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The electronic structures of CH2ClI and CH2ClCN and anisotropic interactions with the metastable He*(23S)
atoms are studied by two-dimensional (electron-energy and collision-energy-resolved) Penning ionization
electron spectroscopy as well as He I ultraviolet photoelectron spectroscopy. A broad band with the high
ionization potentials in the Penning ionization electron spectrum of CH2ClI is proposed to be related to
autoionizations of the Cl** or I** species produced through dissociations after the excitation transfer from
the He* atom. The split bands having the characteristics of the Cl and I lone pair electrons (nCl and nI) are
observed in the spectra, as being interpreted by the intramolecular orbital (nCl T nI and nCl T πCN) through-
space/through-bond interactions rather than the spin-orbit coupling effects. The magnitude of intramolecular
orbital nCl T πCN interactions is much stronger than that of the nCl T nI interactions. The collision energy
dependence of partial Penning ionization cross sections is interpreted on the basis of the delocalized
characteristics of the electron distributions for respective molecular orbitals and the model calculations of the
interaction potential energies.

I. Introduction

In a chemiionization process known as Penning ionization
(A* + M f M+ + A + e-), a target molecule (or atom) M is
ionized by collision with a metastable atom A* having an
excitation energy larger than the lowest ionization potential (IP)
of the molecule.1 The total ionization cross sectionsσT for
various atoms and molecules with He*(23S) metastable atoms
are extensively studied by crossed-beam experiments and
flowing afterglow.2-9 One of the most meaningful aspects of
the ionization cross sections is their dependence on the relative
kinetic energy (i.e., collision energy,Ec). Illenberger and
Niehaus have found that theσT(Ec) for an atomic target is mainly
governed by the radial distance dependence of the entrance
covalent potential and the transition rate.2,10 Because the
excitation energy of He*(23S), 19.820 eV, is larger than some
IPs of molecular orbitals (MO), there are usually several final
electronic states that can be produced in the Penning ionizations.
The partial ionization cross sections for different ionic states
σ(Ec), unlike theσT(Ec), exhibit distinctly different collision
energy dependence if the interaction potentials are anisotropic.
This can be interpreted with the electron exchange model11 and
spatial MO density distributions.12 In the electron exchange
model, an MO electron of the target M is transferred to the
inner-shell orbital of A* and the excited electron of A* is ejected
as Penning electron e-. For an MO, its electrons are more or
less localized on a particular part of the molecule. Thereby,
preferential orientations for the transition may differ for different
ionic states, reflecting the anisotropy of interactions. Moreover,
other interaction potentials may have influence on theσ(Ec),
i.e., avoided surface crossing with nonadiabatic transitions to
molecular Rydberg (or superexcited) states or the ionic-pair of
He+ + M-.13-16 For these cases,σ(Ec) functions depend not
only on the final ionic states but also on these intermediate
complexes.15

Penning ionization electron spectrum (PIES) can be obtained
by analyzing the kinetic energies (Ee) of Penning electrons.10,13,17

In recent decades, a coupled technique including velocity
selection (or collision-energy-resolved) and electron energy
analysis has been developed.18-24 It is noted that a pioneering
work of studying the collision-energy-resolved PIES (CERPIES)
was done by Hotop through changing temperature of the
metastable beam for atomic targets about 30 years ago.25 In
our laboratory, we use the pseudorandom modulating cross-
correlation time-of-flight (TOF) method26,27 to improve the
detecting efficiency, and collision energy dependence of the
partial cross sections (CEDPICS) can be measured simulta-
neously. Thereby, two-dimensional (electron-energy and colli-
sion-energy-resolved) PIES (2D-PIES) can be obtained effi-
ciently.24 Furthermore, slope parameters (m) are available by a
least-squares fitting of the plots of CEDPICS against theEc

values for an ionic state or ionization band. We can get
information of anisotropic interactions of the steric access of
A* to M. Typically, a negativem value accompanied by a
negative peak shift (∆E) shows that there is an attractive region
for a certain MO; a positivemvalue accompanied by a positive
∆E shows a repulsive case. Here the peak shift∆E is the
difference ofEe for a specific band in the PIES with respect to
that in the He I ultraviolet photoelectron spectrum (UPS),
namely, it can be obtained as the differences between the peak
positions in PIES (EPIES, in electron energy scale) and the
nominal value (E0, difference between the metastable excitation
energy and sample IP),∆E ) EPIES - E0. For a PIES of a
molecular target collided by a metastable noble gas atom, the
value of∆E for a specific orbital is approximated to be equal
to the well depth of the calculated interaction potential for the
specific direction in the entrance channel.28

Recently, nonbonding lone pair orbitals (nX) of halogen atoms
(X) F, Cl, Br, and I) attracted our interest because the nX

orbitals usually play an important role (as electron donor) in
hydrogen bonding and the arguments of the relationship between* To whom correspondence should be addressed.
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the corresponding spin-orbit split bands and anisotropic
interactions around the halogen atom substituted into a low
symmetry hydrocarbon.29-31 In particular, the slope parameters
mare almost equal for the split bands mainly arising from spin-
orbit coupling effects.30,31However, when intramolecular orbital
through-bond or through-space interactions are stronger than
the spin-orbit coupling effect, the contributions from the other
molecular parts together with the lone pair electrons of the
halogen atom are the compositions of an MO. This can be
reflected by the band shapes and intensities and CEDPICS which
distinctly differ from those of the pure nX bands.31 Novak and
co-workers reported a series of studies on halogen-halogen
(nX T nX) interactions in halogenomethanes because it allows
accurate determination of the intramolecular orbital interactions
between the germinal halogens.32-34 Moreover, the halogen
species can be produced by photoexcitation followed by
dissociations of halogenomethanes, so these molecules can play
the crucial roles in atmospheric chemistry (ozone layer and
greenhouse effects).35

Molecular CH2BrCl,32 CHBrCl2,33 and CH2ClI32 have been
investigated by Novak et al. using He I and He II photoelectron
spectroscopy and angle-resolved photoelectron spectroscopy
with the synchrotron radiation. They found that the intramo-
lecular orbital interactions in the latter two molecules are
stronger than those in the first one. More recently, we also found
that the orbital interactions in CH2BrCl are much weaker with
respect to the interactions in CHBrCl2, by the 2D-PIES studies.31

However, these conclusions for CH2BrCl and CH2ClI are
inconsistent with those derived recently by Novak et al. in which
the nCl T nI interaction (0.34∼ 0.50 eV) is much weaker than
the nCl T nBr interaction (0.43∼1.53 eV).34 It is worth obtaining
insights into the intramolecular orbital interactions, especially
using the 2D-PIES technique. As mentioned above, if the
intramolecular orbital interactions are relatively weak, the split
bands for halogen atoms are mainly arising from the strong
spin-orbit coupling effects. Correspondingly, CEDPICS ex-
hibits almost equalm values for the spin-orbit split bands,
otherwise, it shows the differentm values for the strong orbital
interactions. In this work, CH2ClI and CH2ClCN are selected
for the investigations on the nCl T nBr and nCl T πCN orbital
interactions.

II. Experimental Method

Details of the experimental apparatus have been reported
elsewhere.18-20 Metastable atoms of He*(21S, 23S) were pro-
duced by a discharged nozzle source with a tantalum hollow
cathode. The He*(21S) component was quenched by a water-
cooled helium discharge lamp. He I resonance photons (584 Å,
21.22 eV) produced by a discharge in pure helium gas were
used to obtain UPS. The kinetic energies of the electrons ejected
in Penning ionization or photoionization were determined by a
hemispherical electrostatic deflection type analyzer using an
electron collection angle 90° to the incident He*(23S) beam axis
or He I light beam axis. The energy resolution of the electron
analyzer was estimated to be 80 meV from the full width at
half-maximum (fwhm) of the Ar+(2P3/2) peak in the He I UPS
for the energy-higher-resolution PIES and UPS measurements
of the samples; for the CEDPICS measurements, the resolution
was lowered to 250 meV in order to obtain higher electron
counting rates. The transmission efficiency curves of the electron
energy analyzer for both of these two modes were determined
by comparing our UPS data of some molecules with those
obtained by Gardner and Samson36 and Kimura et al.37 The
calibration of the electron energy scale was made with reference

to the lowest ionic state of molecule nitrogen mixed with the
sample molecule in He I UPS (Ee ) 5.639 eV)38 and He*(23S)
PIES (Ee ) 4.292 eV)39 including a peak energy shift of 50
meV and the difference between the metastable excitation energy
and the lowest ionization potential (IP).

For the collision-energy-resolved measurements of Penning
ionization, the metastable He*(23S) beam was modulated by a
pseudorandom chopper rotating at ca. 400 Hz and then
introduced into a reaction cell located at 504 mm downstream
from the chopper disk. Time dependent electron signals for each
kinetic electron energyEe were recorded with scanning electron
energies of a 40 meV step, and the dwell time for the TOF
measurements was 3µs. The two-dimensional data as functions
of Ee and timet were stored in a 2MB RAM. Two-dimensional
spectra Ie(Ee,tTOF), functions of Ee and TOF, can lead to
Ie(Ee,VHe*), functions ofEe and the velocity of He* (VHe*), and
then to the two-dimensional Penning ionization cross-section
σ(Ee,Vr) using the equations

wherec is a constant,Vr is the relative velocity averaged over
the velocity of the target molecule,k is the Boltzmann constant,
and T and M are the gas temperature and mass of target
molecule, respectively. The velocity distributionIHe*(VHe*) of
the He* beam was determined by monitoring secondary
electrons emitted from the inserted stainless steel plate. Finally,
σ(Ee,Vr) was normalized byIHe*(VHe*) and converted toσ(Ee,Ec),
functions ofEe andEc, using the relation

whereµ is the reduced mass of the system. The CEDPICS were
obtained fromσ(Ee,Ec) data within an appropriate range ofEe

(typically the fwhm of the respective band) to avoid the effect
of neighboring bands. The CERPIES were cut at the twoEc

(∼100 and∼250 meV) values fromσ(Ee,Ec) data with some
width.

The high purity samples CH2ClI and CH2ClCN were pur-
chased from Wako Pure Chemical Industries Ltd., and they were
used after several freeze-pump-thawed cycles. The liquid
sample was contained in a Pyrex tube out of the chamber in
the experiments, and the Pyrex tube was connected with a steel
tube inserted into the reaction cell in the chamber. The volatility
of the samples at room temperature was high enough to create
a sufficient concentration of target molecules in the gas phase,
the ambient pressure was controlled at ca. 2× 10-5 Torr.

III. Calculation

The geometrical parameters of CH2ClI and CH2ClCN at Cs

symmetry were optimized at the second-order Møller-Plesset
perturbation (MP2) method with the 6-311+G(d,p) and the
Stephens-Basch-Krauss ECP split valence basis set40 augmented
with a d polarization function [ECP-31G(d)] for I atom. In the
electron density contour maps obtained by Hartree-Fock self-
consistent-field (HF-SCF) calculations with the 6-311+G(d,p)
and ECP-31G(d) basis sets, thick solid curves indicate the
repulsive molecular surface approximated by atomic spheres
of van der Waals radii (rC ) 1.7 Å, rH ) 1.2 Å, rCl ) 1.8 Å,
rN ) 1.5 Å, rI ) 2.15 Å).41 The IP values for each molecule
were predicted with the outer-valence Green’s function (OVGF)42

method with the 6-31+G(d,p) and ECP-31G(d) basis sets.

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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It is well-known that the shape of velocity dependence of
the total scattering cross section of He*(23S) by He, Ar, and
Kr is very similar to that of Li(22S),43 and interaction well depths
and the location of potential wells have been found to be very
similar for interactions of various targets with He*(23S) and
Li(22S).2,3,17,25,44,45So, this similarity between He*(23S) and
Li(22S) is usually used to compare the computationally much
more feasible Li-M potentials with the experimental results
on the He*(23S)-M interactions.15,27,29-31 In this work, the
interaction potential calculations with the Li(22S) atom,V*(R,θ)
(whereR andθ are defined in the captions), were performed at
the unrestricted MP2 level of theory using the 6-31+G(d,p) and
ECP-31G(d) basis sets with scanningR or θ values and the
geometrical parameters of the targets fixed at the previously
optimized values. Spin-contamination is negligible for these
calculations. The present calculations of interaction potentials
and IP values were performed with Gaussian 98.46

IV. Results and Discussion

A. Results. Figures 1 and 2 show the He I UPS and He*-
(23S) PIES of CH2ClI and CH2ClCN, respectively. The electron
energy scales for PIES are shifted 1.40 eV relative to those for
UPS by the difference in the excitation energies between the
He I photon (21.22 eV) and the He*(23S) atom (19.82 eV). The
orbitals for the assignments in the spectra of CH2ClI have been
numbered from the core orbital, which differs from those given
by Novak et al.32

The CERPIES obtained from 2D-PIES of CH2ClI and CH2-
ClCN are shown in Figures 3 and 4, respectively. Hot spectra
(Ec ∼ 250 meV) are represented by the broken curves; cold
spectra (Ec ∼ 100 meV) are represented by the solid curves.

The CEDPICS plots againstEc values in the range of 90∼300
meV, logσ vs logEc, are presented in Figures 5 and 6 for CH2-
ClI and CH2ClCN, respectively. The calculated electron density
maps plotted on the molecular nodal planes (for a′′-type orbitals,
the plane at the distance 1.7 Å above the nodal plane) are shown

Figure 1. He I UPS and He*(23S) PIES of CH2ClI.
Figure 2. He I UPS and He*(23S) PIES of CH2ClCN.

Figure 3. Collision-energy-resolved He*(23S) PIES of CH2ClI: solid
curve,Ec ∼ 98-102 meV, average 100 meV; dotted curve,Ec ∼ 241-
259 meV, average 250 meV.
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in order to grasp most effective directions of the ionization or
effective access direction of the He* atom.

For the studies of the intramolecular orbital interactions, the
interaction potential curvesV*(θ) around the Cl and I atoms
are shown in Figure 7. The interaction potential curvesV*(R)
for the approaches to the Cl, I, C atoms and the CN bond are
shown in Figure 8.

Tables 1 and 2 summarize the band assignments with orbital
characteristics, the calculated and observed (in the He I UPS

of this work) IP values, the peak shifts∆E, and the slope
parametersm for each band.

B. He I UPS and He*(23S) PIES. The higher energy-
resolution (fwhm∼ 15 meV) He I UPS was recorded by Novak
et al. for CH2ClI.32 Although the vibrational structures assigned
to the C-Cl stretching mode cannot be resolved for bands 1
and 2 of the present He I UPS in Figure 1 due to the low energy-
resolution (fwhm∼ 80 meV), band 4 of the present He I UPS
shows the vibrational structures similar to the previous observa-

Figure 4. Collision-energy-resolved He*(23S) PIES of CH2ClCN: solid
curve,Ec ∼ 98-102 meV, average 100 meV; dotted curve,Ec ∼ 242-
258 meV, average 250 meV.

Figure 5. Collision energy dependence of partial ionization cross
sections for CH2ClI collided by He*(23S). Electron density maps of
the a′′-type orbitals are plotted on a plane above 1.7 Å from the nodal
plane.

Figure 6. Collision energy dependence of partial ionization cross
sections for CH2ClCN collided by He*(23S). Electron density maps of
the a′′-type orbitals are plotted on a plane above 1.7 Å from the nodal
plane.

Figure 7. Interaction potential energy curvesV*(θ) by scanningθ
values on the molecular nodal plane: A (9) is scanningθ value around
the I in CH2ClI; B (b) is scanningθ value around the Cl in CH2ClI;
C (2) is scanningθ value around the Cl in CH2ClCN. The distances
between the Li and Cl or I atoms are shown in the figure.
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tions.32 The energy spacing between two sharp peaks of band 4
(see the UPS in Figure 1) is ca. 140 or 150 meV which is close
to the vibrational energy of 1392 cm-1 (ca. 170 meV) for a
free CH2 scissoring mode. These band structures are closely
related to the corresponding orbital compositions. In Figure 5,
the density maps for 28a′, 27a′, and 10a′′ show the small
compositions ofσCCl, σCI, andσCH bonds, respectively. There

are much fewerσCH composition for 11a′′ with respect to that
for 28a′, which is consistent in the observation of the narrower
band 1 in the higher energy-resolved UPS.32

Unlike the spin-orbit split bands of the I atom for the
iodohydrocarbons,47 bands 1 and 2 exhibit the comparable
intensities both in the UPS and in the PIES of Figure 1. At the
same experimental condition, the nCl bands for CH2BrCl are
not separated,31 but bands 3 and 4 for CH2ClI are resolved
clearly in the spectra. Therefore, the band splitting for bands 3
and 4 is owed to the stronger nCl T nI orbital interactions rather
than the spin-orbit coupling effects. It is interesting that an
additional band is labeled with S in the PIES of Figure 1. Band
S cannot be assigned as a shake-up or shake-off satellite band,
and the further explanations will be given in section D. This
band also seems impossible to be interpreted by the ionic-pair
intermediate formation He+-Cl-CH2I, because the band related
to the ionic-pair intermediate usually shows an extremely large
negative slope.15 Because band S is clearly different from the
normal Franck-Condon vibrational distribution for band 4, it
may be related to the formation of a superexcited state of CH2-
ClI energetically close to the excitation energy of the He*(23S)
atom. Similar bands for specific molecules such as HCl,48 CO,49

etc. have been observed in the PIES.
In the PIES of Figure 1, band S* is labeled in the spectral

range of IP: 17.13∼18.91 eV, exhibiting some sharp structures
superimposed on the underlying broad band. These structures
are proposed to be a series of autoionization lines of atomic
Cl** or I** which is produced by the excitation transfer, He*-
(23S) + CH2ClI f He + CH2ClI**, then following with a
dissociation, CH2ClI** f CH2I + Cl** or CH2Cl + I**. The
autoionization, Cl** (or I**) f Cl+ (or I+) + e-, usually
corresponds to the sharp electron peaks as well as the underlying
broad continuum in the low electron energy region (less than 3
eV).31,48Because the atomic structures cannot be well resolved
due to the low energy-resolution in this work and there are no
theoretical or experimental data on the dissociation energies of
CH2ClI** available in the literatures until now, we cannot give
further information on band S*. The excitation-dissociative
autoionization of Rydberg state atomic species has been
observed in the PIES of CS2,15 CH2BrCl,31 and HCl.48

Moreover, an enhancement of band 8 in the PIES with respect
to that in the UPS is observed in Figure 1. This can be
interpreted by the formation of an excimer-like state that is partly
involved in a C2s type hole in the target molecule which
facilitates intramolecular Auger-like autoionization almost
selectively from the 24a′ orbital with the C2s character.20,50

Although 9a′′ of CH2ClI and 2a′′ of CH2ClCN have the MO
characteristicπCH (see Figures 5 and 6), the band enhancements
in the PIES are significantly different (see Figures 1 and 2). It
will be explained by the anisotropic interactions in section D.

If there are no perturbations by the intramolecular interactions
to the lone pair electrons of the Cl atom, these electrons should
correspond to one overlapped band at the low energy-resolution
condition of this work. However, two distinctly separated bands
1 and 2 appear both in the UPS and PIES of Figure 2.
Furthermore, it is contrast to theπCN bands in the spectra of
CH2BrCN31 that two bands 3 and 4 mainly having theπCN

characteristic split clearly in the UPS of Figure 2. These can be
interpreted by the strong nCl T πCN interactions. The details
will be presented in section C. Moreover, one may notice the
great enhancement of band 5 (having the lone pair N electrons
of CN group, nN), which has been observed for the molecules
including the CN group.27,31 Comparing the PIES of CH2ClI
with that of CH2ClCN, one can find that the background

Figure 8. Interaction potential energy curvesV*(R): (a) in the A
direction, the He* access is head-on to the N atom and along the CN
bond axis; in the B direction, the out-of-plane access is perpendicular
to the center of CN bond; in the C and D directions, the in-plane access
is perpendicular to the center of CN bond.R is the distance between
the center of CN bond and the Li atom. (b) The access in the E direction
is along the CCl bond axis; the F, G, and H directions represent the
approaches perpendicular to the Cl atom; the access to the C atom in
the direction I is perpendicular to the molecular nodal plane. (c) The
access in the J direction is along the CI bond axis, the in-plane
approaches (in the L and M directions) and the out-of-plane access in
the K direction are perpendicular to the CI bond axis. The out-of-plane
access in the O direction is perpendicular to the CCl bond axis.R is
the distance between the Cl (in parts b and c) or I (in part c) and Li
atoms.
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increases gradually with the decrease of the electron energy (see
Figures 1 and 2). In particular, the spectral background for CH2-
ClI is relatively high with respect to that for CH2ClCN in the
region of the electron energy less than 3 eV. It suggests that
the dissociations as mentioned above should occur preferably
for CH2ClI. Because of the valence ionic states occurring in
the low electron energy region, the possible autoionization bands
for Cl** species produced by the dissociations of CH2ClCN**
cannot be observed clearly as those in the PIES of CH2ClI.

C. Intramolecular Orbital Interactions. To elucidate the
nature of bands 1, 2, 3, and 4 (in Figures 1 and 2) deferring
from the spin-orbit split bands, we need insights into the orbital
interactions in these two molecules. Table 3 lists magnitudes
of the intramolecular orbital (nCl T nI and nCl T πCN)
interactions and split energies of nCl, nI, and πCN orbitals

observed in the He I UPS. The interaction magnitude was
determined by the following calculations in this work: when
studying the n(π)X f n(π)Y interaction with a reference CH3Y
f CH2XY, the magnitude is estimated to be the IP (n orπ)
differences, IP [n(π)Y, for CH2XY] - IP [n(π)Y, for CH3Y],
where the averaged IP (n orπ) value is used for the split (n or
π) bands observed in the UPS. The split energies arising from
the spin-orbit coupling effects51 or the intramolecular orbital
interactions are obtained in the experimental UPS. Because of
the interplay of the orbital interactions, the interaction energies
exhibit small differences between n(π)X f n(π)Y and n(π)Y f
n(π)X. In particular, this difference for the interplay between
πCN and nCl (ca. 110 meV) is much larger than that for the nCl

and nI (ca. 25 meV). In Table 3, it is easy to find that the nCl

T πCN interactions are significantly stronger than the nCl T nI

interactions. The weaker nCl T nI interactions lead to a
distinguished split energy (210 meV, much larger than the spin-
orbit split energy of ca. 80 meV) of the bands mainly having
the nCl characteristics for CH2ClI, and this split energy is as
large as the value of the bands for CH2ClCN. However, the
split energy of bands (1 and 2 in Figure 1) having the nI

characteristics for CH2ClI is close to the spin-orbit split value.
For CH2ClCN, two πCN bands split with a large value of 290
meV although the OVGF calculations only predict it to be 80
meV in Table 2. In Table 1, the OVGF calculations also
underestimate the split energy between bands 1 and 2 (only 10
meV) in the spectra of Figure 1. Although the OVGF calcula-
tions are generally good at predicting the IP value of each band
except for these bands, the theories to describe accurately the
intramolecular orbital interactions, especially when they compete
with the spin-orbit coupling effects, are still waiting for
developments.

To review a total effect of the intramolecular orbital interac-
tions, we need to recall the schemes suggested by Rabalais.52

One is thebefore-afterdichotomy of the MOs involved: the
magnitude of the interactions can be estimated by calculating
the energies of the intramolecular orbital interactions as what
we did. For CH2ClI and CH2ClCN, the orbital interactions lead
to the increase of the IP values for the first bands, namely, the
energy levels of the MOs after the interactions become more
negative. The other is (further) splitting of the related bands:
the energies can be obtained from the experimental spectra (as
the split energies given in Table 3). If we summarize these two
values for the interactions to a certain part in the molecule, i.e.,
for the Cl atom in CH2ClI, the total energy is estimated to be
ca. 345 ()135+ 210) meV, whereas it is to be ca. 740 ()160
+ 580) meV for the I atom. Similarly, the values are estimated
to be ca. 500 and ca. 225 meV for the Cl and Br atoms in CH2-
BrCl (obtained from the UPS in our previous work31), respec-

TABLE 1: Band Assignments, Ionization Potentials (IP, eV), Peak Shifts (∆E, meV), and Slope Parameters (m) for CH 2ClI

band assignments

band orbital character IPobsd IPOVGF (pole strength)a ∆E m

1 11a′′(nI
⊥) 9.72 9.87 (0.95) -150(10 -0.41

2 28a′(nI
|,σCCl) 10.30 9.88 (0.95) -100(40 -0.35

3 27a′(nCl
|,σCI) 11.32 10.99 (0.93) -80(60 -0.31

4 10a′′(nCl
⊥,σCH) 11.53b 11.42 (0.91) -190(20c -0.42

5 26a′(σCCl, nCl
|) 13.85 13.55 (0.91) -60(60 -0.30

6 25a′(σCCl, nI
|) 15.12 15.01 (0.90) -100(80 -0.30

7 9a′′(πCH) 16.24 16.37 (0.89) 100(80 -0.34
S 12.17∼13.15d -0.37
S* 17.13∼18.91d -0.26

a The OVGF/6-31+G(d,p) calculations over the optimized geometry at the MP2/6-311+G(d,p) level, the split-valence ECP-31G(d) basis set is
used for I atom.b The IP value of the first vibrational peak of band 4 in the UPS (see Figure 1). The other two are at IP∼ 11.67 and 11.82 eV.
c Estimated from for the first vibrational peak of band 4.d Obtained from the PIES. See explanations on S and S* bands in text.

TABLE 2: Band Assignments, Ionization Potentials (IP, eV),
Peak Shifts (∆E, meV), and Slope Parameters (m) for
CH2ClCN

band assignments

band orbital character IPobsd

IPOVGF

(pole strength)a ∆E m

1 4a′′(nCl
⊥,πCN

⊥,σCH) 11.93 11.77(0.92) -80(20 -0.21
2 15a′(nCl

|,πCN
|) 12.14 11.99(0.91) -100(40 -0.28

3 14a′(πCN
|,nCl

|,σCH) 12.92 12.40(0.92) -100(60 -0.27
4 3a′′(πCN

⊥,nCl
⊥) 13.21 12.52(0.91) -150(20 -0.38

5 13a′(nN) 13.59 13.71(0.89) -200(10 -0.49
6 12a′(σCCl,σCH) 15.97 15.70(0.91) 20(100 -0.15
7 2a′′(πCH) 17.30 17.18(0.91) 40(120 -0.08
8 11a′(σCH,σCC,nN) 19.17 -0.18

a The OVGF/6-31+G(d,p) calculations over the optimized geometry
at the MP2/6-311+G(d,p) level.

TABLE 3: Magnitude of Intramolecular Orbital (n Cl T nI
and nCl T πCN) Interactions and Split Energies of nCl,I and
πCN Orbitals

reference energy/meV

Intramolecular Orbital Interactiona

nCl f nI CH3Ib f CH2ClI 160
nI f nCl CH3Clb f CH2ClI 135
nCl f πCN CH3CNb f CH2ClCN 855
πCN f nCl CH3Clb f CH2ClCN 745

Split Energy
nCl Cl2, HCl, etc.c ca. 80c

nI CH2ClI 210
πCN CH2ClCN 210

CH3I, I2, HI, etc.b 560∼ 660b

CH2ClI 580
CH2ClCN 290

a For n(π)X f n(π)Y with a reference CH3Yf CH2XY, the
interaction energy) IP [n(π)Y, for CH2XY] - IP [n(π)Y, for CH3Y].
b Using the IP values of the nCl, nI, andπCN bands from ref 37.c The
spin-orbit split energies from ref 51.
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tively. The values for the CN group and Cl atom in CH2ClCN
are 1145 and 955 meV, respectively. Generally, the nCl T nBr

interactions in CH2BrCl are a little weaker than nCl T nI

interactions in CH2ClI, and the nCl T πCN interactions in CH2-
ClCN are the strongest.

Besides the different magnitudes of the intramolecular orbital
interactions, one may find that the electron distribution char-
acteristics of the a′-type orbitals are more complex than those
of the a′′-type orbitals for these two molecules. This is can be
interpreted by the through-space (or through-bond) interactions
and energy separations. The a′-type orbitals interact more
strongly than the a′′-type orbitals because the a′-type orbitals
show more complex MO characteristics than the a′′-type orbitals.
The concepts of through-space and through-bond interactions
originally introduced by Hoffmann53 have been widely used in
the discussions of intramolecular orbital interactions.54,55 For
the molecule having two equivalent lone pairs, the symmetrical
MO has the lower energy (higher IP), whereas the unsym-
metrical MO has the higher energy if the through-space
interactions are predominate; the symmetrical MO has the higher
energy if the through-bond interactions are predominated.51

Recently, the intramolecular through-space and through-bond
(nN T nN or πCC T πCC) interactions in 1,4-diazabicyclo[2,2,2]-
octane, 1,4-cyclohexadiene, and 2,5-norbornadiene were inves-
tigated with the 2D-PIES technique.55 If the conclusion for the
identical lone pairs is extended to the unequivalent lone pairs
of this work, we also can identify the mechanism of the
interactions. In Figures 4 and 5, the a′′-type orbitals have the
out-of-plane electron distributions, and the a′-type orbitals have
the in-plane electron distributions. If one focuses on the
characteristics of electron distributions on the Cl and I atoms,
the symmetrical overlap between the I and Cl distribution
regions can be found in the map of 27a′ (high energy level),
but no overlap can be found in the map of 26a′ (low energy
level) in Figure 5. It suggests that the intramolecular though-
bond (σCI bond) interactions are predominated for these two
orbitals. However, the characteristics of nI

| for 28a′ and σCCl

for 25a′ are predominated, both the through-space and through-
bond interactions may be involved and the interactions are
relatively weak because of the larger energy separation between
these two orbitals. It is much clearer for the cases of CH2ClCN
in Figure 6. The overlap between the nCl

⊥ andπCN
⊥ is observed

in the map of 4a′′ (high energy level) rather than 3a′′ (low energy
level), which indicates that nCl

⊥ T πCN
⊥ interactions are of the

through-bond (σCH). The remarkable overlap between nCl
| and

πCN
| is observed in the map of 14a′ (low energy level) rather

than 15a′ (high energy level), which indicates that the through-
space nCl

| T πCN
| interactions occur. On the other hand, the

characteristics of Cooper minima for the halogen n orbitals have
been studied with the angle-resolved photoelectron spectra of
dihalomethanes.32 The authors found that the angular distribution
parameterâ spectra of the lone pair orbital of CH2ClI showed
strong evidence of mixed halogen character but no evidence
for CH2BrCl.32 The stronger intramolecular orbital interactions
result in the delocalized (mixed) MO characteristics, further
being reflected by the different CEDPICS for respective band
and interaction potentials. In Figure 7, the calculated potential
energy curves indicate that the position of minima is atθ ∼
80° for the I atom,∼ 85° for the Cl atom in CH2ClI, and ∼
105° for the Cl atom in CH2ClCN.

D. CEDPICS and Anisotropic Interactions. In Figures 3
and 4, the CERPIES are helpful to recognize the MO charac-
teristic of each band. In particular, the decreases of cross sections
for bands S and S* differ from those for the neighboring bands

in Figure 3. The atomic structures of band S* are clearer in the
cold spectrum than those in the hot spectrum. CEDPICS for
these bands obtained from the normalized CERPIES has been
shown in Figures 5 and 6. It is contrast to the spin-orbit split
bands that bands 1, 2, 3, and 4 for these two molecules show
significantly different slopes of CEDPICS as given in Tables 1
and 2. For CH2ClI, the slope parameter (m ) -0.41) of band
1 is more negative than that (m ) -0.35) of band 2. This can
be explained by two facts: in Figure 5, the density map of 28a′
orbital shows someσCCl character, and the approach along the
CCl bond axis (the E direction in Figure 8b) is repulsive,
whereas the in-plane approaches (corresponding to the in-plane
branch nI|) perpendicular to the CI bond axis (the L and M
directions in Figure 8c) are attractive. However, the electrons
of 11a′′ orbital are mostly localized on the I atom as the out-
of-plane (perpendicular to the molecular nodal plane) branch
(nI

⊥) in Figure 5, and the perpendicular approach (the K direction
in Figure 8c) is remarkably attractive by exhibiting a well depth
of ca. 350 meV larger than that for the in-plane perpendicular
approach (ca. 170 meV in the L direction or ca. 80 meV in the
M direction). Correspondingly, the slopes of CEDPICS for the
bands (1, 4, and 7) having the out-of-plane electron distributions
are more negative than those for the bands (2, 3, 5, and 6) having
the in-plane characteristics. In particular, band 4 (mainly having
the nCl

⊥ characteristic) exhibits the almost equal slope parameter
compared with that of band 1. This may be interpreted by such
process that the out-of-plane He* trajectories pointing to the
Cl atom could be changed to the I atom because the out-of-
plane approach to the I atom (the K direction) is much more
attractive than that to the Cl atom (with a reference of the O
direction) in Figure 8c and the smaller part of the density map
of 10a′′ (see Figure 5) covers the I position. Band 7 having the
πCH characteristic shows a larger negative slope (m ) -0.34)
for CH2ClI with respect to that of the corresponding band for
CH2ClCN (m ) -0.08). Similarly, this can be explained by
the above discussions and the fact that the most attractive
interaction is the head-on approach to the N atom in CH2ClCN
(see the potential curve in the direction A of Figure 8a). A little
more attractive approach for band 7 leads to the higher band
density in the PIES of CH2ClI (see Figure 1) with respect to
that in the PIES of CH2ClCN (see Figure 2). Moreover, bands
S and 2 show the comparable slope, but band S cannot be the
satellite state related to band 2 (28a′-1) because of the large
pole strength of the second ionic state (0.95 of 28a′-1). The
absolute slope value of CEDPICS for band S* is the smallest
among the bands observed for CH2ClI, which indicates either
weak attractive or repulsive potential character around the
avoided crossing between He*-CH2ClI and He-CH2ClI**
potential energy surfaces.

For CH2ClCN, the MO electron density distributions and the
slopes of CEDPICS are more complex than those for CH2ClI
and CH2BrCN,31 because of the stronger orbital nCl T πCN

interactions in CH2ClCN. At first, one may notice the distinctly
different slopes for bands 5 and 7. The former (13a′ having the
nN character) corresponds to the most attractive interaction which
is exhibited by the calculated potential curve (the direction A)
in Figure 8a. The curve for the direction A shows a large well
depth ca. 300 meV, and the∆E of band 5 correspondingly is
the largest negative value (-200 ( 10 meV) among the
observed peak shifts of all of the bands for CH2ClCN in Table
2. The latter (2a′′ having theπCH characteristic) corresponds to
the repulsive interaction (the direction I in Figure 8b), and the
much less negative or positive∆E (40 ( 120 meV) has been
observed. More details on the first four bands are given
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subsequently. Unlike bands 1 and 2 for CH2ClI, band 1 (4a′′
having the out-of-plane electron distributions) shows a smaller
negative slope of CEDPICS than band 2 (15a′ having the in-
plane electron distributions). In Figure 6, the MO electron
distributions of 4a′′ can be divided into three parts, nCl

⊥, πCN
⊥,

andσCH, and those of 15a′ can be divided into two parts, nCl
|

andπCN
|. In Figure 8, parts a and b, the access in the direction

F (corresponding to nCl
⊥) shows a shallow potential well (with

a depth ca. 100 meV), whereas the access in the direction B
(corresponding toπCN

⊥) is repulsive. Thereby, the compositions
of πCN

⊥ andσCH result in the weaker collision energy depen-
dence of band 1 with respect to band 2. Similarly, the
compositionσCH of 14a′ leads to a less negative slope with
respect to that of band 4 (3a′′).

Moreover, some arguments on the interaction differences
between the CN group and halogen atoms are addressed. The
CN group is usually called as pseudo halogen atom, but the
different anisotropy of interactions between the CN group and
halogen atoms with the He* atoms is found in this work. For
the most cases, the head-on approach to the N atom in the CN
group is much more attractive than the approaches in the other
directions because the nN electrons are mostly distributed along
the CN bond axis.27,31The halogen nX electron distribution are
perpendicular to the CX bond axis, interpreting the more
attractive approaches in the perpendicular directions with respect
to the head-on approach to the halogen atom.29-31 However,
the collinear approach to the F atom in CF bond shows a little
more attractive because of the much small van der Waals radius
of F atom.56 In this work, the distinguished anisotropic interac-
tions are found around the I atom in CH2ClI, in particular, the
significantly attractive interaction is for the out-of-plane access
(see Figure 8c). It may be interpreted by the intramolecular
orbital interactions: the strong in-plane (a′-type) orbitals interact
much more strongly than the out-of-plane (a′′-type) orbitals, and
the former makes the nI electrons to be delocalized to the other
parts where the in-plane approaches are less attractive (even
strongly repulsive for the collinear approach to the CCl bond
and the approach to the CH2 group).

V. Conclusion

The PIES of CH2ClI and CH2ClCN by collision with the
metastable He*(23S) atoms have been measured. The separated
bands at the low ionization energy region are mainly arising
from the intramolecular orbital interactions rather than the spin-
orbit coupling effects. In the PIES of CH2ClI, an additional band
labeled with S may be related to autoionizations of the
superexcited states of CH2ClI, whereas the other band labeled
with S* is proposed to be related to autoionizations of Rydberg
state Cl** or I** species produced by the excitation transfer to
CH2ClI followed with the molecular dissociations. The through-
space and through-bond interactions are proposed in these two
molecules. The calculations of the magnitudes of the orbital
interactions show the nCl T πCN interactions are much stronger
than nCl T nI, with the references of experimental spectra in
this work and available in the literatures.32-34,37,51Furthermore,
the strong intramolecular orbital interactions in these two
molecules lead to the distinctly different slopes of CEDPICS
for the first four bands (related to the lone pair orbitals of the
Cl and I atom and theπCN orbitals).
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