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The electronic structures of adamantane,1-chloroadamantane, cyclohexane, and chlorocyclohexane and their
interaction potentials with He*(23S) metastable atoms are studied by two-dimensional (collision- and electron-
energy-resolved) Penning ionization electron spectroscopy and model potential calculations. The model potential
calculations are performed for the target-Li system based on a well-known resemblance between a metastable
excited He*(23S) atom and a ground-state Li(22S) atom. Assignments of the electron spectra are made on the
basis of ab initio and outer-valence Green’s function calculations. Strong repulsive interactions between the
saturated hydrocarbons and the metastable atom and strength sequenceσCC > σCH observed experimentally
are consistent with the anisotropic potential calculations. It is noted that attractive interaction in the region
where lone-pair nCl electrons are distributed for1-chloroadamantane is weaker than that for chlorocyclohexane,
because of the stronger steric shielding effect by the larger adamantane skeleton. Through comparison with
the previous results on the saturated chloro-hydrocarbons, we find that the attractive interaction around the
nCl electron distribution does not become stronger as the energy level of the highest occupied molecular
orbital becomes higher, which is the result of competition between effects of low exterior electron distributions
and high energy levels.

I. Introduction

In the chemiionization process known as Penning ionization,1-5

a molecule M collides with a metastable atom A* having an
excitation energy (EA) much larger than the lowest ionization
potential (IP) of the molecule. Penning ionization electron
spectroscopy is an experimental technique used to detect the
kinetic energy of the electron ejected in the ionization process,
in which the ground-state atom A and the ionic states of the
molecule Mi

+ are the coproducts as follows:3-5

The exact kinetic energy of the ejected electron (Ee
i ) is equal to

the difference between two potential energy functions, the
incoming M+ A* interaction potentialV* and the outgoing A
+ Mi

+ interaction potentialVi
+. Both are functions of the

internuclear distanceR between the metastable atom and the
molecule, and the kinetic energyEe

i of Penning electron is
determined by

where ∆Ei is the peak shift in Penning ionization electron
spectrum (PIES) with respect to the peak positions observed in
ultraviolet photoelectron spectrum (UPS). Usually,∆Ei is
negative if the incoming interaction potential is attractive and
positive if this potential is repulsive. Partial ionization cross-
sections or branching ratios of the different ionic states are

usually dependent on the electron distribution of respective
ionized molecular orbitals.6 As molecular orbitals (MO) are
highly anisotropic with electron densities more or less localized
on a certain part of the molecule, collision energy (Ec)
dependence of partial ionization cross-sections (CEDPICS) has
negative or positive slopes, reflecting the anisotropy of the
interaction potentialV*. Velocity-controlled supersonic meta-
stable atom beams have been utilized to observe Penning
ionization spectra for some atoms and small molecules.7-9 In
our laboratory, an ionic-state-resolved PIES experiment com-
bined with a time-of-flight (TOF) technique has been developed
as two-dimensional (collision- and electron-energy-resolved)
Penning ionization electron spectroscopy10-20 which can be used
to obtain collision-energy resolved Penning ionization electron
spectra (CERPIES) and CEDPICS for the target molecule.

The two-dimensional (2D) PIES measurements allow us to
investigate the anisotropic potential energy surface around the
target molecule by analyzing CEDPICS. The interaction po-
tentials between metastable He*(23S) atoms and some satu-
rated13,14 or unsaturated hydrocarbons15-20 have been studied.
In particular, a 2D-PIES study of cyclopropanes14 indicates that
the potential is repulsive near the saturated carbon-carbon (C-
C) and carbon-hydrogen (C-H) bonds and attractive near the
substituted group with lone-pair electrons, which is in agreement
with the model calculations of interaction potentials using Li-
(22S) atom. As is well-known, the shape of velocity dependence
of the total scattering cross section of He*(23S) with He, Ar,
and Kr is very similar to that of Li(22S),21 and interaction well-
depths and the location of potential wells have been found to
be very similar for interactions of various targets with He*-* To whom correspondence should be addressed.

M + A* f A + Mi
+ + e- (1)

Ee
i (R) ) V*(R) - Vi

+ (R) ) EA - IPi + ∆Ei(R) (2)
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(23S) and Li(22S).2,11,22-23 This similarity between He*(23S) and
Li(22S) is usually employed to compare the computationally
more feasible M-Li potentials with the experimental results
for M-He*(23S) interactions.13-20

There are a number of merits to CERPIES in comparison
with other electron spectroscopy for studying electronic struc-
tures and particularly for molecular interactions. First, it differs
from photoelectron spectrum (PES) in that certain band intensi-
ties are enhanced or lowered in PIES, which is helpful in
recognizing MO characters and assigning spectral features.6,24

Second, satellite bands are more frequently observed in PIES
than in PES.12,25 In particular, CERPIES combined with
theoretical calculations allow us to determine the ionic states
related to the satellites.26 As yet, there are no accurate theories
for describing molecular interactions. Fortunately, the experi-
mental PIES technique is a powerful means that enables us to
obtain information to develop such theories. Through analyzing
CEDPICS, it is possible to determine whether the interactions
around the target molecule are attractive or repulsive.

Several groups have used collision-energy-resolved techniques
for Penning ionization reaction to investigate the anisotropic
interaction around chlorine (Cl) atom with metastable atoms.27-33

Photoemission cross sections for CH radicals produced by
collision of He*(23S) atoms with CH3X (X ) H, Cl, Br, and I)
have been studied in the collision energy range of 120-210
meV, where the sum of these cross sections was correlated well
with dipole-induced interaction of He*(23S) with the targets,
in particular, the approaches perpendicular to the C-Cl bond
axis were found to be governed by an attractive interaction.27

However, Albert et al. suggested that the attractive interaction
was located around an angle of 45° with respect to the C-Cl
bond axis in the Ne*(3P2,0)-CH3Cl interaction system,28 which
shows that the simple correlation with the local dipole direction
(C-Cl bond axis) does not always hold. The reaction of Ar*-
(3P2,0) with CHCl3 was studied by Yamato et al. using a
combination of a TOF technique and an electric hexapole
orientation technique, where the authors presented a correlation
between collision energy and the steric effect.29 In our labora-
tory, attractive interaction potentials around the Cl atom have
been studied for (CH3)3CCl,13 chlorobenzene;30 trans-, cis-, and
iso-dichloroethlenes;31 vinyl chloride;16,32 and C2H5Cl,33 using
the 2D-PIES technique.

In the present study, the 2D-PIES technique including
CERPIES and CEDPICS is applied to the investigation of the
electronic structures of adamantane (C10H16), cyclohexane
(C6H12), and their chloro-derivatives and interactions with He*-
(23S) atoms. Adamantane is the simplest polycyclic saturated
hydrocarbon with a cage-like skeleton characteristic of the
diamond lattice, and cyclohexane is a saturated six-carbon cyclic
hydrocarbon that may be considered as a structural unit of
adamantane (see Scheme 1). Adamantane is the parent molecule
of drugs such as the bottle-able carbene34 and its derivative,
adamantine, has been used in the therapy, most notably in
chemoprophylaxis, for influenza A, and in the treatment of
human Parkinsonian disease.35 Cyclohexanes are commonly
used as organic solvents in chemical technology.36 Medical
applications and solution capability come from the characteristic
molecular interactions, and the molecular chemical reactivity
is closely related to the electronic structures of the frontier MOs.
Recently, Litvinyuk et al. reported the momentum profiles of
the outer-valence orbitals of molecular adamantane, adamantine,
and urotropine, using (e,2e) electron momentum spectroscopy
(EMS).37 The He I and He II UPS and X-ray photoelectron
spectra (XPS) of molecular adamantanes38 and cyclohexanes39

were recorded almost 30 years ago, in which interest was
focused on the IPs of the highest occupied molecular orbitals
(HOMO) of the derivatives. The effects of substitution on the
molecular electronic structure and steric interactions with He*-
(23S) atom are focus of the present research.

II. Experimental Section

Details of the experimental apparatus have been reported
elsewhere.10-13 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 Samson40 and Kimura et al.41 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) and He*(23S)
PIES (Ee ) 4.292 eV) including a peak energy shift of 50 meV
and the difference between the metastable excitation energy and
the lowest IP.

For the collision-energy-resolved measurements of Penning
ionization, the metastable He*(23S) beam was modulated by a
pseudorandom chopper rotating at ca. 370 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

SCHEME 1: Molecular Structures
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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 CEDPIES were cut at the twoEc

(85 and 250 meV) fromσ(Ee,Ec) data with some width.
Adamantane (99%+) and1-chloroadamantane (99%+) were

purchased from Aldrich, and cyclohexane (99%+) and chlo-
rocyclohexane (99%+) were purchased from Wako Pure
Chemical Industries Ltd. They were used after several freeze-
pump-thawed cycles. Adamantanes have high melting points
(adamantane, 209∼212°C; 1-chloroadamantane, 165∼166°C)
yet sublime at room temperature. Cyclohexane and chlorocy-
clohexane are liquid at room temperature. The powder or liquid
sample was contained in a Pyrex tube out of the chamber during
the experiments, and the Pyrex tube was connected with a steel
tube inserted into the reaction cell in the chamber. The volatility
of adamantanes and cyclohexanes at room temperature was high
enough to create a sufficient concentration of target molecules
in the gas phase, and the ambient pressure was controlled at
ca. 2× 10-5 Torr.

III. Calculations

The geometrical parameters of the molecular adamantane
(C10H16), 1-chloroadamantane (1-C10ClH15), cyclohexane (C6H12),
and chlorocyclohexane (C6ClH11) were optimized withTd, C3V,
D3d, and Cs symmetries, respectively, at the hybrid density
functional B3LYP/6-311++G** level of theory. The two
conformers of C6ClH11, the equatorial (e-) and the axial (a-),
were optimized and found to be of ca. 3 kJ/mol energetic
difference in the gas phase. In the electron density contour maps
obtained by Hartree-Fock self-consistent-field (HF-SCF)
calculations with the 6-31+G* basis set, 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, andrCl

) 1.8 Å).42 The IP values were also calculated for assignments
in the He I UPS and PIES by the outer-valence Green’s function
(OVGF) method43 with the 6-31+G(d,p) for C6H12 and C6ClH11

and the 4-31G for C10H16 and1-C10ClH15.
Interaction potential calculations with Li(22S) atom,V*(R)

(whereR is defined in the captions of the related figures), were
performed at the unrestricted second-order Møller-Plesset
perturbation (UMP2) level of theory using the 4-31G(d) basis
set with scanningR 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 98.44

It is well-known that the relative intensity of bands in PIES
can be successfully compared with the exterior electron density
(EED) for individual MOs,6,45-47 and EED values are a kind of
measurements of how far electron distributions expand outside
a molecular boundary. In a PIES study, this boundary is defined
by the molecular surface which is usually estimated by placing
a sphere with an effective radius (e.g., van der Waals radius)
on each atom position. EED for each spatial MO wave function
æi can be expressed by

where r runs through the regionΩ outside the repulsive
molecular surface. The exterior regionΩ is a sum of the
subspaceΩa which is a region made up of points whose nearest
molecular surface belongs to thea atom.48 Moreover, MO wave
functions are usually described in terms of basis functions using
a linear combination of atomic orbitals (LCAO). Therefore, an
EED value of the atom a for theith MO can be obtained using
the following expression:48c

The EED concept and these two formula are very helpful to
analyze substitution effects on electronic structures and interac-
tions with a He*(23S) atom. So we performed EED calculations
for 1-C10ClH15 ande-C6ClH11 as well as C2ClH5 (Cs) and C4-
ClH9 (C3V), using the HF/6-31+G* wave functions.

IV. Results

The He I UPS and He*(23S) PIES of C10H16, 1-C10ClH15,
C6H12, and C6ClH11 are shown in Figures 1-4, 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). Because of the Jahn-Teller effect and Franck-
Condon effect, the ionization bands of highly degenerate states
of adamantane are diffuse and overlapping. Assignments given
in Figures 1-4 and Tables 1-4 were made on the basis of the
IP values and the orbital energy levels obtained at the OVGF
and HF/6-311++G** levels. The EMS study has drawn the
conclusion that the Hartree-Fock as well as density-functional
calculations with the 6-311++G** basis set are in good
agreement with the experimental momentum profiles.37 The HF/
6-311++G** calculations of this work gave the electron
configuration of adamantane as (core)32(4t2)6(4a1)2(5a1)2(5t2)6-
(1t1)6(6t2)6(2t1)6(3e)4(7t2).6

In the earlier spectra of C6H12, the molecular structure was
assumed to be aD6h symmetrical one,39d whereas Kimura et al.
used theD3d symmetry.41 Here we adopted the latter for the
present assignments. For the C6ClH11 spectra in Figure 4, the
orbitals of the predominant isomere-C6ClH11 were used for
assignments except for the band labels in the parentheses that
are contributions ofa-C6ClH11.

Figures 5-8 show the CERPIES obtained from the 2D spectra
of C10H16, 1-C10ClH15, C6H12, and C6ClH11, respectively. Hot
spectra at the higher collision energy ca. 250 meV are shown
by dotted curves, and cold spectra at the lower collision energy
ca. 85 meV are shown by solid curves.

Log σ vs logEc plots of the CEDPICS in a collision energy
range of 70-300 meV are presented in Figures 9-12 for C10H16,

σ(Ee,Vr) ) c{Ie(Ee,VHe*)/IHe*(VHe*)}(VHe*/Vr) (3)

Vr ) [VHe*
2 + 3kT/M]1/2 (4)

Ec ) µVr
2/2 (5)

(EED)i ) ∫Ω
|æi(r)|2 dr (6)

(EED)ia ) ∫Ωa
|æi(r)|2 dr

Ω ) ∑
a

Ωa (7)
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1-C10ClH15, C6H12, and C6ClH11, respectively. The calculated
electron density maps are shown in proper directions in order
to grasp most effective directions of the ionization or effective
access direction of the He* atom. Different maps are also
presented for the degenerate orbitals and the C6ClH11 isomers.
In Figure 10, the second density maps of the 14e, 13e, 12e,
11e, and 10e orbitals and the map of the 14a1 orbital are plotted
on plane b′ at a distance of 0.80 Å from the molecular
nodal plane b of1-C10ClH15. The electron density distribu-
tionsof the 2a2 and 1a2 orbitals of1-C10ClH15 are plotted on a
top-viewed plane a in Figure 10, and those of the 4a1g and
1a1u orbitals of C6H12 are plotted on plane b in Figure 11.
In Figure 12, the electron density of each orbital except for
9a′′, 8a′′, 7a′′, 16a′, 6a′′, and 12a′ is plotted on the molecular
plane a.

Figures 13-16 show the calculated profiles of the interaction
potential energies between a ground-state Li atom and C10H16,
1-C10ClH15, C6H12, and C6ClH11, respectively.

Tables 1-4 summarize the experimental and calculated IPs,
experimental peak energy shifts (∆E), slope parameters of
CEDPICS (m), and the assignments of the bands with orbital
characters, as well as the IP data available in the previous
literatures for comparison. Slope parameters (m) are obtained
from the logσ vs log Ec plots in a collision energy range of
70-300 meV by a least-squares fitting method. Vertical and
adiabatic (noted witha) IPs are determined from the present
He I UPS. The peak energy shifts are obtained as the difference
between the peak positions in PIES (EPIES, in electron energy

scale) and thenominal value (E0 ) difference between the
metastable excitation energy and sample IP):∆E ) EPIES -
E0.

V. Discussion

The electronic spectra for these four molecules adamantane,
1-chloroadamantane, cyclohexane, and chlorocyclohexane show
that bands attributed to the valence orbitals of the high-symmetry
molecules split when the symmetries are lowered. Through
comparisons of the spectra of adamantane (Td) and 1-chloro-

Figure 1. He I ultraviolet photoelectron spectrum (UPS) and He*-
(23S) Penning ionization electron spectrum (PIES) of adamantane.

Figure 2. He I UPS and He*(23S) PIES of1-chloroadamantane.

SCHEME 2: Correlation Diagram for the Outer
Valence Orbitals of Adamantanes and Cyclohexanes
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adamantane (C3V), one can find that the triply degenerate 7t2

orbital splits into 13e and 2a2, 2t1 into 11e and 15a1, 6t2 into
10e and 1a2, 1t1 into 9e and 14a1, and 5t2 into 8e and 13a1. For
cyclohexane (D3d) and chlorocyclohexane (Cs), the doubly
degenerate 4eg splits into 20a′ and 10a′′, 4eu into 9a′′ and 18a′,
3eu into 7a′′ and 8a′′, and 3eg into 16a′ and 6a′′. A correlation
diagram for orbital splitting is shown in Scheme 2. In this work,
we assign features in the spectra on the basis of theoretical
calculations and PIES characteristics.

In Figures 2 and 4, the first band (14e) of1-C10ClH15 is
weaker than the first band of C6ClH11, explained as due to
stronger steric shielding effect of the larger skeleton of ada-
mantane than that of the cyclohexane ring with respect to the
unbonded lone-pair electrons (nCl). Such shielding of bulky
groups has been documented for various compounds including
ferrocene,49a anilines,49b and Fe(CO)5,49c and recently, it was
also observed for chlorobenzene.30 This work may be viewed
as an extension research for examining the effect of substituting
the Cl atom into larger saturated hydrocarbons in comparison
with previous results for the saturated chloro-hydrocarbons
[(CH3)3CCl13 and CH3CH2Cl33].

A. Adamantane and Cyclohexane.He I and He II spectra
of the molecular adamantane have already been obtained,38 but
the orbitals below 2e are not included in the present work
because of energy limitations. Six bands can be seen in Figure
1. The first band which has contribution from the HOMO 7t2

of C10H16 is very broad, because the 7t2 orbital is stronglyσCC

bonding and the triply degenerate T2 state formed by removal
of a 7t2 electron is subject to Jahn-Teller distortions. Because
bands 2-4 are composed of two ionic states and also undergo
Jahn-Teller effect, the IPs cannot be estimated accurately.

However, the observed vertical IPs are generally in agreement
with the calculated OVGF data and the (e,2e) experimental
values37a in Table 1. The HOMO of C6H12 is the doubly
degenerate 4eg, which is observed as two small split bands in
Figure 3. Similar features have been observed for cyclopro-
pane.14 The outermost orbitals of both C10H16 and C6H12 are
mainlyσCC bonding, and if C6H12 is considered a structural unit
of C10H16, we can suppose simply that bands 1 (7t2) and 2 (3e
and 2t1) of C10H16 consist of bands 1 (4eg), 2 (4a1g), and 3 (4eu)
of C6H12, as shown in Scheme 2.

In Figure 1, the assignment sequence of band 2 differs from
the earlier UPS analyses in which the reverse sequence was
assigned38ealthough it cannot be resolved clearly due to Jahn-
Teller splitting as well as the Franck-Condon effect. Thep-type
momentum profile of this band observed in the EMS study
confirmed that the orbitals 3e and 2t1 representσCC bonding
similar to band 1 (7t2).37aBands 3 and 4 are mainly assigned to
σCH bonding. As shown in the electron density maps in Figure
9, more electrons ofσCH bonding are exposed to the outside of
the van der Waals radii than those ofσCC bonding. The band
intensity in PIES reveals that the probability of the electron-
transfer process is governed by the mutual overlap between the
orbital of He* and the target M; it is known that an electron in
a molecular orbital is transferred to the inner-vacant orbital of
He*, and the excited electron in He* is ejected.2,6 Therefore,
bands 3 and 4 are stronger than bands 1 and 2 in the PIES, as
was similarly observed for the C6H12 PIES in Figure 3.

For the C6H12 spectra in Figure 3, Kimura et al. assigned the
band with the ionization energy higher than ca. 18 eV having
ans-orbital character without further information,41 whereas this
band and the higher IP bands were clearly assigned to the
valence ionic states (b1u, e2g, e1u, e1g, etc.) using an incorrect

Figure 3. He I UPS and He*(23S) PIES of cyclohexane. Figure 4. He I UPS and He*(23S) PIES of chlorocyclohexane.

Two-Dimensional PIES J. Phys. Chem. A, Vol. 106, No. 28, 20026545



molecular symmetry (D6h) in an earlier study.39d Using the
symmetryD3d confirmed by Raman spectra,50 we assign band
7 to 2a2u and band 8 to 2eg, with the IPs close to the data (18.06
and 19.49 eV) reported previously.39d Here there remain some
arguments regarding the vibrational structures of the higher IP
bands. Although the vibrational structure of band 5 (4a1) of
adamantane was revealed in the high energy-resolution He I
UPS,38c-d the present PIES in Figure 1 suggests that the Penning
ionization process prefers the 0-0 vibrational component (a
skeletal and CH2 scissoring mode), as indicated by the shape
of band 5. In contrast to band 5 of adamantane, band 7 (2a2u)
of cyclohexane shows a more diffuse vibrational structure both
in UPS and PIES of Figure 3. Furthermore, the width and peak
shift of band 7 in the lower-energy-resolution spectra of Figure
7 exhibit remarkable dependence on the collision energies.

Enhancement of the bands assigned to C2s character in the
PIES has been observed for several hydrocarbons containing
multiple carbon atoms.13 In this work, the intensities of bands
5 and 6 of C10H16 and bands 7 and 8 of C6H12 are enhanced
significantly in the He*(23S) PIES. This unusual enhancement

in PIES is due to 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 orbitals with the C2s character.13 Moreover,
band 8 (2eg of C6H12) appears more intense than band 6 (4t2)
of C10H16, attributable to the smaller energy difference of the
2eg orbital with respect to the inner orbital (æi) in electron
transfer and the larger magnitude of the overlap betweenæ2eg

andæi.
Typically, negative slopes with negative peak energy shifts

represent attractive potentials around certain groups, and positive
slopes with positive shifts indicate repulsive potentials. However,
the real case is not so simple. Repulsive potentials betweenσCC

andσCH bonds and He*(23S) were observed frequently.13-20 We
also notice that the slope changes from very positive for 4t2

and 3t2 of C(CH3)4
13 to almost flat for 3e′ and 1e′′ of

cyclopropane.14 The latter (m ) -0.09 and-0.08 for 3e′ and
+0.02 for 1e′′) with different peak shifts (∆E ) -25, -65,
and +40 meV) indicates that there exists a shallow potential
well and that the repulsive potential wall is hard for theσCC

TABLE 1: Band Assignment, Ionization Potentials (IP/eV), Peak Shifts (∆E/meV), and Slope Parameters (m) for C10H16

band
orbital

character IPobsd/eVa
IPOVGF/eV

(pole strength) IP(e,2e)
b/eV ∆E/meV m

1 7t2(σCC) 9.40 (a)
9.67 9.50(0.92) 9.7 -100( 200 -0.26( 0.01

2 3e(σCC) (10.86,a) 10.92(0.91) }11.2 }-20 ( 100 } -0.25( 0.012t1(σCC) (11.45) 11.04(0.92)
3 6t2(πCH,σCC) 13.05(a) 13.10(0.91) }13.2

+10 ( 20 } -0.20( 0.011t1(σCH) (13.44) 13.59(0.91)
4 5t2(πCH,σCC) 14.87(a) 15.01(0.91) }15.1

+20 ( 40 } -0.18( 0.02
5a1(σCH) (15.41) 15.45(0.91)

5 4a1(C2s,σCH) 17.06 17.12(0.90) 17.0 -30 ( 20 -0.15( 0.02
6 4t2(C2s) 18.60 (-120( 140) (-0.10( 0.03)

a The adiabatic ionization potentials are noted asa in the parentheses, and the vertical ones are listed without notation.b From ref 37a.

TABLE 2: Band Assignment, Ionization Potentials (IP/eV), Peak Shifts (∆E/meV), and Slope Parameters (m) for 1-C10ClH15

band orbital character IPobsd/eV
IPOVGF/eV

(pole strength) ∆E/meV m

1 14e (nCl
|, nCl

⊥) (9.87) 9.66(0.92) (-200( 140) -0.23( 0.03
2 16a1(σCCl) } 10.52

9.99(0.92) } -120( 40 } -0.33( 0.0313e(nCl,σCC) 10.23(0.92)
3 2a2 (σCC) } 11.71

11.33(0.92) } -10 ( 80 } -0.24( 0.0312e(σCC,nCl) 11.41(0.92)
11e(πCCl) 11.75(0.92)

4 15a1 (σCCl) 13.30 13.05(0.92) -20 ( 40 } -0.22( 0.0110e(σCH) 13.44(0.91)
1a2 (σCC) 13.84(0.91)
9e(πCCl,σCH) 14.06(0.91)

5 14a1(σCH,σCCl) 15.26 15.25(0.91) -100( 60 } -0.19( 0.028e(πCH) 15.40(0.91)
13a1(C2s,σCCl) 15.45(0.91)

6 12a1(Cl3s,C2s,σCH) 17.26 17.54(0.90) -100( 60 -0.19( 0.02
7 11a1(C2s) (-0.16( 0.04)

TABLE 3: Band Assignment, Ionization Potentials (IP/eV), Peak Shifts (∆E/meV), and Slope Parameters (m) for C6H12

band orbital character IPobsd/eV
IPOVGF

(pole strength)/eV IPKoopman/eV ∆E/meV m

1 4eg(σCC) 10.22 } 10.54(0.91) } 11.56 } (+90 ( 200) } -0.23( 0.0310.88
2 4a1g(σCC) 11.29 11.31(0.92) 12.15 (+200( 200) -0.28( 0.03
3 4eu(σCC) 11.89 12.06(0.92) 13.01 -20 ( 80 -0.23( 0.03
4 1a1u(σCH) 12.91 12.52(0.90) 13.90 -80 ( 40 } -0.26( 0.023eu(σCH,CC) (13.30) 14.23
5 3eg(σCH) 14.60 16.14 -70 ( 40 } -0.22( 0.023a2u(σCH,CC) (15.16) 16.47
6 3a1g(σCH) 16.15 17.54 0( 40 -0.24( 0.01
7 2a2u(σCH, C2s) 18.10 20.34 -30 ( 40 -0.12( 0.03
8 2eg(C2s) 19.73 22.49 -0.06( 0.03
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bond 3e′, whereas the repulsive wall around hydrogen atoms
for 1e′′ orbital is softer.14 Recently, the larger negative slopes
were observed for the stronger repulsive interactions forσCC

bonds and CH2 groups in [2-2]-paracyclophane.20 Although
both adamantane and cyclohexane are purely saturated hydro-
carbons, it is surprising to find that all slopes of each band of
C10H16 and C6H12 are negative. Such negative collision energy
dependence is hardly observed for other saturated hydrocarbons.
The larger negative slopes for the outer valence bands of C10H16

and C6 H12 (in Figures 9 and 11 and Tables 1 and 3) indicate
that their repulsive potential walls are extremely hard. This is
in good agreement with the calculated potential curves for
C10H16 and C6 H12 in Figures 13 and 15. In Figure 13, the
interaction potential energy of curve A decreases a little more
sharply than curves C and D, indicating that repulsive interaction
between the C-C bonds and the He* atoms is stronger than
between the C-H(2) bonds and the He* atoms. This matches
the experimental observations in which the slopes of bands 1
and 2 (mainly withσCC character) are more negative than those
of bands 3 and 4 (mainly withσCH character) for adamantane.
Such features are not so clear for cyclohexane; in Figure 15,
the interaction energy in direction A decreases as rapidly as

that in direction C, and their slopes are also similar. A minimum
point is found in direction B (R ca. 1.5 Å for adamantane), but
it cannot be observed because it is out of the present experi-
mental energy range (<400 meV). The repulsive interaction in
direction B in Figure 15 is much weaker than in the other
directions, which is very similar to the situation for cyclopro-
pane.14 Basic theory regarding the relationships between the
calculated potential curves and the experimental CEDPICS will
be presented in section C.

B. 1-Chloroadamantane and Chlorocyclohexane.1-C10-
ClH15 has only one stable conformer withC3V symmetry,
whereas C6ClH11 exists as equilibrium mixtures ofe and a
conformers (both withCs symmetry) in gas phase, in solution,
in liquid state, and in amorphous solids. In all phases, thee
conformer is in the higher abundance. The ratio of compositions
was estimated to bee-C6ClH11:a-C6ClH11 ) 75(6)%:25(6)%
from the gas-phase electron diffraction experiments at the room
temperature.51 In this study, orbitals ofe-C6ClH11 are employed
in the analysis of electron spectra.

Seven bands are assigned in the electron spectra of1-C10-
ClH15 in Figure 2. Bands 1 and 2 are due to the lone-pair
electrons of the nCl orbital (14e),σCCl bonding orbital (16a1),

TABLE 4: Band Assignments, Ionization Potentials (IP/eV), Peak Shifts (∆E/meV), and Slope Parameters (m) for C6ClH11

IPOVGF/eV (pole strength) IPKoopmans/eVb

band orbital charactera IPobsd/eV e-C6ClH11 a-C6ClH11 e-C6ClH11 a-C6ClH11 ∆E/meV m

1 11a′′(nCl
|,σCCl) } 10.46

10.36(0.91) 10.41(0.91) 11.42 11.46 }-230( 60 }-0.37( 0.0321a′ (nCl
⊥) 10.48(0.91) 10.39(0.91) 11.49 11.40

2 20a′(nCl
|,σCH) (11.10) 11.18(0.91) 11.20(0.91) 12.22 12.31 } (-150( 100) } -0.28( 0.0310a′′(σCCl,CC) (11.38) 11.30(0.91) 11.18(0.91) 12.45 12.30

19a′(πCH,πCCl) (11.94) 11.81(0.92) 11.61(0.92) 12.77 12.57
3 9a′′(πCC) } (12.50)

12.52(0.91) 12.45(0.91) 13.61 13.54 } (-150( 100) }-0.27( 0.0218a′(σCH,nCl
||) 12.85(0.91) 12.45(0.91) 13.95 13.38

4 17a′(nCl
||,σCC) } (13.40)

13.29(0.91) 13.70(0.91) 14.51 15.11 } (-200( 100) } -0.26( 0.027a′′(σCH,σCC) 13.45(0.91) 13.31(0.90) 14.77 14.65
8a′′ (σCC,σCH) 13.41(0.90) 13.32(0.91) 14.96 14.85

5 16a′(σCH, nCl
||) (15.15) 15.23(0.91) 14.95(0.91) 16.64 16.19 (-20 ( 60) -0.09( 0.04

6 6a′′ (σCH) } (15.32)
15.28(0.91) 15.28(0.91) 16.76 16.77 } (-200( 200) } -0.22( 0.0215a′ (σCH) 15.43(0.91) 15.61(0.91) 16.92 17.05

7 14a′ (σCH) 16.39 16.38(0.90) 16.54(0.90) 17.99 18.30 -40 ( 40 -0.07( 0.01
8′ 13a′(C2s,Cl3s,σCH)c 18.02d 20.24 (-0.14( 0.03)
8 13a′(C2s,Cl3s, σCH) 18.80d 20.99 -0.17( 0.03
9 12a′(C2s) 19.75 22.57 22.61 (-0.19( 0.03)

a The electronic spectra and the orbital characters were assigned with thee-C6ClH11. b Calculated at the HF/6-31+G(d,p) level with the B3LYP/
6-311++G** optimized geometries.c Of the ionic state ofa-C6ClH11. d The IP values of the 13a′ of a-C6ClH11 obtained from the He*(23S) PIES.

Figure 5. Collision-energy-resolved He*(23S) Penning ionization
electron spectra of adamantane: solid curve,Ec ) 83-87 meV, average
85 meV; dotted curve,Ec ) 237-263 meV, average 250 meV.

Figure 6. Collision-energy-resolved He*(23S) Penning ionization
electron spectra of1-chloroadamantane: solid curve,Ec ) 83-87 meV,
average 85 meV; dotted curve,Ec ) 238-262 meV, average 250 meV.

Two-Dimensional PIES J. Phys. Chem. A, Vol. 106, No. 28, 20026547



and 13e withσCH and nCl characters. Bothm and∆E for these
orbitals are strongly negative. In particular, the largest negative
slope (m ) -0.33 ( 0.03) is observed for the 16a1 and 13e
orbitals. It is well-known that the slower He* metastable atom
can approach the reactive region effectively by the attractive
force to result in an enhanced ionization cross section for the
lower collision energy. The negative slope parameter indicates
a decrease in ionization reactivity with increasing of collision
energy, and this is usually associated with a negative peak
energy shift. The region localized by 14e electrons shows strong
attractive interaction with He*(23S) atoms, whereas the 16a1

region shows strong repulsion. The repulsive interactions along
the σCCl bond axis have also been observed for (CH3)3CCl13

and C2H5Cl33 with flat slopes, indicating that there may exist
softer repulsive interaction along the C-Cl bond axis. As shown
in the electron density maps in Figure 10, the main orbital
character of 14e is the parallel or perpendicular distribution of
the lone-pair electrons. The calculated model potentials in Figure
14 also indicate that there are deep potential wells in the
interaction curves for the directions perpendicular to the C-Cl
bond axis and a hard potential wall for interaction along the
C-Cl bond axis. The calculated curves support the validity of

the above approximation. AlthoughπCCl and nCl characters are
observed for 11e and 12e in band 3, these electrons are mainly
associated withσCC bonding. Therefore, the PIES intensity of
band 3 is relatively as low as bands 1 and 2 of C10H16 and
bands 1, 2, and 3 of C6H12 shown in Figures 1 and 3. Band 3
has a comparable negative slope due to the strong repulsive
interaction between the C-C bonds and the He*(23S) atom.
The high intensities in the PIES and the negative slopes (m )
-0.19 ( 0.02 and-0.16 ( 0.04) of bands 6 and 7 can be
ascribed to C2s, Cl3s, andσCH characters. Resonant excitation
transfer and the subsequent autoionization can also be expected
for these C2s bands.

Assignments in the electron spectra of C6ClH11 are complex
due to not only the isomer mixture but also the splitting of
doubly degenerate orbitals of C6H12. TheσCCl bonding may be
responsible for the enhanced intensity of band 1 in PIES. For
the IPs of thee and a conformers predicted by the OVGF
calculations, the energetic sequence between 21a′ and 11a′′ is
reversed, andσCCl is mixed somewhat with nCl for 11a′′ of e-C6-
ClH11 and 21a′ of a-C6ClH11. Therefore, we assign band 1 as
having (nCl,σCCl) character. For bands 2-4, the ionization states
overlap seriously in the Penning spectrum (Figure 4). The flat
slope of the 16a′ orbital (band 5) indicates that the attractive
interaction around the Cl atom is comparable to the repulsive
interaction of the weakσCH bonds. The flatter slope of 14a′
(band 7) also shows that the repulsive interaction for weakσCH

bonding is much weaker than others. A shoulder on the high-
electron-energy side of band 8 is assigned as band 8′ to
ionization by the 13a′ orbital of a-C6ClH11. This is supported
by several points. First, there are ca. 0.8 eV differences in the
IPs as predicted by the Koopmans’ approximation (see Table
4), which matches the observation of PIES in Figure 4; second,
their negative slopes (m ) 0.14 ( 0.03 and 0.17( 0.03) are

Figure 7. Collision-energy-resolved He*(23S) Penning ionization
electron spectra of cyclohexane: solid curve,Ec ) 83-87 meV, average
85 meV; dotted curve,Ec ) 241-259 meV, average 250 meV.

Figure 8. Collision-energy-resolved He*(23S) Penning ionization
electron spectra of chlorocyclohexane: solid curve,Ec ) 83-87 meV,
average 85 meV; dotted curve,Ec ) 241-259 meV, average 250 meV.

Figure 9. Collision energy dependence of partial ionization cross
sections for adamantane collided with He*(23S). Electron density maps
for respective MOs are also shown on a plane including the center (X)
of mass of adamantane.
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similar; and finally, the ratio of peak intensities of the PIES is
estimated to be band 8′:band 8≈ 1:3, which well matches the
composition ratio.51

C. CEDPICS and Interaction Potentials. In the previous
studies,14-20,26,30-33,47 simple theoretical models of isotropic
systems have been applied effectively for analyzing CEDPICS
for molecular systems, even though the molecular systems are
usually anisotropic. When the long-range attractive part of the
interaction potentialV*(R) plays a dominated role and its
function is of the form

log σ(Ec) can be expressed by

Therefore, the slope of logσ vs log Ec is usually negative (m
) -2/s). If the repulsive part governs the interaction, logσ(Ec)
can be derived as

on the basis of the assumption of simple damped exponential
functions of the interaction potentialV*(R) and the electronic

transition probabilityw(R) as follows:

When the second term in eq 10 is neglected, the slopem of log
σ vs log Ec is related to the two parametersb andd in eq 11,
the parameterb can be estimated from the lowest IP value of
the molecule, and hence the slope parameterm can be
determined by

For a given molecule, themvalues of different orbitals are only
related to the parameterd. Therefore, the parameterd gives the
effective steepness of the repulsive potential wall, and it is
possible to determine whether the potential wall will be soft,
hard, or very hard (d value from smaller, medium, to larger)
according to whether them value is positive, zero, or negative
(m > -0.5).

According to the discussion at the end of section A, the outer
valence orbitals 7t2, 3e, and 2t1 of C10H16 and 4eg, 4a1g, and
4eu of C6H12 have the steeper slopes (m ) -0.23 to-0.28),
while the orbitals 6t2, 5t2, and 5a1 of C10H16 have the shallower
ones. All exhibit the negative peak shifts except for the 4eg and
4a1g orbitals which may show positive shifts that could not be
determined accurately because of the diffuseness of bands.
Therefore, the repulsive interaction between theσCC bonds and
the He* atoms is stronger than that for theσCH(2) bonds. The
orbitals withσCH bonding character, 3eu, 3eg, 3a2u, and 3a1g of
C6H12, show the larger negative slopes compared to the
corresponding orbitals of C10H16. It means that the repulsive
interactions between the CH2 of C6H12 and the He* atom are

Figure 10. Collision energy dependence of partial ionization cross
sections for1-chloroadamantane collided with He*(23S). Electron
density maps are shown on a plane (a) at a distance of 1.45 Å from the
C atom bonded to the Cl atom for a2 orbitals; on a plane (b) where the
C-Cl is included, density maps are shown for e (the left maps) and a1

(except for 14a1) orbitals; the right maps of e orbitals and the map of
14a1 are shown on a plane b′ which is parallel to b at the distance of
0.80 Å.

V*(R) ∝ R-s (8)

log σ(Ec) ∝ (-2/s) log Ec (9)

log σ(Ec) ∝ (bd - 1
2) log(Ec

C) + log[ln(Ec

C)2] (10)

Figure 11. Collision energy dependence of partial ionization cross
sections for cyclohexane collided with He*(23S). Electron density maps
for respective MOs except for 4a1g and 1a1u are shown on the XY plane
(a), and the other two are on the YZ plane (b).

V*(R) ) A exp(-dR)

w(R) ) C exp(-bR) (11)

m ) b
d

- 1
2

)
2(2IP)1/2

d
- 1

2
(12)
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stronger and that the repulsive potentials around the CH2 groups
of the larger bulky structure of C10H16 are softer. Thed value
of interaction with CH(2) groups for C6H12 is estimated to be
ca. 30% larger than that for C10H16, based on experimental data
and eq 10. Fitting the calculated potential energies in Figures
13 and 15 with the damped exponential functionV*(R) in eq
11 gives ad value for C6H12 that is ca. 20% larger than that for
C10H16. The present model calculations are in good qualitative
agreement with the experimental observations. Small negative
peak shifts for these strong repulsive interactions can be
interpreted as the shallow potential wells far from the molecular
surface (the well depth is less than 100 meV for the present

calculations). Although the peak shifts are estimated with
relatively large error, theσCC andσCH bands have different peak
shifts for adamantane and cyclohexane. It is interesting that
bands 1 and 2 for C10H16 show negative peak shifts, whereas
bands 1 and 2 for C6H12 show the positive ones, and that the
reverse occurs for bands 3 and 4 for C10H16 and bands 4 and 5
for C6H12. This also indicates that interactions with theσCC

bonds of C10H16 are stronger than those of C6H12, which is
contrary to interactions withσCH bonds. The stronger repulsive
interaction with theσCC bonds of C10H16 indicates that the cage-
like adamantane skeleton should interact with the Li atom more
rigidly than the cyclohexane ring.

For molecular1-C10ClH15 and C6ClH11, strong attractive
interactions around the Cl atom are observed. The calculated
potential curves are shown in Figures 14 and 16. Deep potential
wells exist for the interactions perpendicular to the C-Cl bond
axes, and hard walls and shallow wells occur in the C-Cl axial
directions. For the attractive interactions, the larger absolute
value of the negativem corresponds to the smallers value of
eq 9; thes value for band 1 of1-C10ClH15 is estimated to be
ca. 9.5, whereas that for band 1 of C6ClH11 is ca. 5.5, using the
experimentalm data. The exact value ofEe

i is equal to the

Figure 12. Collision energy dependence of partial ionization cross
sections for chlorocyclohexane collided with He*(23S). Electron density
maps for respective MOs except for 9a′′, 8a′′, 7a′′, 16a′, 6a′′, and 12a′
are shown on the molecular plane (a); the maps for 9a′′, 8a′′, 7a′′, 16a′,
and 6a′′ are shown on a plane (b) which is at a distance of 0.51 Å to
the C atom bonded the Cl atom; the map for 12a′ is shown on a plane
(b′) which is parallel to plane b and at a distance of 0.21 Å to the C
atom. Both plane b and b′ are perpendicular to plane a. The maps for
a conformer are shown for 13a′ and 12a′ orbitals in parentheses.

Figure 13. Interaction potential curvesV*(R) for adamantane-Li: (9),
along the line crossing the middle of C-C bond and the cage center
X; (2), along the line crossing the C(H2) or (X) and the cage center X;
(b), along the line crossing the C(H) or (X) and the cage center X;
(1), access to the center of a six-carbon ring along aC3 axis.

Figure 14. Interaction potential curvesV*(R) for 1-chloroadamantane-
Li: (b) and (9), perpendicular to C-Cl bond in-plane (a); (2), along
the C-Cl bond in-plane (b); (1), perpendicular to C-Cl bond in-plane
(b).

Figure 15. Interaction potential curvesV*(R) for cyclohexane-Li: (b),
access to C(H2) or (X) in-plane (2-3-4); (9), along the line crossing
the middle of C-C bond or (X) and the ring center X; (2), access to
in the center X along the central axis.

6550 J. Phys. Chem. A, Vol. 106, No. 28, 2002 Tian et al.



difference betweenV* and V+. In the fact that the outgoing
interaction potential (molecular anion and the ground state
atomic He) is usually flat, so the potential well depth ofV* can
be estimated via the peak energy shift.52 In Figures 14 and 16,
the potential well depths for the interactions perpendicular to
the C-Cl bond are predicted to be ca. 200 and 260 meV for
1-C10ClH15 and C6ClH11, respectively. These values are in good
agreement with those for the corresponding peak shifts (∆E )
200 ( 140 and 230( 60 meV) estimated from the electron
spectra in Figures 2 and 4. The relatively small negative slope
and peak shift indicate that the attractive interaction perpen-
dicular to the C-Cl bond of1-C10ClH15 is weaker than that of
C6ClH11. The strength of the attractive interaction around the
chlorine atom substituted into the different saturated hydrocar-
bons will be discussed further in the next section. The interaction
potentials in different directions in Figures 14 and 16 also show
that the interaction is more attractive when the Li atom is
approaching in the A direction for1-C10ClH15, whereas this
holds for direction B ine-C6ClH11.

D. Reactivity of nCl Orbitals of the Saturated Chloro-
Hydrocarbons. Spin-orbit coupling in the Cl lone-pair ioniza-
tions are not observed clearly, because the spin-orbit slitting
energy is ca. 80 meV which is close to the present experimental
energy resolution. The effect of Cl substitution is examined by
comparison of the IPs of the lone pair orbital for certain saturated
chloro-hydrocarbons (some lone-pair IPs are estimated by
averaging the ionization potentials of two peaks observed in
better energy-resolved experiments), and for the corresponding
saturated hydrocarbons.41 As shown in Figure 17a, a decrease
in the absolute IP(HOMO) values for these saturated hydro-
carbons (ethane,41 propane,41 isobutane,41 cyclohexane, and
adamantane) and their chloro-derivatives (ethyl chloride,41

n-propyl chloride,41 tert-butyl chloride,41 chlorocyclohexane, and
1-chloroadamantane) with increasing alkylation indicates that
the introduction of large alkyl groups destabilizes the ground
state of the molecule. Moreover, the decrease in IP(nCl) values
of the chloro-derivatives is smaller than that of the parent
hydrocarbons. It is noted here that substitution of the Cl atom
into adamantane actually stabilizes the molecule by a significant
margin (ca. 0.2 eV). Furthermore, the IP(HOMO)s of the
hydrocarbons are found to be in a good linear term (as shown
in Figure 17b) of the IP differences [∆IP(HOMO-nCl)] (those
are differences between the IP values of the HOMOs of the
hydrocarbons and the nCl orbitals of the related chloro-
derivatives). The∆IP(HOMO-nCl) increases from negative to
positive with an increase of the absolute IP(HOMO) values.

This may be explained by delocalization of the lone-pair
electrons of the Cl atoms. The greater alkylation, the more lone-
pair electrons are delocalized. The effect of electron delocal-
ization on the nCl band slopes (m) will be further discussed
below.

First, we recall earlier work regarding the effect of HOMO
levels (εHOMO) on Penning ionization of substituted ethylenes,16

where the interaction around theπ orbital region becomes more
effective for attraction as theεHOMO of the substituted ethylenes
becomes higher. The plot ofm againstεHOMO indicates that the
absolutem values increase with a linear step of ca. 0.4 eV-1

with εHOMO increasing.16 The authors also called attention to
the fact that interaction around theπ orbital region correlates
with the capability of electron donation of the substitutent,
because theεHOMO reflects the degree of electron donation from
the substituent.16 Therefore, the electron distribution of theπ
orbital is also related to the attractive interaction. Moreover, it
has been noted in a review of PIES that the EED value of
individual MO øi reflects its Penning ionization activity.24 The
slope parameters (m), the EED values, and interaction potential
energies53 for the nCl orbitals of C2ClH5 (Cs), C4ClH9 (C3V),
e-C6ClH11 (Cs), and 1-C10ClH15 (C3V) are plotted against IP-
(nCl) in Figure 18. It is surprising that the absolutemvalue does
not increase with IP(nCl) (approximately equal to-εHOMO)
decreasing and that the calculated potential well depths also
show a similar tendency. In particular, although the energy level
of the nCl orbital of1-C10ClH15 is ca. 1.0 eV higher than that of
C2ClH5, the absolutem value for the former is ca. 0.11 smaller
than the latter, which means that the attractivity for the former
is weaker than the latter. The EED values of both Cl atom region
and total exterior region for the nCl orbital decrease from the
smaller molecule C2ClH5 to the larger1-C10ClH15.

A decrease in the EED values always leads to lower band
intensities, which is supported by the experimental observations

Figure 16. Interaction potential curvesV*(R) for chlorocyclohexane-
Li: in the Cs plane, (b) and (9) perpendicular to the C-Cl bond, (2)
along the C-Cl bond; vertical to theCs plane, (1) perpendicular to
the C-Cl bond.

Figure 17. Substitution effect on the lowest ionization potentials: IP-
(HOMO)s of the saturated hydrocarbons (b) and IP(nCl)s of their chloro-
derivatives (O) in (a); correlation (b) between the lowest ionization
potential difference∆IP(HOMO-nCl) and IP(HOMO), and the least-
squares fitted line in (b).
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when we compare the relative intensities in the normal PIES
(summarizing all spectra at different collision-energies, as shown
in Figures 1-4) for the nCl bands of C2ClH5,33 C4ClH9,13 e-C6-
ClH11, and1-C10ClH15. It further shows that Penning ionization
activities for the nCl bands are decreasing. On the other hand,
according to the conclusion in the earlier work,16 the attractions
around the Cl atom should strengthen as theirεHOMO becomes
higher. This contradiction can be attributed to the fact that a
small decrease in the EED values results in a change in the
increasing tendency of the absolutem values. The less lone-
pair electrons in the exterior region, the weaker the attraction
around the Cl atom. Moreover, the decrease in the EED value
in the Cl atom region (2) is larger than that of the total orbital
region (4) in Figure 18, interpreted as being due to more
delocalization of the Cl lone-pair electrons at higher alkylation,
which is consistent with the former discussions on IP correla-
tions. In general, the EED value together withεHOMO plays a
role in the strength of the anisotropic interaction for a certain
group, and the former may in some case become more important.

The similar tendencies ofm values and potential well depths
for C2ClH5 to 1-C10ClH15 in Figure 18 also demonstrates that
the model potential calculation for interpretation of anisotropic
interaction in PIES is reasonable. It is found that the attractivity
of perpendicular approaches to the C-Cl axis is decreasing
when comparing slope parameters and potential well depths
between CH3CH2Cl and (CH3)3CCl, and C6ClH11 and 1-C10-
ClH15, because of the size of bulky groups into which the Cl
atom is substituted. Introduction of the larger group can lead to
a reduction in the attraction or more effective delocalization of
the Cl lone-pair electrons, which is simply related to the steric
shielding effect described previously. However, molecules with
identical symmetry can also have different potential well-depths,
such as the case of CH3CH2Cl ande-C11ClH11, which may be

due to enhancement of nCl energy levels. In fact, the energy
level effect is not as strong as indicated in the earlier observation
for the Cs symmetrical ethylenes.16

VI. Conclusion

Spectra obtained by Penning ionization electron spectroscopy
and He I ultraviolet photoelectron spectroscopy of molecular
C10H16, 1-C10ClH15, C6H12, and C6ClH11 are investigated.
Spectral assignments are made on the basis of ab initio SCF
and outer valence Green’s function calculations. In particular,
the peak shift of 13a′ in the C6ClH11 spectra due toe and a
isomerism is observed in the range of the higher IP values. Very
strong repulsive interaction around the adamantane cage or
cyclohexane ring is observed, and the repulsive strength is of
the sequenceσCC > σCH for these saturated hydrocarbons.
Attractive interaction is localized to the perpendicular approach
of the He* atom to the C-Cl bond axis. Furthermore, we
compare the present IPs and the slope parametersm of nCl

orbitals with the data in the literatures13,33,41 and find that
chlorine substitution destabilizes the saturated hydrocarbons of
small size but stabilizes the larger ones (a carbon numberg9
estimated from Figure 17b). The strength of attraction for the
nCl electrons does not increase with the rise ofεHOMO of the
chloro-hydrocarbons (here HOMO is the nCl orbital). The IP
correlation is interpreted as being due to more effective
delocalization of the Cl lone-pair electrons for the larger alkyl
introduction; and the attraction strength is considered to be
determined by competition between increasingεΗÃΜÃ and
decreasing EED values.
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