�g, 3�u, and

1�g orbitals for C2H2, and 1b3u, 3ag, 1b2g, 1b2u, 4ag, 3b1u,

 AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



104308-4 Horio et al. J. Chem. Phys. 124, 104308 �2006�
and 1b3g orbitals for C2H4. The electron density contour
maps of the respective MOs with the numbering of �i�Ci� for
C2H2 and C2H4 are shown in Figs. 1�a� and 1�b�, respec-
tively. In the case of C2H4, the cutting plane for the electron
density contour curves for the �-type MOs is the molecular
plane, while for � orbitals �1b2u and 1b3g�, the electron den-
sity contour curves are taken in the �	 vertical plane that
includes the CvC double bond. These MOs were obtained
by ab initio self-consistent field �SCF� calculations for re-
spective molecules with 6-311+ +G** basis set. The molecu-
lar shapes estimated approximately from van der Waals radii
of component atoms are also shown schematically with thick
solid lines in Fig. 1.

B. Ionization widths

The ionization width �i� for the ith ionic state is given
by

�i� = 2���i��	�0�Hel���i�
�2. �8�

Here ��i� is the density of final states. Hel is the electronic
Hamiltonian, and �0 and ��i� are electronic wave functions
for the initial and ith final states, respectively. Slater deter-
minant wave functions composed of one-electron orbitals for
both initial and final states give the following formula for the

FIG. 1. Contour maps of electron density distribution of MOs of �a� C2H2

and �b� C2H4 used for optimizations of potential energy surface �see text in
Sec. III�. In the case of C2H4, the cutting plane for the electron density
contour curves for the �-type MOs is the molecular plane, while for the �
orbitals �1b2u and 1b3g�, the electron density contour curves are taken in the
�	 vertical plane that includes the CvC double bond.
integral in Eq. �8�:
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	�0�Hel���i�
 � 	�2s�1��i�2��r12
−1��1s�1����2�


− 	�2s�1��i�2��r12
−1��1s�2����1�
 , �9�

where �2s and �i are the 2s orbital of He* and the ith orbital
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. The first term
in Eq. �9� vanishes for He*�2 3S� due to the spin inversion.
By replacing r12 with a suitable average value, the second
term in Eq. �9� can be approximated as a product of two
overlap integrals with a constant factor C,53

C	�i��1s
	�2s���
 . �10�

Such an approximation has been widely used in semiempir-
ical molecular orbital theories54 as well as in semiempirical
treatments for electron transport phenomena. Since the 2s
and outgoing electron orbitals are very diffuse, anisotropy of
the ionization width is governed by the compact He 1s or-
bital and the ionized molecular orbital. Thus, the following
formula can be used for the estimation of the ionization
width into ith ionic state:

�i� = K�i��	�i��1s
�2, �11�

where K�i� is a parameter to be determined in order to repro-
duce observed relative branching ratio and collision energy
dependence for respective ionic states. Using this treatment,
one can also avoid theoretical and computational difficulties
associated with direct calculations of the matrix elements
including highly excited states for too many geometrical
configurations. The orbital functions for the target molecules
and He atom in Eq. �11� were obtained by SCF calculations
with 6-311+ +G** basis set.

C. Classical trajectory calculations for CEDPICS
and potential optimizations

In order to obtain CEDPICS, classical trajectory calcu-
lations on interaction PESs were made by the following
way.37,43 The relative motion of the colliding systems was
determined by solving the equation of motion. At each tra-
jectory step of an interval dt, transition probabilities P�i�

��t�dt into each ionic state i can be expressed by

P�i��t�dt = S�t�
�i�

�
dt , �12�

S�t� = 1 − �
i

Pint
�i��t� , �13�

where the survival fraction S�t� is the probability of
He*�2 3S� surviving in the excited state at a certain time t and
then Pint

�i� represents the integrated partial ionization probabil-
ity before time t. Calculations of 10 000 trajectories were
performed for a given collision energy Ec, where initial con-
ditions for the impact parameter b�0–9 Å�, the molecular
orientation, and the direction of the rotational angular mo-
mentum vector of the target molecules were randomly gen-
erated. The initial energy of the molecular rotation was ob-
tained by a random generation technique so that the

distribution obeys Boltzmann distribution at room tempera-
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ture to match the experimental condition. Because of the
difficulty in estimating intramolecular motions during the
collisional processes, the molecular structure of the target
molecules was fixed at the experimental geometry. Structural
deformation of the target molecules during the collisional
processes will be discussed in Sec. IV C.

Finally, the partial ionization cross section ��i� was ob-
tained from the partial ionization probability P�i� of a trajec-
tory,

��i� = �
0

�

2�bP�i�db . �14�

The parameters of Ci and K�i� in Eqs. �6� and �11� were
optimized by a nonlinear least square fitting method in order
to reproduce the slopes and branching ratios in the observed
CEDPICS.

IV. RESULTS AND DISCUSSION

A. Ionic states of C2H2 and C2H4

Figure 2 shows the collision-energy-resolved Penning
ionization electron spectra of C2H2 at collision energies of
ca. 27, 50, 90, 130, and 230 meV. Judging from the known
ultraviolet photoelectron spectrum �UPS� of C2H2,55 it is
clear that produced ionic states of C2H2

+ denoted by X 2�u,
A 2�g

+, and B 2�u
+ correspond to ionization from 1�u��CC�,

3�g��CH��CC��, and 2�u��CH� MOs, respectively. Figure 3
shows the collision-energy-resolved Penning ionization elec-
tron spectra of C2H4 at collision energies of ca. 26, 50, 95,
140, and 230 meV. Based on the observed UPS of C2H4,55

ionic states of C2H4
+ denoted by X 2B2u, A 2B2g, B 2Ag,

C 2B3u, and D 2B1u can be ascribed to ionization from
1b2u��CC�, 1b2g��CH�, 3ag��CC�, 1b3u��CH�, and 2b1u�C2s�
MOs, respectively.

It should be noted that the MOs for both C2H2 and C2H4

are roughly classified into two classes of � and � orbitals
according to their symmetries. The calculated electron den-
sity contour maps of SCF-MOs corresponding to ionic states
of C2H2 and C2H4 are also shown in Figs. 2 and 3, respec-

FIG. 2. Observed collision-energy-resolved Penning ionization electron
spectra �CERPIESs� of C2H2 at collision energies of ca. 27, 50, 90, 130, and
230 meV. The calculated electron density contour maps of SCF-MOs cor-
responding respective ionic states are also shown.
tively. In the case of C2H2, 1�u��CC� MO has a large extent
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of the electron distribution perpendicular to the molecular
axis �HCCH�, while 3�g��CH�CC�� and 2�u��CH� MOs have a
large extent of the electron distribution collinear to the mo-
lecular axis. In the case of C2H4, � electrons �1b2u��CC�
MO� mainly distribute out of the molecular plane. The �
electrons �1b2g��CH�, 3ag��CC�, 1b3u��CH�, and 2b1u�C2s�
MOs� largely distribute in the in-plane directions. Since the
ionization from MOs having a C2s character cannot be de-
scribed by the electron exchange model in the Penning
ionization,25,56 the D 2B1u ionic state of C2H4

+ has not been
included in the present trajectory calculations.

B. Characteristic features of CEDPICS

Figures 4 and 5 show the observed log � �cross section�-
log Ec �collision energy� plots of CEDPICS �open circles� for
C2H2 and C2H4, respectively. The calculated electron density
contour maps of SCF-MOs corresponding to respective ionic
states are also shown in Figs. 4 and 5. The observed slope
parameters m for the log � vs log Ec plots are summarized in
Tables I and II. Table I lists the slope parameters m for C2H2

in collision energy regions of 20–50, 50–100, and
100–320 meV. Table II also lists the parameters m for C2H4

in collision energy regions of 20–50, 50–100, and
100–310 meV. The values of m in Tables I and II were
obtained by the least-squares method. It should be noted that
the present measurements on CEDPICS in higher collision
energies �100–300 meV for C2H2 and 50–350 meV for
C2H4� gave much better qualities of the observed data than
the previous results.25,42,57

Figures 4 and 5 also compare the observed CEDPICS
with the calculated one obtained by classical trajectory cal-
culations utilizing the optimized PESs V*. The vertical axis

FIG. 3. Observed collision-energy-resolved Penning ionization electron
spectra �CERPIESs� of C2H4 at collision energies of ca. 26, 50, 95, 140, and
230 meV. The calculated electron density contour maps of SCF-MOs cor-
responding respective ionic states are also shown. An inset shows an ex-
panded view of CERPIES at Ec=140 meV in the electron-energy range
from 2.6 to 6.0 eV. Deconvoluted bands for B 2Ag and C 2B3u ionic states
with asymmetric Gaussian functions, and a fitted spectrum are shown with
dashed lines, and a solid line, respectively.
in Figs. 4 and 5 represents the calculated ionization cross
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section that is given from the optimization procedure, as
mentioned in Sec. III C. In the case of C2H4, the partial
ionization cross sections for the ionic states of B 2Ag and
C 2B3u were estimated by decomposition of the observed
bands into asymmetric Gaussian functions at Ec=140 meV
�broken lines in an inset in Fig. 3�, at which the most reliable
electron spectra can be obtained in our experimental setup
because of high He* beam intensity.

As can be seen from the comparison of the observed
CEDPICS with the calculated one in Figs. 4 and 5, the
present trajectory calculations using the optimized PESs of
V* well account for the observed features of CEDPICS in the
studied collision energy range. The values of the calculated
total ionization cross sections �ca. 30 Å2 at Ec=33 meV for
both molecules �D 2B1u state was not included in C2H4��
were also found to be roughly comparable to those estimated
by pulse radiolysis methods for He*�2 3S� metastable atoms
with the present molecules �ca. 40 Å2 at the same Ec�.

58

General features in CEDPICS of C2H2 and C2H4 are
similar to each other �see Figs. 4 and 5� and can be summa-
rized as follows.

FIG. 4. Observed log � �cross section�-log Ec �collision energy� plots of
CEDPICS for C2H2 are shown with circles. The calculated CEDPICSs ob-
tained by the classical trajectory calculations utilizing the optimized poten-
tial energy surface V* are also drawn with solid lines.

FIG. 5. Observed log � �cross section�-log Ec �collision energy� plots of
CEDPICS for C2H4 are shown with circles. The calculated CEDPICSs ob-
tained by the classical trajectory calculations utilizing the optimized poten-

*
tial energy surface V are also drawn with solid lines.
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�1� CEDPICS for ionization from � orbitals �1�u for C2H2

and 1b2u for C2H4� has been found to decrease as col-
lision energy Ec increases �negative CEDPICS� in the
studied collision energy range �see also the slope pa-
rameter m in Table I and II�.

�2� CEDPICS for ionization from � orbitals �3�g and 2�u

for C2H2 and 1b2g, 3ag, and 1b3u for C2H4� shows an
increasing trend with the increase of Ec in the collision
energy region higher than ca. 100 meV �positive CED-
PICS�, while negative CEDPICS has been found in the
lower collision energies between 20 and 50 meV �see
also the slope parameter m in Tables I and II�.

It is well known that negative Ec dependence of ionization
cross section in low collision energies indicates attractive
interaction between a target molecule and He*�2 3S�. Based
on the previous study for isotropic targets,59 close collisions
lead to ionization that surmounts the rotational barrier in the

TABLE I. Slope parameters m of CEDPICS for the C2H2+He*�2 3S� system
in the collision energy range from 20 to 320 meV.

Ionic state Orbital Character
Collision energy

range �meV� m

X 2�u 1�u �CC 20–50 −0.36±0.02
50–100 −0.20±0.01

100–200 −0.12±0.01
200–320 −0.18±0.01
100–320 −0.16±0.02

A 2�g
+ 3�g �CH, �CC 20–50 −0.33±0.05

50–100 0.11±0.02
100–320 0.33±0.03

B 2�u
+ 2�u �CH 20–50 −0.32±0.03

50–100 −0.05±0.02
100–320 0.30±0.03

TABLE II. Slope parameters m of CEDPICS for the C2H4+He*�2 3S� sys-
tem in the collision energy range from 20 to 310 meV

Ionic state Orbital Character
Collision energy

range �meV� m

X 2B2u 1b2u �CC 20–50 −0.28±0.02
50–100 −0.12±0.02

100–200 −0.14±0.01
200–310 −0.29±0.01
100–310 −0.21±0.01

A 2B2g 1b2g �CH 20–50 −0.17±0.02
50–100 0.01±0.03

100–310 0.22±0.03

B 2Ag 3ag �CC 20–50 −0.18±0.05
50–100 0.12±0.02

100–310 0.32±0.02

C 2B3u 1b3u �CH 20–50 −0.13±0.02
50–100 0.15±0.03

100–310 0.24±0.01
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effective potential formed by a long-range attractive poten-
tial V*�R� and the centrifugal barrier Ec�b2 /R2� �b is the im-
pact parameter�. The collisions are characterized by impact
parameters smaller than the critical impact parameter bc, for
which the colliding system reaches the top of the effective
potential at a given collision energy Ec. In this case, if the
function form of the long-range attractive part of V*�R� is the
type of

V*�R� � − R−s, �15�

the critical impact parameter bc is proportional to Ec
−1/s. Thus,

as long as the ionization probability for collisions with the
impact parameter b smaller than bc is constant, collision en-
ergy dependence of the ionization cross section ��Ec� can be
expressed by10,12,23,59

��Ec� � Ec
−2/s. �16�

This formula can be given in the condition that collision
energy is less than the depth of attractive potential well
D �Ec
D�. In the condition of Ec�D, the repulsive part of
V*�R� is decisively important to characterize ��Ec�. In addi-
tion, trajectories having small impact parameters mainly con-
tribute collisional ionization. When simple analytical forms
for V*�R� and the transition probability W�R� are employed
as

V*�R� = B exp�− dR� �17�

and

W�R� = C exp�− gR� , �18�

��Ec� can be expressed by10,12,23

��Ec� � Ec
�g/d�−�1/2�. �19�

The parameter d is related to the effective steepness of the
repulsive potential wall in V*�R�, and g is the effective decay
parameter of W�R�. As discussed previously,23 the parameter
g can be evaluated from the asymptotic decay of the target
wave function, which is directly connected with the first ion-
ization potential of the target molecule M�IP�M��,60,61

g = 2�2IP�M��1/2. �20�

As shown in Eq. �20� the parameter g is a constant for a
given target molecule, thus ��Ec� can be related to the repul-
sive part of V*�R�. In the higher collision energy limit, the
parameter d in V*�R� tends to be very large because of a
hard-sphere collision regime, and then, the ratio of g /d in
Eq. �19� becomes negligibly small. In this case, ��Ec� shows
negative collision energy dependence due to a factor of −1/2
in Eq. �19�, which indicates that ionization cross section is
governed by effective interaction time in impact collisions.

In Secs. IV C and IV D, we will discuss on the observed
findings in CEDPICS by taking account of the above consid-
erations and the optimized anisotropic PESs for the present
systems.

C. Interaction potential in the � electron region

Figures 6 and 7 shows the contour maps of the optimized
* * 3 * 3
PESs of V for C2H2+He �2 S� and C2H4+He �2 S�, re-
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spectively. In the case of C2H4, Fig. 7 shows the V*�R ,� ,��
contour maps taken in �a� the �v vertical plane that includes
the CvC double bond of C2H4 ��=0° � and �b� the molecu-
lar plane of C2H4 ��=90° �. The energy spacing of the con-
tour lines of V* for negative values in 10 meV for the energy

FIG. 6. Contour map of the optimized potential energy surface V*�R ,�� for
the C2H2+He*�2 3S� system. The positive and negative values of the poten-
tial energy are shown with solid lines and dotted lines, respectively. The
energy spacing of the contour lines for the negative values is 10 meV for the
energy range from −40 to −10 meV. In the case of the positive values, the
energy spacing is 100 meV for the energy range from 0 to 800 meV.

FIG. 7. Contour maps of the optimized potential energy surface V*�R ,� ,��
for the C2H4+He*�2 3S� system taken in �a� the �	 vertical plane that in-
cludes the CvC double bond of C2H4 ��=0° � and �b� the molecular plane
of C2H4 ��=90° �. The positive and negative values of the potential energy
are shown with solid lines and dotted lines, respectively. The energy spacing
of the contour lines for the negative values is 10 meV for the energy range
from −60 to −10 meV. In the case of the positive values, the energy spacing

is 100 meV for the energy range from 0 to 800 meV.
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ranges from −40 to −10 meV in Fig. 6 and from −60 to
−10 meV in Fig. 7. In the case of positive values, the energy
spacing is 100 meV for the energy range from
0 to 800 meV. In Fig. 8, the optimized interaction potential
energy curves V*�R� for C2H2+He*�2 3S� in �a� the collinear
direction ��=0° � and �b� the perpendicular direction to the
molecular axis ��=90° � are shown with solid lines. The Li
model potential curves V0�R� are also shown with broken
lines in Fig. 8. Figure 9�a� shows V*�R� �solid lines� and
V0�R� �broken lines� for C2H4+He*�2 3S� in an out-of-plane
configuration ��=90° and �=0°�. Figures 9�b� and 9�c� also
indicate V*�R� �solid lines+filled symbols� and V0�R� �bro-
ken lines+open symbols� for C2H4+He*�2 3S� in several in-
plane configurations ��=90° � �circles: �=0°, triangles: �
=30°, diamonds: �=60°, and squares: �=90°�. Tables III and
IV summarize the attractive well depths De and its geometri-
cal positions Re, �e, and �e in the optimized PESs V* for
C2H2+He*�2 3S� and C2H4+He*�2 3S�, respectively.

Since Penning ionization processes crucially depend on
local characteristics of electron distributions of target MOs,
it is obvious that the negative CEDPICS for the X ionic states
in Figs. 4 and 5 can be related to attractive interaction around
the �CC regions for the C2H2 and C2H4 molecules. The at-
tractive interaction around the �CC regions for unsaturated
hydrocarbons was also reported in the previous experimental
studies in a higher Ec range. 25,57 As can be seen in the

FIG. 8. Optimized interaction potential energy curves �solid lines� of V*�R�
as a function of distance R between He*�Li� and the center of mass of C2H2

in �a� the collinear direction ��=0° � and �b� the perpendicular direction to
the molecular axis ��=90° �. The Li model potential curves V0�R� are also
shown with broken lines.
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optimized PESs and potential energy curves �see Figs. 6, 7,
8�b�, and 9�a��, an attractive potential well is clearly found in
the �CC region for C2H2 and C2H4. In the case of C2H2, the
well depth De��� and its geometrical positions Re��� and
�e��� in the �CC region were found to be 34 meV �ca.
0.8 kcal/mol�, 2.6 Å, and 90.0°, respectively. In the case of
C2H4, De���, Re���, �e���, and �e��� were found to be
62 meV �ca. 1.4 kcal/mol�, 2.6 Å, 90.0°, and 0.0°, respec-
tively. The larger negative value of the slope parameter m in
the lower Ec range �20–50 meV� for C2H2 �m=−0.36� than
that for C2H4 �m=−0.28� is likely to be due to the ring-like
attractive potential surrounding the CwC triple bond of
C2H2.

In connection with the interactions of He* with the un-
saturated hydrocarbons, charge-transfer complexes for the
chemically related systems of Li+C2H2 and C2H4 have been
observed in electron spin resonance �ESR� measurements us-
ing argon matrix isolation.62,63 In these interacting systems,
the Li atom which is excited to a 2P state interacts strongly

FIG. 9. �a� Optimized interaction po-
tential energy curves �solid lines� of
V*�R� and Li model potential curves
�broken lines� V0�R� as a function of
distance R between He*�Li� and the
center of mass of C2H4 in the out-of-
plane direction ��=90° and �=0°�.
��b� and �c�� V*�R� �solid lines+filled
symbols� and V0�R� �broken lines
+open symbols� in several in-plane
configurations ��=90° � �circles: �
=0°, triangles: �=30°, diamonds: �
=60°, and squares: �=90°�.

TABLE III. Optimized parameters of the coefficients Ci in Eq. �6� for po-
tential fitting and K�i� in Eq. �11� for ionization widths �see text� for the
system of C2H2+He*�2 3S�. The uncertainties of the coefficients Ci from the
experimental errors of the observed slope parameters m are given in paren-
theses. The obtained potential well depths of De��� around the �CC region
and De��� around the �CH region, and their geometrical positions of Re���
and �e���, and Re��� and �e��� are also shown.

C6 �meV� 107 �±5�
C5 �meV� 158 �±14�
C4 �meV� 161 �±12�
C3 �meV� 356 �±25�
C2 �meV� 852 �±19�
C1 �meV� 7 �±14�

k�B� �eV� 21.3
K�A� �eV� 12.5
K�X� �eV� 2.73

De��� �meV� 34 �±3�
Re��� �Å�a 2.6 �±0.05�
�e��� �°�a 90.0

De��� �meV� 48 �±5�
Re��� �Å�a 5.3 �±0.1�
�e��� �°�a 0.0

aThe definitions of R and � are defined in text.
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with the molecules through a charge donation to the vacant
antibonding �CC

* orbital.62,63 In the equilibrium structures,
the Li atom bridges the CC bond, which yields a triangle
form by C–Li–C, and the CH bonds bend away from the Li
atom. Thus, the structures of the hydrocarbon fragments in
the complexes are rather different from those of the isolated
hydrocarbons. From a computational investigation64 by using
the density functional theory, the binding energy �namely,
attractive potential well� for the Li+C2H2 charge-transfer
complex was estimated to be ca. 590 meV, and the Li atom
was found to donate 0.72 electron to the �CC

* orbital of the
C2H2 fragment.

In the present system of He*+C2H2 or C2H4, if colli-
sional ionization occurs when the target molecule is de-
formed with the strong attractive interaction in the �CC re-
gion as mentioned above, a large negative peak shift that
nearly corresponds to the large attractive well depth and at
least large band broadening to lower electron energies should
be observed for the X ionic state in PIES.10 However, such
features have not been observed in the present measure-
ments, and therefore a structural deformation of the hydro-
carbon molecules that leads to a deep attractive well in the
�CC region is considered to be unlikely in the collisional
ionization processes.

Relatively large negative values of the slope parameter
m have also been observed in the higher Ec ranges �−0.18 for
C2H2 in 200
Ec
320 meV and −0.29 for C2H4 in 200

Ec
310 meV�, as shown in Tables I and II. However,
judging from the magnitude of the optimized well depth
�34 meV for C2H2+He*�2 3S� and 62 meV for C2H4

+He*�2 3S��, the negative CEDPICS in the higher Ec region
is unlikely to arise from the attractive potential around the
�CC regions. In order to obtain further information on this,
we have investigated the ionization probabilities as a func-

TABLE IV. Optimized parameters of the coefficients Ci in Eq. �6� for po-
tential fitting and K�i� in Eq. �11� for ionization widths �see text� for the
system of C2H4+He*�2 3S�. The uncertainties of the coefficients Ci from the
experimental errors of the observed slope parameters m are given in paren-
theses. The obtained potential well depths of De��� around the �CC region,
and their geometrical positions of Re���, �e���, and �e��� are also shown.

C7 �meV� 25 �±29�
C6 �meV� 83 �±14�
C5 �meV� 133 �±5�
C4 �meV� 894 �±46�
C3 �meV� 5 �±55�
C2 �meV� 3859 �±39�
C1 �meV� 3 �±63�

K�C� �eV� 19.8
K�B� �eV� 5.55
K�A� �eV� 6.17
K�X� �eV� 4.09

De��� �meV� 62 �±4�
Re��� �Å�a 2.6 �±0.05�
�e��� �°�a 90.0
�e��� �°�a 0.0

aThe definitions of R, �, and � are defined in text.
tion of the impact parameter b �opacity function�. Figures 10
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and 11 show the calculated opacity functions for X 2�u ionic
state of C2H2 and X 2B2u ionic state of C2H4, respectively.
The interval for the lower collision energies of 20 and
30 meV is the same as that for the higher collision energies
of 200 and 300 meV in the log � �cross section� vs log Ec

�collision energy� plots in Figs. 4 and 5.
Since ionization probabilities depend not only on the im-

pact parameter b but also on the molecular rotational motion
and orientation, a large number of dots appear at a particular
value of the impact parameter b; many different situations
are involved in the same impact parameter. Since the sum of
the partial ionization probabilities P�i� for each trajectory
cannot exceed unity, one can see limited values of P�i� in the
opacity functions. It can be recognized that impact collisions
perpendicular to the CC axis of C2H2 and the molecular

FIG. 10. Ionization probabilities as a function of the impact parameter b
�opacity function� for producing X 2�u ionic state of C2H2 in �a� the lower
collision energies �20 and 30 meV� and �b� the higher collision energies
�200 and 300 meV�.
plane of C2H4 with zero impact parameter yield high ioniza-

 AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



104308-10 Horio et al. J. Chem. Phys. 124, 104308 �2006�
tion probabilities regardless of the collision energy, since the
X ionic states for both molecules correspond to ionization
from �CC MOs that have a large electron density perpendicu-
lar to the CC axis or molecular plane.

As can be seen in Figs. 10�a� and 11�a� for the lower Ec

range, the opacity functions largely depend on the collision
energy. The critical impact parameters bc rapidly decrease as
the collision energy increases. As discussed in the previous
theoretical studies on CH3CN+He*�2 3S�,65 this feature
clearly indicates that collisional ionization in the lower Ec

region is governed by the attractive potential. On the other
hand, in the higher collision energies of 200 and 300 meV
�Figs. 10�b� and 11�b��, the critical impact parameters bc �ca.
2.5–4.5 Å� are much smaller than those �ca. 5–7 Å� in the
lower collision energies of 20 and 30 meV. This feature can

FIG. 11. Ionization probabilities as a function of the impact parameter b
�opacity function� for producing X 2B2u ionic state of C2H4 in �a� the lower
collision energies �20 and 30 meV� and �b� the higher collision energies
�200 and 300 meV�.
support the above consideration that the attractive potential
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around the �CC regions plays a minor role in collisional ion-
ization into the X states in the higher collision energies. In
addition, it is found that the hard-sphere collision regime as
discussed above is not predominant in the higher collision
energy range, since the maximum of the ionization probabil-
ity at zero impact parameter is nearly the same in both col-
lision energies of 200 and 300 meV. Accordingly, we may
say that the observed negative slopes of CEDPICS in the
higher Ec region are related to more or less a decrease in the
effective time for metastable atoms to pass by the �CC elec-
tron regions with the increase of collision energy, although
the collisional ionization with small impact parameters
�0–1 Å�, which occurs in the repulsive potential around the
�CC region, also characterizes the CEDPICS in the higher Ec

region.

D. Interaction potential in the � electron region

Positive CEDPICS for ionization from � orbitals in the
higher collision energy region above ca. 100 meV is consid-
ered to be due to repulsive interaction around the �CH region
�collinear direction� for C2H2 and the �CH�CC� region �in-
plane direction� for C2H4. In the case that “soft” repulsive
interaction governs collisional ionization, ionization cross
sections are expected to be larger with an increase of the
collision energy, since a faster He* atom compared to a
slower He* atom can reach more effectively the reactive re-
gion against the repulsive wall, which results in a large over-
lap between relevant orbitals.23 As can be seen in the opti-
mized PESs and potential energy curves �see Figs. 8�a�, 9�b�,
and 9�c��, soft repulsive potential wall can be confirmed in
the �CH region for C2H2 and the �CH�CC� region for C2H4.
Relative hardness of the repulsive potential wall around the
H atom with respect to that around the middle position of the
methylene �CH2� unit was discussed in the previous study of
the C2H4+He*�2 3S� system,57 where a softer repulsive wall
was suggested around the middle position of the CH2 unit
compared with the H atom. This can be confirmed by the
optimized PES and potential energy curves V*�R� shown in
Figs. 7�b� and 9�b�.

On the other hand, in the lower collision energies be-
tween 20 and 50 meV, CEDPICS for ionization from � or-
bitals shows a decreasing trend with an increase of the col-
lision energy Ec �see the slope parameters m in Tables I and
II�. Furthermore, it has been found that the absolute value of
the negative slope parameter m for C2H2 �the average value
of m for two � orbitals is −0.33� is much larger than that for
C2H4 �the average value of m for three � orbitals is −0.16�.
Based on the considerations on CEDPICS described in Sec.
IV B, it is clear that the observed negative CEDPICS for
ionization from � orbitals in the lower Ec region can be
related to attractive interaction in the �CH region for C2H2

and the �CH�CC� region for C2H4. Thus, the observed curved
structure with a minimum of the ionization cross section in
CEDPICS �see Figs. 4 and 5� can be ascribed to transition
from the attractive interaction regime �Ec
D� in the lower
collision energies to the repulsive interaction regime �Ec

�D� in the higher collision energies. In addition, from sub-

stantial difference of the observed slope parameters m in the
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lower Ec region, the attractive interaction in the �CH region
for C2H2 is suggested to be much stronger than that for
C2H4.

As can be seen in Figs. 6 and 8�a�, an attractive potential
well has been found around the H atom for the C2H2

+He*�2 3S� system. The optimized well depth De��� and its
geometrical positions Re��� and �e��� were found to be
48 meV �ca. 1.1 kcal/mol�, 5.3 Å, and 0.0°, respectively. On
the other hand, in the case of C2H4, attractive potential sur-
rounding the in-plane region has been found �Fig. 7�. By
averaging the potential minimum over the in-plane directions
��=90°, �=0.0°, 15.0°, 30.0°, 45.0°, 60.0°, 75.0°, and
90.0°�, the mean value of the attractive well depths in the
in-plane directions was found to be 18 meV �ca.
0.4 kcal/mol�. Figure 12 compares the interaction potential
energies between �a� the C2H2+He*�2 3S� system �open
circles: �=angle �variables�� and �b� the C2H4+He*�2 3S�
system �open squares: �=90.0° and �=angle �variables�� in
the distance between the He* atom and the center of mass of
the target molecules R=5.0 Å. In Fig. 12, it is obvious that a
stereospecific attractive well is located around the H atom in
the C2H2+He*�2 3S� system, while such a feature has not
been found in the C2H4+He*�2 3S� system.

The optimized parameters of coefficients Ci for the Li
model potential V0 in Eq. �6� are also shown in Tables III and
IV. The uncertainties of the coefficients Ci have been esti-
mated simply by the experimental errors of the observed
slope parameters m. By using the uncertainties of Ci, we
have also evaluated the uncertainties of the optimized well
depths De. Here, in order to show how the calculated
CEDPICS is affected by the magnitude of the well depths De

in PESs V*, we have calculated CEDPICS when the values
of the optimized well depths De listed in Table III and IV are
varied by ±50%. Figure 13 compares the observed CEDPICS
�open circles� for �a� A 2�g

+ ionic state of C2H2
+ and �b�

X 2B2u ionic state of C2H4
+ with the calculated CEDPICS by

using the optimized PESs V* �solid lines� and the trial PESs
�dotted lines: +50% and broken lines: −50%� in the low col-
lision energy range, where slopes of the observed CEDPICS

FIG. 12. The interaction potential energies as a function of the polar angle
� for �a� the C2H2+He*�2 3S� system �open circles� and �b� the C2H4

+He*�2 3S� system ��=90.0° �in plane�, open squares� in the distance be-
tween the He* atom and the center of mass of the target molecules R
=5.0 Å.
are expected to be sensitive to the attractive potentials in
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PES. The CEDPICS obtained by the trial calculations is nor-
malized with respect to the CEDPICS calculated by using the
optimized PESs at Ec=40 meV, since here we focus on how
the slopes of CEDPICS are varied by the trial calculations. It
can be recognized from Fig. 13 that trial calculations fail to
account for the observed slope of CEDPICS. In addition, it
has been found that the observed CEDPICS in the lower Ec

range is essential for evaluating weak attractive interaction as
found in the present systems. Since the uncertainties of the
optimized coefficients Ci are estimated by the experimental
errors of the observed slope parameters in CEDPICS, it
seems that considerably small values of the uncertainties of
the well depths with ca. 10% are obtained.

In summary, it is clear that the global minimum in the
PES of the C2H2+He*�2 3S� system is located around the H
atom along the molecular axis �� direction�, while the �CC

electron region �� direction� shows dominant attractive po-
tential in the C2H4+He*�2 3S� system. In Sec. IV F, such an
attractive-site preference has been discussed in connection
with the orbital interactions between the MOs of the unsat-
urated hydrocarbons and the atomic orbitals of the meta-
stable atom.

E. General remarks on the potential corrections

Here, the roles of the Ci parameters in the corrections for
the Li model potential V0 in Eq. �6� are discussed based on
the principles of orbital interactions. As can be seen in Tables
III and IV, the optimized coefficients of Ci in Eq. �6� are all
positive. This indicates that the potential energy surfaces V*

for He*�2 3S� are pulled down to the lower energies from the

FIG. 13. Comparison of the observed CEDPICS �open circles� for �a� A 2�g
+

ionic state of C2H2
+ and �b� X 2B2u ionic state of C2H4

+ with the calculated
CEDPICS by using the optimized PESs V* �solid lines� and trial PESs �see
text�. The CEDPICS obtained by the trial calculations is normalized with
respect to the CEDPICS calculated by using the optimized PESs at Ec

=40 meV.
Li model potential V0. From the difference of the IP between
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Li�2 2S� �5.392 eV� and He*�2 3S� �4.768 eV�, the energy
level of the 2s electron of He*�2 3S� can be considered to be
much higher in comparison with that of Li�2 2S�. Taking the
energy gaps between the 2s electron between the MOs of the
target molecules into account, contributions to energy lower-
ing in the Li model potentials V0 are expected to be overes-
timated for the occupied MOs and underestimated for the
unoccupied MOs. This argument leads to negative coeffi-
cients Ci for the occupied MOs and positive coefficients Ci

for the unoccupied MOs in Eq. �6�. For the occupied MOs,
however, the optimized coefficients C1–C3 for C2H2 and
C1–C4 for C2H4 show positive values �see Tables III and IV�
contrary to the above expectation.

It should be of note that in the interacting system of
He*�Li�+C2H2 or C2H4 �closed-shell molecules�, the 2s un-
paired electron in the singly occupied orbital has an anti-
bonding character. In connection with this, the contributions
of vacant 2p orbitals leading to 2s-2p hybridization of
He*�Li� atom should be considered;26,29,66,67 when the con-
tribution of 2s-2p hybridization increases, electron overlap
repulsion with the target molecules decreases due to the
small lobe of the 2s-2p hybridization. Therefore, this effect
contributes also to the energy lowering in the Li model po-
tentials V0. Since the energy gap between the 2s and 2p
orbitals of He*�2 3S� �1.114 eV� is much smaller than that of
Li�2 2S� �1.848 eV�, the hybridization effect is underesti-
mated in the Li model potential V0 in Eq. �6�. As discussed
previously,42 since the 2s-2p orbital mixing is caused via
interactions with the occupied MOs, positive coefficients Ci

for the occupied MOs can be expected, if the hybridization
effect lowering the unpaired electron level in the interacting
system is much more important than the energy-lowering
effects on the paired electron levels for occupied orbitals.
Thus, the positive coefficients for the occupied MOs listed in
Tables III and IV suggest that the 2s-2p hybridization effect
predominantly contributes to corrections of the Li model
potentials V0. Concerning the above discussion, we have
to mention a propensity that potential energy curves for
Li+X �X=H, Li, Na, K, Ca, and Hg� are more attractive than
those for He*+X,41 which is contrary with the present studies
for molecular targets. For open-shell atomic targets, how-
ever, it can be recognized from the above discussion based
on orbital interactions between He*�Li� and targets, the 2s
electron of He*�Li� occupies an orbital having a bonding
character in the interacting system. In this case, the 2s-2p
hybridization effect has a minor contribution for attractive
well in the potential energy curves, while the orbital interac-
tion between the 2s electron of He*�Li� and the unpaired ns
electron of atomic targets plays a dominant role for the at-
tractive well. Although atomic targets investigated in the pre-
vious work41 also involve closed-shell atoms, this can be
connected to the different trends in the potential energy
curves for the atomic targets with respect to the PESs for the
molecular targets.

F. The preference for attractive site in unsaturated
hydrocarbons

In the overlap correction method employed in the

present study, it has been found that the positive coefficients
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Ci of the unoccupied MOs have a dominant contribution in
lowering the potential energy of V0 in Eq. �6� at long
ranges.42 As discussed previously,42,44 the positive contribu-
tion of Ci for the unoccupied MOs supplements a charge-
transfer �CT� interaction effect leading to M�−A*�+ �Refs.
68–70� in the correction of Li model potential V0. As dis-
cussed in Sec. IV D, the energy level of the 2s electron of
He*�2 3S� is much higher in comparison with that of
Li�2 2S�, and the energy gaps between the 2s atomic orbital
and unoccupied MOs of a target molecule become much
smaller for He*�2 3S�. From this point of view, it follows that
the CT interaction, namely, the orbital interaction between
the 2s atomic orbital and unoccupied MOs of a target mol-
ecule, is much more important in the case of He*�2 3S�.

In the previous study on the CH3CN+He*�2 3S� system,
a stereospecific attractive well with a depth of ca. 40 meV
around the methyl group �−CH3� has been found.44 The at-
tractive well is located in the C-atom side along the CCN
axis at a distance of 5.80 Å from the center of mass of
CH3CN. From the analysis of the optimized coefficients it
has been concluded that the attractive potential around the
methyl group �−CH3� can be related to the orbital interaction
between the 2s atomic orbital of He*�2 3S� metastable atom
and the �-type unoccupied MO �8a1� of CH3CN that has a
large extent of the electron distribution around the methyl
group.44 It is worth noting that a similar feature around the
methyl group has been obtained by semiempirical calcula-
tions for the anisotropic interaction potential for the CH3Cl
+Ne* system,70,71 where the attractive potential well in the
methyl group has been ascribed to the CT interaction effect,
since the lowest unoccupied molecular orbital �LUMO� of
CH3Cl has a �* C–Cl character.71

As listed in Table III, the coefficients Ci of the low-lying
unoccupied MOs with � symmetry �4�g and 3�u� show a
relatively large positive value in the case of C2H2. It should
be noted that both the unoccupied �-type MOs of 4�g and
3�u have a large extent of the electron distribution in the
collinear direction to the molecular axis �HCCH�, as can be
seen in Fig. 1�a�. Therefore, it is obvious that the stereospe-
cific attractive well on the H atom of C2H2 found in the
present study can be ascribed to the orbital interactions be-
tween the 2s atomic orbital of He*�2 3S� and the �-type un-
occupied MOs �4�g and 3�u� that leads to the CT interaction
effect, although the 2s-2p hybridization effect is considered
to cause the attractive well at the partially negatively charged
site in the target molecules.26

In the case of the C2H4+He*�2 3S� system, the coeffi-
cients Ci of the low-lying unoccupied MOs having �* char-
acter �4ag and 3b1u� also show relatively large positive val-
ues. However, the spatial distribution of electron density for
the 4ag and 3b1u unoccupied MOs is clearly different from
each other, as can be seen in Fig. 1�b�. Therefore, in the case
of the C2H4+He*�2 3S� system it can be understood that the
contributions of the 4ag and 3b1u unoccupied MOs yield an
attractive potential surrounding the in-plane region. The ob-
served nearly the same slope parameters m for the �-type
MOs �m=−0.17 for 1b2g��CH�, −0.18 for 3ag��CC�, and
−0.13 for 1b3u��CH�� in the lower Ec region �20–50 meV�

can account for the shallow attractive potential in the in-
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plane directions. The substantial difference in the observed
negative slope parameters m between C2H2 and C2H4 in the
lower Ec region �the averaged value of m for two � orbitals
in C2H2 is −0.33, while that of m for three � orbitals is
−0.16� can also be explained by the optimized PESs as
shown in Figs. 6–9, where the stereospecific attractive poten-
tial on the H atom of C2H2 is clearly related to much larger
negative values of m in the lower Ec region for C2H2.

It is interesting that one can find a correlation between
the orbital energies of the low-lying unoccupied MOs and
their optimized coefficients Ci in the potential corrections.
The orbital energies of 4�g and 3�u for C2H2 obtained by the
SCF-MO calculation with a 6-311+ +G** basis set are 1.15
and 1.29 eV, respectively. On the other hand, the energy val-
ues of 4ag and 3b1u for C2H4 obtained by the same method
and basis set are 1.33 and 1.68 eV, respectively. From these
results, it is clear that the orbital interactions between the 2s
atomic orbital of a He*�2 3S� metastable atom and unoccu-
pied �-type MOs are much more important for the C2H2

+He*�2 3S� system, because of its smaller energy gaps be-
tween the relevant orbitals. This can be confirmed by the
optimized coefficients Ci listed in Tables III and IV, where
the coefficients C4 and C5 �corresponding to 4�g and 3�u

MOs, respectively� for C2H2 show much larger values than
the coefficients C5 and C6 �corresponding to 4ag and 3b1u

MOs, respectively� for C2H4. In connection with this, elec-
tron affinities �EAs� for the unsaturated hydrocarbons should
be referred here. The experimental values of the vertical EAs
for C2H2 and C2H4 were reported to be −2.6 and −1.78 eV,
respectively, in electron transmission spectroscopy with low
energy electrons.72,73 These values were obtained from a
shape resonance to 2�g state of the respective anions ob-
served in the total electron scattering cross sections as a
function of incident electron energy. Since these temporary
anion states are associated with low-lying �* orbitals of the
unsaturated hydrocarbons that contribute the sharp structures
of the shape resonance on the observed electron transmission
spectra, the above EAs for the unsaturated hydrocarbons can-
not be compared with the present calculated results.

Finally, we shall discuss the attractive potential well at
the �CC electron region in the unsaturated hydrocarbons.
From the previous studies on the molecules with �CC

electrons,25,42,57,74 the attractive interaction in the � electron
region is likely to be related to the orbital interactions be-
tween the 2s and vacant 2p atomic orbitals of He*�2 3S� and
the high-lying occupied � orbitals. The highest occupied mo-
lecular orbitals �HOMOs� of the present unsaturated hydro-
carbons are 1�u��CC� for C2H2 and 1b2u��CC� for C2H4. It
should be noted here that the IPs for the HOMOs have been
reported to be 11.40 eV for C2H2 and 10.51 eV for C2H4.55

This indicates that the energy level of HOMO for C2H4 is
much higher than that for C2H2. Therefore, it follows that the
orbital interactions between the relevant orbitals are much
more significant for C2H4, which can be related to the
attractive-site preference of the � direction in the C2H4

+He*�2 3S� system. It is also interesting to note that this is in
contrast with the case of the unoccupied MOs as mentioned

above.
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V. CONCLUSION

The state-resolved collision energy dependence of the
Penning ionization cross sections for the unsaturated hydro-
carbons �C2H2 and C2H4� with He*�2 3S� metastable atoms
was observed in a wide collision energy range from
20 to 350 meV. A recently developed cooled discharge
nozzle source for producing low velocity He*�2 3S� meta-
stable beams has enabled us to survey weak attractive inter-
action for the present systems as well as to evaluate the
PESs. Based on the comparison of the observed CEDPICS
with the classical trajectory calculations, PESs for the inter-
acting systems were obtained from optimizations of ab initio
Li model potentials utilizing the overlap correction method.
It is found that in the C2H2+He*�2 3S� system, the global
minimum with a well depth of 48 meV �ca. 1.1 kcal/mol� is
located around the H atom along the molecular axis. On the
other hand, in the C2H4+He*�2 3S� system, a dominant at-
tractive well has been found in the �CC electron region �the
well depth is 62 meV �ca. 1.4 kcal/mol��.

From the optimized potential parameters of the target
MOs and analysis of the orbital energies, it is concluded that
the orbital interactions between �-type unoccupied MOs of
4�g and 3�u in C2H2 and the 2s atomic orbital of He*�2 3S�
can account for the stereospecific attractive well around the
H atom �� direction�, while HOMO of C2H4 with a �CC

character plays a significant role for the preference of the
attractive site in the �CC electron region �� direction�.
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