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Penning ionization of C2H5X (X ) Cl, F) upon collision with metastable He*(23S) atoms was studied by
two-dimensional (collision-energy/electron energy resolved) Penning ionization electron spectroscopy. Partial
ionization cross sections are found to be larger for ionization from orbitals havingnx characters. Collision
energy dependence of the partial cross sections, which reflects interaction potential energy between the molecule
and He(23S), indicates anisotropic interaction potentials around the molecule. As elucidate with the aid of
calculated energy surfaces for the chemically related systems Li-C2H5X (X ) Cl, F), a different trend was
found in the interaction around C-X axis: for the former the attractive interaction was dominated around the
perpendicular directions to the C-Cl bond axis, while for the C-F bond the attractive interaction was localized
around the collinear axis.

I. Introduction

It is well-known that the shape and the spread of molecular
orbital play the central role in the chemical reactions. Penning
ionization electron spectroscopy is one of the most suitable
methods for probing electron distributions of molecular orbitals
(MOs).1,2 Penning ionization3 can occur when a molecule
M collides with a metastable atom A* (A*+ M f A +
M+ + e-).

The Penning ionization process can be explained by the
electron exchange model proposed by Hotop and Niehaus.4 On
the basis of this model, overlap of orbitals related to the electron
exchange is required. Ohno et al.1,5 successfully applied the
exterior electron density (EED) model to this process in order
to account for experimental branching ratios for Penning
ionization. Larger electron distribution outside the van der Waals
radii brings larger overlap of mutual orbitals involving electron
exchange with resultant large ionization probability. The reaction
probability depends on both the electron distribution of the MO
and the interaction of the reagents. The kinetic energy of the
ejected electron depends on the energy difference between the
entrance potential energy surface of A*+ M and the exit
potential energy surface of A+ M+ at the ionization point.6

Thus the Penning ionization electron spectrum (PIES) does not
give the ionization potential (IP) of the isolated molecule, which
can be determined by He I ultraviolet photoelectron spectros-
copy. Then there are systematic kinetic energy shifts between
PIES and ultraviolet photoelectron spectrum (UPS), correspond-
ing to the energy difference between the metastable atom and
the photon energy. The information on the interaction potential
of the entrance channel can be obtained from the peak energy
shift if the exit potential can be assumed as flat in the ionization
region. In the case of a positive peak energy shift, the interaction
is repulsive, and a negative shift can be ascribed to an attractive
interaction.

The branching ratio for the population of the different
electronic bands in PIES corresponds to the partial ionization

cross sections. In many cases, attractive interactions enhance
the ionization cross section, while there are some exceptions
such as thenO orbital in the carbonyl group.7 The ionization
cross section depends not only on the electron distribution of
the MO and characteristic of the interaction but also on the
collision energy of the metastable atom. Therefore, the observa-
tion of collision-energy-dependent cross sections provides
valuable information about the interaction, especially when the
peak energy shift cannot be determined. Two-dimensional PIES
(2D-PIES) has been recently developed in our laboratory,8 in
which ionization cross sections are determined as functions of
both electron kinetic energy (Ee) and metastable atom collision
energy (Ec). This technique makes it possible to study the
collision-energy dependence of the partial ionization cross
sections (CEDPICS) and collision-energy-resolved PIES
(CERPIES), and thus the state-resolved measurement of partial
cross sections for theith ionic state enables us to investigate
the anisotropic potential surface around the target molecule.

Anisotropic interactions around Cl atoms intrans-, cis-, and
iso-dichloroethylenes,9 vinyl chloride,10,11(CH3)CCl,12 and CH3-
Cl13 with He*(23S) atom have been reported. Although attractive
interactions were found around the Cl atom, suggesting that
perpendicular approach of the He*(23S) atom with respect to
C-Cl bond axis is more attractive, further discussions are
necessary for a detailed understanding of the anisotropic
interaction around the halogen atom. Recently, Alberti et al.
studied anisotropy effects in CH3Cl ionization by metastable
neon atoms.14 They constituted the real part of the potential
energy surface semiempirically and reported that the strongest
attractive interaction was located around the angle of 45° with
respect to the C-Cl bond axis. Very recently, Yamato et al.15

have studied Penning ionization of CHCl3 by Ar*(3P0,2), using
a combination of a time-of-flight technique and an electric
hexapole orientation technique, and discussed the correlation
between collision energy and steric effects. Anisotropy in
chemical reactions by using aligned molecules have been
reported.16,17On the other hand, reaction anisotropy around the
F atom in the Penning ionization has never been reported so* Author to whom correspondence should be addressed.
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far, while in the reaction of Sr, K, and Li with HF, Loesch and
co-workers have reported the effect of the HF alignment on the
reactivity.17,18

From a chemical point of view, it is very interesting and
important to reveal the interaction feature of atoms, which have
the same number of valence electrons, because it is well-known
that atoms having the same number of valence electrons such
as halogen atoms show similar and systematic characteristics
in many reaction systems from a macroscopic point of view.
One question can be raised from a microscopic point of view
whether the reaction dynamics of these species are similar or
not. The anisotropic interaction around urea and thiourea
((NH2)2CdX, X ) O, S) was studied, and a different trend was
reported in the interaction around the CdX (X ) O, S) group;
an attractive interaction was found for the perpendicular
direction around the CdS axis where the 3p orbital of the S
atom extends, while the collinear direction along the CdO bond
was found to be most attractive.19 This result suggested that
even the atoms with the same number of valence electrons
behave in quite a different way.

In this paper, we studied the interaction anisotropy around
Cl or F atom. We have measured 2D-PIES of C2H5X (X ) Cl,
or F) in order to get further insight about the anisotropic
interaction around these halogen atoms and to obtain systematic
understanding for reaction dynamics of the atoms that possess
same number of valence electrons. Furthermore, the validity of
the semiempirical electrostatic model adopted by Alberti et al.14

for simulating collision-energy-dependent ionization cross sec-
tions will be discussed.

II. Experimental Section

High purity samples (C2H5Cl and C2H5F) were commercially
purchased and used without further purification. The experi-
mental apparatus for He*(23S) Penning ionization electron
spectroscopy has been reported previously.12,20-22 Therefore only
a brief description will be given below. The metastable He*
beam was generated by a discharge nozzle source with a
tantalum hollow cathode. The metastable He* atoms in the 21S
metastable state are removed by a helium discharge (quench)
lamp after passing through the skimmer. Ionic and Rydberg
species produced by the discharge were removed by an electric
deflector. The He(23S) metastable beam enters into the collision
cell where sample gas was introduced. Electrons produced by
Penning ionization were measured by a hemispherical electro-
static deflection type analyzer using an electron collection angle
90° relative to the incident He* beam. He I UPS were measured
by using He I resonance photons (584 nm, 21.22 eV) produced
by a dc-discharge in pure helium gas. The kinetic energy of
the ejected electrons was measured by the analyzer using an
electron collection angle of 90° relative to the incident photon
beam. The energy resolution of the electron energy analyzer
was estimated to be 70 meV from the full width at half-
maximum (fwhm) of the Ar+(2P3/2) peak in the He I UPS of Ar
atoms. The transmission efficiency curve of the electron analyzer
was determined by comparing our UPS data of several
molecules with those by Gardner and Samson23 and Kimura et
al.24 Calibration of the electron energy scale was made by
reference to the lowest ionic state of N2 mixed with the sample
molecule in He I UPS (Ee ) 5.639 eV)25 and He* (23S) PIES
(Ee ) 4.292 eV).26,27

In the collision-energy-resolved experiments, 2D-PIES, the
metastable atom beam was modulated by a pseudo-random
chopper,28 rotating at about 400 Hz, and introduced into the
reaction cell; the latter was located 504 mm downstream from

the chopper disk, and the sample pressure was kept constant.
The resolution of the electron analyzer was lowered to 250 meV
in order to gain higher electron counting rates. Time-dependent
electron signals for each kinetic electron energy (Ee) were
recorded while scanning the electron energy in 35 meV steps.
The 2D Penning ionization data as functions of bothEe and t
were stored in a memory of a computer. The velocity depen-
dence of the electron signals was obtained from the time
dependent signals by Hadamard transformation in which the
time-dependent signals were cross-correlated with the comple-
mentary slit sequence of the pseudo-random chopper. Similarly,
the velocity distribution of the metastable He*(23S) beam was
determined by measuring the intensity of secondary electrons
emitted from an inserted stainless plate. The 2D Penning
ionization cross sectionσ(Ee, Vr) was obtained via normalization
to the velocity distributionIHe*(VHe*) of the He*(23S) atoms.

wherec is a proportionality constant,Vr the relative velocity of
metastable atoms averaged over the velocity of the sample
molecule,k the Boltzmann constants,T the gas temperature (300
K), and M the mass of the sample molecule, respectively.
Finally, σ(Ee, Vr) is converted toσ(Ee, Ec) as functions ofEe

andEc by the following relation:

whereµ is the reduced mass of the reaction system.

III. Calculations

We performed ab initio Hartree-Fock self-consistent field
(SCF) calculations with 4-31G basis functions for neutral sample
molecules in order to obtain electron density contour maps and
schematic diagrams of MOs. The geometries of the molecules
were taken from microwave spectroscopic studies.29-31 In the
electron density maps, thick solid curves indicate the repulsive
molecular surface approximated by van der Waals radii32 (rC

) 1.7 Å, rH ) 1.2 Å, rCl ) 1.8 Å, rF ) 1.35 Å). In schematic
diagrams of MOs, circles and ellipses were used. Solid circles
show valence s orbitals, where couples of ellipses and dashed
circles show in-plane and out-of-plane components of p orbitals,
respectively.

Interaction potential energies between He(23S) and M in
various directions and angles were also calculated on the basis
of the well-known resemblance between He(23S) and Li(22S);33

the shape of the velocity dependence of the total scattering cross
section of He(23S) by He, Ar, and Kr is very similar to that of
Li, and the location of the interaction potential well and its depth
are similar for He*(23S) and Li with various targets.34-37

Recently, a precise estimate of the similarity38 has been made
for atomic targets; the well depths for the Li+ Y (Y ) H, Li,
Na, K, Hg) systems were found to be 10% to 20% larger than
those for He*(23S) + Y. Although for molecular targets M, a
direct comparison between the interactions of Li+ M and He*
(23S) + M has never been reported so far, the observed peak
energy shifts between PIES and UPS, which was relevant to
the interaction potentials between the reagents, were well
reproduced by the Li+ M potentials calculations for numerous
compounds.7-12,19Because of these findings and the difficulties
associated with the calculation of excited states, Li was used in

σ(Ee, Vr) ) c[Ie(Ee, VHe*)/IHe*(VHe*)](VHe*/Vr) (1)

Vr ) [VHe*
2 + 3kT/M]1/2 (2)

Ec ) µVr
2/2 (3)
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this study in place of He*(23S). Thus the interaction potential
M-Li(22S), V*(R, θ) (whereR and θ are the Li-X distance
and ∠CXLi angle), was calculated by moving the Li atom
toward halogen atom and keeping the molecular geometries
fixed at the experimental values; this assumption meant that
the geometry change by the approach of metastable atom was
negligible in the collisional ionization process. For calculating
the interaction potential, standard 6-311++G** basis set was
used, and the correlation energy correction was partially taken
into account by using second-order Møller-Plesset perturbation
theory (MP2). All the calculations in this study were performed
with the GAUSSIAN 94 quantum chemistry program.39 The
ionization potentials for C2H5Cl and C2H5F were calculated at
the experimentally determined geometries using the outer
valence Green’s function (OVGF) method40,41 as incorporated
in Gaussian 94.

IV. Results

Figures 1 and 2 show the He I UPS and He*(23S) PIES of
C2H5Cl and C2H5F, respectively. The electron energy scale for
PIES is shifted relative to that of UPS by the excitation energy
difference between He I photons (21.22 eV) and He*(23S) (19.82
eV), namely 1.40 eV.

Figures 3 and 4 show the collision-energy-resolved PIES
(CERPIES) obtained from the 2D spectra of C2H5Cl and C2H5F.
“Hot” spectra at the higher collision energy (ca. 250 meV) are
shown by dashed curves, and the “cold” ones at the lower
collision energy (ca. 90 meV) are shown by solid curves.

Figures 5 and 6 show the logσ versus logEc plots of
CEDPICS in the collision energy range of 90-300 meV for
C2H5Cl and C2H5F, respectively. The CEDPICS was obtained
from the 2D-PIESσ(Ee,Ec) within an appropriate range ofEe-

(typically electron energy resolution of analyzer, 250 meV) to
avoid the contribution from neighboring bands. Electron density
maps are also shown in the figures in order to grasp the effective
access direction of He*. The calculated electron density maps
for σ orbitals are shown on the C-C-X (X ) Cl or F) molecular
plane, and those forπ orbitals are shown on a plane at a height
of 1.7 Å (van der Waals radii of C atom) from the molecular
plane.

Figures 7 and 8 show the calculated interaction potential
energy curves between ground-state Li and C2H5Cl and C2H5F,

Figure 1. He I UPS and He(23S) PIES of C2H5Cl. Figure 2. He I UPS and He(23S) PIES of C2H5F.

Figure 3. Collision-energy-resolved He(23S) PIES of C2H5Cl.
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respectively. The potential energies are shown as functions of
Li-X distance and∠CXLi angle. Calculations are done at the
MP2/6-311++G** level of theory. As can be seen in Figure
7, there is a strong anisotropy for the interactions among the
perpendicular directions with respect to the C-Cl bond axis.
This arises from the effect of repulsive interactions around the

CH3 group for perpendicular approach (2) coming from the
CH3 group. The same argument is applicable for explaining the
stronger repulsive interaction for perpendicular approach coming
from the CH3 group in the case of Li+ C2H5F system as can
be seen in Figure 8. Anisotropy among the perpendicular
interactions is more pronounced for C2H5F because the van der
Waals radius of the F atom is smaller than that of the Cl atom.
We have also calculated potential energy curves shown in Figure
9 as a function of∠CXLi angle ((a)φ in the perpendicular plane
with respect to C-X axis and (b)θ in the perpendicular plane
with respect to molecular plane containing C, C, and X atoms)
with fixed distance 2.5 and 2.0 Å for X) Cl and F atom,
respectively. These values correspond to the distances of the
potential minimum as shown in Figures 7 and 8. The most
attractive interactions were again found around the perpendicular
direction to the C-Cl axis in Li-C2H5Cl and for the nearly
collinear direction to the C-F axis in Li-C2H5F as shown in
Figure 9a,b.

Table 1 summarizes experimentally observed and calculated
IPs, experimental peak energy shifts (∆E), slope parameters of
CEDPICS (m), and the assignment of the bands. Slope
parameters are obtained from the logσ vs log Ec plots in a
collision energy range for 90-300 meV by a least-squares
method. Vertical IPs are determined from He I UPS. The peak
energy shifts are obtained as the difference between the peak
position (EPIES; electron energy scale) and the “nominal” value
(E0 ) difference between metastable excitation energy and
sample IP):∆E ) EPIES - E0.

Figure 4. Collision-energy-resolved He(23S) PIES of C2H5F.

Figure 5. Collision-energy dependence of partial ionization cross
sections for C2H5Cl collided by He(23S) atom. The contour plots show
electron density maps for respective MOs.

Figure 6. Collision-energy dependence of partial ionization cross
sections for C2H5F collided by He(23S) atom. The contour plots show
electron density maps for respective MOs.
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V. Discussion

A. UPS and PIES of C2H5Cl. UPS of C2H5Cl molecule has
been reported previously.42,43 It is hard to resolve bands 1 and
2 because they lie very close to each other. To make matters
worse, the first bands are accompanied by spin-orbit splittings.
In the present study, the energy difference of these bands was
estimated as about 100 meV by the OVGF calculation. This
result indicates that band 1 has 13a′ character, and band 2
possesses 4a′′ character while there is no evidence for ascribing

the splitting to either origin. It is found that the assignments of
bands 3-7 are consistent with those reported by Kimura et al.24

Furthermore, the observed IPs and the calculated IPs show good

TABLE 1: Band Assignment, UPS Ionization Potentials (IP/eV), Peak Energy Shifts (∆E/meV), and Slope Parameters (m)
C2H5Cl and C2H5F

molecule band UPS IPobsd/eV
IPOVGF/eV

(pole strength) orbital character ∆E/meV m

C2H5Cl 1,2 10.98( 0.02 10.87(0.92) 13a′(nCl) -130( 50 -0.34( 0.03
11.07( 0.05 10.92(0.92) 4a′′(nCl)

3 13.01( 0.05 13.11(0.92) 12a′(σCCl) 0 ( 100 -0.04( 0.05
4 13.51( 0.05 13.46(0.92) 3a′′(πCH3) 90 ( 130 -0.12( 0.05
5 14.42( 0.05 13.92(0.91) 11a′(σCC) 70 ( 80 -0.06( 0.04
6 15.65( 0.03 15.49(0.91) 10a′(πCH3) 50 ( 70 +0.05( 0.05
7 16.39( 0.04 16.24(0.91) 2a′′(πCH2, πCH3) 80 ( 80 +0.03( 0.04

C2H5F 1 12.29( 0.02 12.60(0.93) 3a′′(πCH2) 50 ( 80 -0.26( 0.05
2 12.79( 0.03 12.83(0.92) 10a′(σCC) -100( 130 -0.42( 0.04
3 13.95( 0.02 14.25(0.92) 9a′(πCH3) -170( 120 -0.28( 0.04
4 14.58( 0.04 14.64(0.92) 2a′′(πCH3) -100( 120 -0.42( 0.04
5 16.00( 0.02 15.99(0.91) 8a′(σCF, nF) -160( 80 -0.46( 0.04
6,7 17.30( 0.05 17.19(0.92) 7a′(nF) -140( 100 -0.44( 0.03

17.20(0.92) 1a′′(nF)

Figure 7. Model potential curves V(R) obtained by MP2 calculations
for C2H5Cl and Li as a function of distanceR; (a) around the Cl atom
for out-of plane direction(+) and in-plane direction with∠CClLi angle
of 90°(9), 180°(b), 270°(2). (b) The origin of the coordinate is Cl
atom. Thex andy axes are defined in the figure. The∠CClLi angle is
indicated for each curve. ((i) larger∠CClLi angle view. (ii) smaller
angle view.)

Figure 8. Model potential curvesV(R) obtained by MP2 calculations
for C2H5F and Li as a function of distanceR; (a) around the F atom
for out-of plane direction(+) and in-plane direction with∠CFLi angle
of 90°(9), 180°(b), 270°(2). (b) The origin of the coordinate is F atom.
x andy axes are defined in the figure. The∠CFLi angle is indicated
for each curve.
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agreement within 0.5 eV as in the earlier work by the OVGF
calculations.11,19,41,44The pole strengths of all calculated bands
are over 0.9 indicating that ionization occurs from the corre-
sponding molecular orbital.

PIES of C2H5Cl was also studied previously,45 and it was
reported that the relative band intensities varied with respect to
UPS band intensities. In the present study, peak energy shifts
of these bands were obtained in addition. Bands 1, 2 are very
much enhanced with respect to the other bands 3-7 which are
due to bonding orbitals having their electron distributions mostly
on the ethyl group. The electron density map shown at the right
side of Figure 5 indicates thatnCl orbitals are exposed to the
outside beyond the repulsive potential surface illustrated by solid
curves. Therefore, the strong intensities for thenCl bands were
explained by the large exterior electron distribution of thenCl

orbitals. The peak energy shift for each band with respect to
UPS is summarized in Table 1. Only bands 1 and 2 give negative
shifts, while the other bands yield positive shifts. If the
interaction potential of He* and the molecule is repulsive, the
peak energy shift is likely to be positive since the outgoing
potential energy surface near the ionization region can be
assumed to be nearly flat as a reasonable approximation. The
opposite negative shift case, which shows an attractive interac-
tion in accord with the case of C2H2Cl2,9 is found for bands 1,
2 (nCl orbital). It is noted that this fact is also found in the
calculated results, see Figures 7 and 9. Namely, the p-lobe of
the Cl atom perpendicular to the C-Cl band axis, located on
the opposite side of the CH3 group, shows an attractive
interaction. It should be noted that the amount of energy shift
is almost consistent with the calculated well depth (∼100 meV)

of the Li-C2H5Cl model system. This fact further supports the
validity of the above approximation. It is also noted that the
peak shift of band 3 (σCCl) indicates that the collinear approach
of the He* to C-Cl bond axis is not influenced by any strong
attractive interaction. This observation also agrees with the
results of theoretical calculation, which indicates a repulsive
interaction.

B. CEDPICS of C2H5Cl Molecule. The slope parameterm
of the bands 1, 2 in Table 1 has a very large negative value,
which indicates a decrease of the ionization cross section with
increase of collision energy. When a slower He* metastable
atom can approach the reactive region effectively by attractive
force, ionization cross section is enhanced for the lower collision
energies. Negative slope parameters of these bands are compat-
ible with the negative peak energy shifts. Similar positive slope
parameters were observed for bands 6 and 7 since these bands
have identical MO character,πCH3, or πCH2. This results from a
larger exterior electron distribution having a repulsive character
outside the van der Waals radii of this molecular orbital. As
discussed in the previous work,21 the slope parameterm for log
σ vs log Ec plot can be related to parametersb and d (the
definitions are given below) by the equation

Approximating the relation in the simple theoretical model
for the ionization cross sectionσ34

whered is the effective decay parameter for the interaction
potential (V(R) ) B exp(-dR); R is the distance) andb is the
effective decay parameter of the transition probability (W(R)
) C exp(-bR)). The parameterb can be estimated from the
asymptotic decay of the target wave function which is directly
related to the lowest IP of the molecule (b ) 2(2IP)1/2).46,47,48,49

When the potential energy surface for the entrance channel
shows a soft repulsive curve,m () (b/d)-1/2) value is thought
to be large because of the smalld value and commonb value
for a given molecule. The observed positive slopes of bands 6
and 7 of C2H5Cl are consistent with a soft repulsive potential
energy curve for the He* atom approach toward the CH3 group.
The slope parameters of bands 3 and 5 are almost the same,
but the peak energy shift of band 5 is larger than the one for
band 3. This is due to the fact thatσCCl is more active than
σCC, which is consistent with the empirical rule for PIES.1,45

C. UPS and PIES of C2H5F. The UPS of C2H5F has been
measured by Kimura and co-workers.50 IPs obtained in the
present study agreed with those reported by Reference 50 within
80 meV. Bands 6 and 7 cannot be resolved due to the small
energy difference. OVGF calculation estimated this difference
as 10 meV in accord with experimental observation. Calculated
pole strength of each band is sufficiently high (>0.9).

PIES of C2H5F with He*(23S) has not been reported so far.
Although separation of each band is not fairly good, we obtained
peak energy shifts compared to UPS. Peak energy shift of each
band except band 1 shows negative shift. This results from the
wide range of strong attractive regions near the F atom, which
expands from ca. 90° to ca. 250° of C-F-Li angle as shown
in Figures 8(b) and 9(b). This is in clear contrast to the case of
the Cl atom, which has attractive region in specific narrower
angle with respect to C-Cl bond axis as can be seen in Figures
7(b) and 9(b). Relative peak intensities of bands 5 and 6, 7
become intense compared to the other bands. This can be
explained by the EED model as mentioned in the introductory

Figure 9. Model potential energy curves obtained by MP2 calculations
for C2H5X (X ) Cl, F) and Li atom as a function of∠CXLi angle
(a)φ in the plane perpendicular to the C-X axis and (b)θ to the
molecular plane defined by the C, C, and X atoms. Distance between
X (X ) Cl, F) and Li atoms is fixed at 3.0 and 2.5 Å, respectively.

m ) (b/d) - 1/2 (4)

σ(Ec) ∝ [ln(B/Ec)]
2(Ec/B)(b/d)-1/2 (5)
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section, that is, the electron distribution outside the van der
Waals radii governs the reactivity of the molecule. It is true
that the electron density outside the repulsive surface around
the F atom is large, and also this region show the large attractive
interaction with the He* atom. As a consequence, metastable
atom trajectories, which have a broader range of impact
parameters, toward the C2H5F molecules are influenced by the
attractive force, thus enhancing the reactive cross section. The
very strong intensity of band 6,7 is due to the fact that the orbital
phase between the F atom and the neighboring atoms matches
well and gives larger electron density around the attractive F
atom. It is noted that the measured peak energy shift is larger
than that of C2H5Cl at each band. Moreover, it is valuable to
compare the measured peak energy shift with the one obtained
in the calculation. The observed peak energy shift can be roughly
related to the value of the interaction potential, provided that
the exit potential energy surface of He+ M+ is nearly flat or
slightly attractive at the ionization point. It is found that the
observed negative shifts are small compared to one obtained in
the calculation. These differences may, however, not be ascribed
to an overestimation of the present MP2 calculation. Alternative
calculations with B3LYP/6-311+G* yielded a well depth for
collinear approach of the Li atom to the C-F molecular axis
of 268 meV, that is larger than 228 meV at the MP2 level.
(Even smaller basis set gives larger well depth.) The disagree-
ment between the observation and the calculation can be
explained as follows. In bands 3 and 4, the orbital characters
are πCH3, and as discussed for C2H5Cl, this orbital gives a
positive peak shift. Furthermore, the very large electron density
distribution outside the van der Waals surface near the opposite
side of the F atom is present as shown in Figure 6. It is important
to realize that the molecule is not oriented in the present
experiment (actually, it is very hard to orient asymmetric top
molecule like C2H5F), so that collision can take place at any
He* incident approach angle with respect to C2H5F molecule,
since the molecules are randomly oriented. Therefore, the
observed peak energy shift reflects contributions from the orbital
features at various molecular orientations. Considering these
facts mentioned above, relatively small peak energy shifts are
understandable for these bands. With regard to band 2, which
is related to the larger orbital distribution near the F atom, it is
thought that the peak energy shift is not as high as predicted
theoretically, because most of the collisions take place at
perpendicular directions to the C-F bond axis that has basically
repulsive character. Relatively larger negative shift of band 5
can be ascribed to the more strongly attractive electron distribu-
tion around the F atom.

D. CEDPICS of C2H5F. The slope parameters for all bands
show negative values. In particular, it seems that the large values
of bands 2, 4, 5, and 6,7 reflect the strong attractive force around
F atom. This is one of the evidences that the obtained slope
parameters of these bands are nearly coincident. Small values
of bands 1 and 3 could arise from the larger repulsive orbital
contribution around the CH3 group. In contrast to C2H5Cl, the
larger attractive region near F atom plays a central role for He*-
(23S) Penning ionization, then the strong attractive force
becomes a major component besides the repulsive interaction
around the CH3 group. The repulsive interaction around the CH3

group was clearly observed in the He(23S) + C2H5Cl system.
It is important to realize that as the interaction potential has a
large and deep potential well, the reactivity of the molecule
drastically is affected by this potential well. Even in the incident
He* atoms directly approaching toward the repulsive region,
some of the He* trajectories can be influenced by the strong

attractive interaction and give reactive trajectories. As a
consequence, negative slope parameters for all bands were
observed. In other words, strong attractive interactions distrib-
uted over a large region can overcome a weak repulsive one. It
is noted that the potential depth of Li-C2H5F is larger than the
collision energy in the present study, while the depth of Li-
C2H5Cl is smaller.

E. Evaluation of the Potential Energy Surface. The
potential energy surface calculated by the ab initio MO method
indicates that the potential is very sensitive to the positions of
the atoms in interacting species as can be seen in Figures 7, 8,
and 9. The most attractive interaction was found around the
perpendicular direction to the C-Cl bond axis and around the
collinear direction with respect to the C-F bond axis in the
C2H5X (X ) Cl, F), respectively. Actually, it is found that the
angle of the Li atom for the most attractive interaction is slightly
displaced either from the perpendicular or collinear direction
with respect to C-X axis because of the effect of adjacent atoms
in the molecule. As can be seen in Figure 7a, the Li atom
approaches directed perpendicular to the C-Cl axis (2,9) show
a remarkably different behavior. This difference and general
feature of the interaction potential were also well reproduced
by B3LYP/6-311+G* calculations.

It seems that to construct the interaction potential empirically
is a challenging task even in the relatively small reaction system
because the potential energy surface is highly anisotropic
because of sensitivity to many features of the reaction system,
for instance, bond and atom character, atom position, and so
on. Recently, two types of semiempirical interaction potentials
of Ne*-CH3Cl system have been reported.14,51 In the former
paper, the potential energy surface was determined by assuming
two main contributions: a weak van der Waals (vdW) compo-
nent and a “charge transfer” (CT) interaction. This potential
showed a weak attractive interaction in the direction perpen-
dicular to the C-Cl axis and a more attractive interaction for
collinear approaches toward methyl and Cl atom along the C-Cl
axis. In the latter paper, the potential energy surface was refined
in order to explain their results of collision-energy-dependent
ionization cross sections by taking an electrostatic contribution
into account, which comes from the interaction between the
permanent C-Cl dipole and a partial positive charge on Ne*
produced by a transfer of its excited electron into a sp hybrid
orbital. The newly introduced term represents an ion-permanent
dipole interaction. A potential energy surface was generated by
modulating the three contributions, ensuring the continuity of
the analytical potential energy surface and producing a maxi-
mum effect at the Ne*-C-Cl angle of 45°. It is obvious that
the electrostatic term plays an important role since the potential
energy surface was drastically changed upon inclusion of the
electrostatic term. It is expected that the difference between the
interaction potentials for the Li-C2H5Cl and Li-C2H5F systems,
as obtained by the present ab initio MO calculations, cannot be
reproduced semiempirically, because the angular distributions
of the potential energy in the electrostatic term for both systems
are expected to be nearly equivalent.

Serious problems of the semiempirical potential model are
summarized as follows. (i) In molecular systems, interactions
are highly anisotropic. (ii) It is very difficult to unambiguously
determine the three contributions in the model. (iii) Quantum
chemical interactions between molecular orbitals are not neces-
sarily describable by simple electrostatic interactions of local
electric moments. To avoid such difficulties, quantum chemical
ab initio MO methods are preferable if ab initio MO computa-
tions are tractable.
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Experimental results found in the present work show good
agreement with the results of ab initio MO calculation, indicating
that potential energy surfaces calculated by ab initio MO method
are more reliable than those obtained by semiempirical proce-
dure outlined above.

VI. Conclusion

In this study, the results of PIES of C2H5Cl and C2H5F due
to metastable He*(23S) atoms were presented. Specific incident
approach angle dependence of reactivity around Cl atom is
obtained. The He* atom approach coming from the opposite
side of the CH3 group toward the perpendicular to the C-Cl
axis gives the most attractive interaction. On the other hand,
the most attractive interaction is distributed over the C-F axis
direction in the He*-C2H5F system. In this case, the attractive
interaction centered at C-F bond axis shows wide and deep
potential well. This wide attractive region around the F atom
governs the reactivity of the C2H5F molecule. It is noted that
anisotropic interactions around the F and Cl atoms with He*
atom in C2H5X (X ) Cl, F) are well correlated to those around
the O and S atoms with He* atom in C)X (X ) O, S) group.
Namely, the attractive interaction was dominated around the
direction collinear with the bond axis for the first row elements
(O, F), while for the second row elements (S, Cl) the attractive
interaction was localized around the direction perpendicular to
the bond axis. These differences owing to the periodicity may
be ascribed to the presence of different types of orbital
interactions between the C atom and first row elements and to
the second row elements, respectively. The similar ionization
potentials for second row elements and the C atom imply that
the p-orbital character of the second row atoms along the bond
axis diminishes due to the bond formation with the C atom
because the contribution of each atomic p orbitals for the bond
formation is almost equivalent. On the other hand, the p orbital
contribution of the first row atoms is larger, since their ionization
potentials are higher than that of the C atom. As a consequence,
the p-orbital character along the bond axis becomes important
for the Penning ionization reaction.
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