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The electronic structures of GEII and CHCICN and anisotropic interactions with the metastable H&)2

atoms are studied by two-dimensional (electron-energy and collision-energy-resolved) Penning ionization
electron spectroscopy as well as He | ultraviolet photoelectron spectroscopy. A broad band with the high
ionization potentials in the Penning ionization electron spectrum ofGlIHs proposed to be related to
autoionizations of the CI** or I** species produced through dissociations after the excitation transfer from
the He* atom. The split bands having the characteristics of the Cl and | lone pair electgpaadm) are
observed in the spectra, as being interpreted by the intramolecular orbjtat fm and ) < 7cn) through-
space/through-bond interactions rather than the-spihit coupling effects. The magnitude of intramolecular
orbital n; <= 7y interactions is much stronger than that of the ++ n, 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 — M* + A + e7), 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 moleculé. The total ionization cross sections for
various atoms and molecules with He*®& metastable atoms

are extensively studied by crossed-beam experiments and

flowing afterglow?=° One of the most meaningful aspects of

the ionization cross sections is their dependence on the relative

kinetic energy (i.e., collision energyk). lllenberger and
Niehaus have found that tle(E) for an atomic target is mainly
governed by the radial distance dependence of the entranc
covalent potential and the transition rat€. Because the
excitation energy of He*@5), 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
o(Eo), unlike theor(Ec), exhibit distinctly different collision
energy dependence if the interaction potentials are anisotropic.
This can be interpreted with the electron exchange nibdatl
spatial MO density distribution. 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 &kE.),

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 casesj(E;) functions depend not
only on the final ionic states but also on these intermediate
complexes?

* To whom correspondence should be addressed.

Penning ionization electron spectrum (PIES) can be obtained
by analyzing the kinetic energie&d of Penning electron®¥:13.7
In recent decades, a coupled technique including velocity
selection (or collision-energy-resolved) and electron energy
analysis has been develop€d?* 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%agpo.
our laboratory, we use the pseudorandom modulating cross-
correlation time-of-flight (TOF) methd827 to improve the
detecting efficiency, and collision energy dependence of the
partial cross sections (CEDPICS) can be measured simulta-

éqeously. Thereby, two-dimensional (electron-energy and colli-

sion-energy-resolved) PIES (2D-PIES) can be obtained effi-
ciently 24 Furthermore, slope parametens) @re available by a
least-squares fitting of the plots of CEDPICS against Eye
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 shifAE) shows that there is an attractive region
for a certain MO; a positiven value accompanied by a positive
AE shows a repulsive case. Here the peak shif is the
difference oft. for a specific band in the PIES with respect to
that in the He | ultraviolet photoelectron spectrum (UPS),
namely, it can be obtained as the differences between the peak
positions in PIES Epes in electron energy scale) and the
nominal value o, difference between the metastable excitation
energy and sample IPAE = Epies — Ep. For a PIES of a
molecular target collided by a metastable noble gas atom, the
value of AE 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 chan/&l.

Recently, nonbonding lone pair orbitalsrof halogen atoms
(X=F, CI, Br, and I) attracted our interest because the n
orbitals usually play an important role (as electron donor) in
hydrogen bonding and the arguments of the relationship between
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the corresponding spirorbit split bands and anisotropic

Tian et al.

to the lowest ionic state of molecule nitrogen mixed with the

interactions around the halogen atom substituted into a low sample molecule in He | UPE{ = 5.639 eV¥8 and He*(2S)

symmetry hydrocarbo#f—31 In particular, the slope parameters
mare almost equal for the split bands mainly arising from-spin
orbit coupling effect§®31However, when intramolecular orbital

PIES E. = 4.292 eVY? including a peak energy shift of 50
meV and the difference between the metastable excitation energy
and the lowest ionization potential (IP).

through-bond or through-space interactions are stronger than For the collision-energy-resolved measurements of Penning
the spin-orbit coupling effect, the contributions from the other ionization, the metastable He{®) beam was modulated by a

molecular parts together with the lone pair electrons of the pseudorandom chopper rotating at ca. 400 Hz and then
halogen atom are the compositions of an MO. This can be introduced into a reaction cell located at 504 mm downstream
reflected by the band shapes and intensities and CEDPICS whichfrom the chopper disk. Time dependent electron signals for each

distinctly differ from those of the purexrbands®! Novak and
co-workers reported a series of studies on haledaiogen

kinetic electron energi. were recorded with scanning electron
energies of a 40 meV step, and the dwell time for the TOF

(nx <> nx) interactions in halogenomethanes because it allows measurements wag$8. The two-dimensional data as functions
accurate determination of the intramolecular orbital interactions of Ec and timet were stored in a 2MB RAM. Two-dimensional

between the germinal haloge#s34 Moreover, the halogen
species can be produced by photoexcitation followed by

spectrale(Eeqtror), functions of E and TOF, can lead to
le(Ee,vner), functions ofEe and the velocity of He* fe+), and

dissociations of halogenomethanes, so these molecules can plathen to the two-dimensional Penning ionization cross-section
the crucial roles in atmospheric chemistry (ozone layer and o(Ee,vr) using the equations

greenhouse effects).
Molecular CHBrClI,32 CHBrCl,33 and CHCII32 have been
investigated by Novak et al. using He | and He Il 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

O(Ee’yr) = C[Ie(Ee'UHe*)/IHe*(UHe*)](UHe*/Ur)

v, = [V + (BKTIM)] 2

1)
)

wherec is a constanty; is the relative velocity averaged over

stronger than those in the first one. More recently, we also found the velocity of the target moleculkjs the Boltzmann constant,

that the orbital interactions in GIBrCl are much weaker with
respect to the interactions in CHBgCby the 2D-PIES studie®.
However, these conclusions for @BtCl and CHCIl are
inconsistent with those derived recently by Novak et al. in which
the gy <> ny interaction (0.34~ 0.50 eV) is much weaker than
the ne; <> ng; interaction (0.43-1.53 eV)3* 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 equam values for the spirrorbit split bands,
otherwise, it shows the different values for the strong orbital
interactions. In this work, CkCll and CHCICN are selected
for the investigations on thecn<> ng; and ) < zicy orbital
interactions.

Il. Experimental Method

and T and M are the gas temperature and mass of target
molecule, respectively. The velocity distributidfes(vper) of
the He* beam was determined by monitoring secondary
electrons emitted from the inserted stainless steel plate. Finally,
0(Ee,2r) was normalized byie+(vner) and converted to(Ee,Ec),
functions ofE. and E, using the relation
E, = uv, 12 ®)

whereu is the reduced mass of the system. The CEDPICS were
obtained fromo(EeEc) data within an appropriate range B§
(typically the fwhm of the respective band) to avoid the effect
of neighboring bands. The CERPIES were cut at the Byo
(~100 and~250 meV) values fronw(EeEc) data with some
width.

The high purity samples Ci&ll and CHCICN were pur-
chased from Wako Pure Chemical Industries Ltd., and they were
used after several freezpump—thawed cycles. The liquid

Details of the experimental apparatus have been reportedsample was contained in a Pyrex tube out of the chamber in

elsewheré® 20 Metastable atoms of He*{3, 2S) were pro-

duced by a discharged nozzle source with a tantalum hollow

cathode. The He*®5) component was quenched by a water-
cooled helium discharge lamp. He | resonance photons (584

A,

21.22 eV) produced by a discharge in pure helium gas were

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 207> Torr.

used to obtain UPS. The kinetic energies of the electrons ejecteolIII Calculation

in Penning ionization or photoionization were determined by a

hemispherical electrostatic deflection type analyzer using an

electron collection angle 9Qo the incident He*(2S) 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(?Ps/;) peak in the He | UPS

The geometrical parameters of gt and CHCICN at Cs
symmetry were optimized at the second-order MgtlRlesset
perturbation (MP2) method with the 6-3t&(d,p) and the
Stephens-Basch-Krauss ECP split valence basisasmented
with a d polarization function [ECP-31G(d)] for | atom. In the

for the energy-higher-resolution PIES and UPS measurementselectron density contour maps obtained by Hartieeck self-
of the samples; for the CEDPICS measurements, the resolutionconsistent-field (HFSCF) calculations with the 6-3#1G(d,p)

was lowered to 250 meV in order to obtain higher electron

and ECP-31G(d) basis sets, thick solid curves indicate the

counting rates. The transmission efficiency curves of the electronrepulsive molecular surface approximated by atomic spheres
energy analyzer for both of these two modes were determinedof van der Waals radirc = 1.7 A, rqy = 1.2 A, r¢y = 1.8 A,

by comparing our UPS data of some molecules with those
obtained by Gardner and Sam8band Kimura et af’ The

rv = 1.5 A, ry = 2.15 A)#L The IP values for each molecule
were predicted with the outer-valence Green’s function (OV&F)

calibration of the electron energy scale was made with referencemethod with the 6-31G(d,p) and ECP-31G(d) basis sets.
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Figure 1. He | UPS and He*(2S) PIES of CHCII.

Figure 2. He | UPS and He*(2S) PIES of CHCICN.

It is well-known that the shape of velocity dependence of
the total scattering cross section of HE*$2 by He, Ar, and CH2ClI
Kr is very similar to that of Li(2S) /3 and interaction well depths
and the location of potential wells have been found to be very He*(23S) PIES
similar for interactions of various targets with He3®®) and
Li(22S)2:317.2544.455¢  this similarity between He*E3) and Ee~ 100 meV
Li(22S) is usually used to compare the computationally much 34
more feasible LM potentials with the experimental results ‘ """""""""""""" £e~250 meV
on the He*(2S)—M interactions!®272%-31 |n this work, the I
interaction potential calculations with the L&) atomV*(R,0)
(whereR and#@ are defined in the captions), were performed at
the unrestricted MP2 level of theory using the 6+&(d,p) and
ECP-31G(d) basis sets with scanniRgor 6 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 Gaussiarnf®98.

IV. Results and Discussion

A. Results. Figures 1 and 2 show the He | UPS and He*- :
(2%S) PIES of CHCII and CHCICN, respectively. The electron 12 10 8 6 4 2 0
energy scales for PIES are shifted 1.40 eV relative to those for Electron Energy / eV
UPS by the difference in the excitation energies between the Figure 3. Collision-energy-resolved He*t3) PIES of CHCII: solid
He | photon (21.22 eV) and the He®®) atom (19.82 eV). The  curve,E; ~ 98—102 meV, average 100 meV; dotted curige,~ 241—
orbitals for the assignments in the spectra of,Chihave been 259 meV, average 250 meV.
numbered from the core orbital, which differs from those given
by Novak et aP? The CEDPICS plots againkt values in the range of 96800

The CERPIES obtained from 2D-PIES of @Bl and CH- meV, logo vs logE,, are presented in Figures 5 and 6 for£H
CICN are shown in Figures 3 and 4, respectively. Hot spectra Cll and CHCICN, respectively. The calculated electron density
(Ec ~ 250 meV) are represented by the broken curves; cold maps plotted on the molecular nodal planes (fotyge orbitals,
spectra E. ~ 100 meV) are represented by the solid curves. the plane at the distance 1.7 A above the nodal plane) are shown
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Figure 5. Collision energy dependence of partial ionization cross Figure 7. Interaction potential energy curva&(¢) by scanningt
sections for CHCII collided by He*(2S). Electron density maps of ~ values on the molecular nodal plane: B)(is scanning value around
the &-type orbitals are plotted on a plane above 1.7 A from the nodal the | in CHCII; B (®) is scanning) value around the Cl in C}€II;
plane. C (a) is scanning value around the Cl in CKICN. The distances
between the Li and Cl or | atoms are shown in the figure.

in order to grasp most effective directions of the ionization or ¢ this work) IP values, the peak shiftsE, and the slope
effective access direction of the He* atom. parametersn for each band.

For the studies of the intramolecular orbital interactions, the B, He | UPS and He*(2S) PIES. The higher energy-
interaction potential curves*(6) around the Cl and | atoms  resolution (fwhm~ 15 meV) He | UPS was recorded by Novak

are shown in Figure 7. The interaction potential curvegR) et al. for CHCII.32 Although the vibrational structures assigned
for the approaches to the Cl, I, C atoms and the CN bond areto the G-Cl stretching mode cannot be resolved for bands 1
shown in Figure 8. and 2 of the present He | UPS in Figure 1 due to the low energy-

Tables 1 and 2 summarize the band assignments with orbitalresolution (fwhm~ 80 meV), band 4 of the present He | UPS
characteristics, the calculated and observed (in the He | UPSshows the vibrational structures similar to the previous observa-
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(a) 6007 are much feweocy composition for 114 with respect to that
500 1 for 284, which is consistent in the observation of the narrower
400 band 1 in the higher energy-resolved U$S.

300 Unlike the spir-orbit split bands of the | atom for the
200 iodohydrocarbon$’ bands 1 and 2 exhibit the comparable
1004 intensities both in the UPS and in the PIES of Figure 1. At the
same experimental condition, therbands for CHBrCI are

0] not separateé but bands 3 and 4 for €Il are resolved
-100] clearly in the spectra. Therefore, the band splitting for bands 3
200 and 4 is owed to the strongegii> n; orbital interactions rather
=300 than the spir-orbit coupling effects. It is interesting that an
400 . additional band is labeled with S in the PIES of Figure 1. Band

0 I

(b)

V*(R) / meV

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-CIl~CHjl, because the band related
to the ionic-pair intermediate usually shows an extremely large
negative slopé® 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 CH
Cll energetically close to the excitation energy of the HéS(2
atom. Similar bands for specific molecules such as #4CID*°

etc. have been observed in the PIES.

In the PIES of Figure 1, band S* is labeled in the spectral
range of IP: 17.1318.91 eV, exhibiting some sharp structures
superimposed on the underlying broad band. These structures
are proposed to be a series of autoionization lines of atomic
CI** or I** which is produced by the excitation transfer, He*-
(28S) + CH,CIl — He + CH,CII**, then following with a
dissociation, CKHCII** — CHyl + CI** or CH,CI + I**. The
autoionization, CI** (or I**) — CI™ (or 1) + 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).3148Because 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
CHCII** 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 G$ CH,BrCI,3! and HCI#8

-4007 Moreover, an enhancement of band 8 in the PIES with respect
-500 T T T T T to that in the UPS is _observed ir_1 Figl_Jre 1. This can be
R/A !nterpreteq by the formation of an excimer-like state that is partly
Figure 8. Interaction potential energy curva&(R): (a) in the A Invp!ved n a Gs type hole in th.e target.mtl)leclule which
dilrgeuction; the He* accepss is head-ongt)(/) the N atom and along the CN faCI|Ita.teS intramolecular Auger-.llke autoionization 2a|most
bond axis; in the B direction, the out-of-plane access is perpendicular SEI€Ctively from the 24zorbital with the Gs character: 0:50

to the center of CN bond; in the C and D directions, the in-plane access Although 94 of CHCII and 2& of CH.CICN have the MO

is perpendicular to the center of CN borRlis the distance between  characteristicrcn (See Figures 5 and 6), the band enhancements
the center of CN bond and the Li atom. (b) The access in the E direction in the PIES are significantly different (see Figures 1 and 2). It

is alongr:he CCl bog_d e|1xist; ”t]ﬁ FC’:IG’t and t;‘ direCtiO”? rtehpreger;t the will be explained by the anisotropic interactions in section D.
approacnes perpendicular to the atom; the access 1o the atom In . . . .
the direction | is perpendicular to the molecular nodal plane. (c) The If there are no perturbations by the intramolecular interactions

access in the J direction is along the Cl bond axis, the in-plane tO the lone pair electrons of the Cl atom, these electrons should
approaches (in the L and M directions) and the out-of-plane access in correspond to one overlapped band at the low energy-resolution
the K direction are perpendicular to the Cl bond axis. The out-of-plane condition of this work. However, two distinctly separated bands
access in the O direction is perpendicular to the CCI bond &is. ~1 and 2 appear both in the UPS and PIES of Figure 2.
g;grg'SStance between the Cl (in parts b and c) or I (in part ¢) and Li- prthermore, it is contrast to thecy bands in the spectra of

' CH,BrCN?3! that two bands 3 and 4 mainly having they
tions32 The energy spacing between two sharp peaks of band 4characteristic split clearly in the UPS of Figure 2. These can be
(see the UPS in Figure 1) is ca. 140 or 150 meV which is close interpreted by the strongcn<> 7zcn interactions. The details
to the vibrational energy of 1392 crh(ca. 170 meV) for a will be presented in section C. Moreover, one may notice the
free CH scissoring mode. These band structures are closely great enhancement of band 5 (having the lone pair N electrons
related to the corresponding orbital compositions. In Figure 5, of CN group, i), which has been observed for the molecules
the density maps for 28a27d, and 104 show the small including the CN group?-3 Comparing the PIES of CiTlI
compositions ofoccy, oci, andocy bonds, respectively. There  with that of CHCICN, one can find that the background

5007
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200 7

100 7

V*R) / meV
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TABLE 1: Band Assignments, lonization Potentials (IP, eV), Peak ShiftsAE, meV), and Slope Parametersrfl) for CH ,ClI
band assignments

band orbital character R IPover (pole strengtt) AE m

1 11&'(n") 9.72 9.87 (0.95) —150+10 -0.41
2 284(n" occ) 10.30 9.88 (0.95) —100+40 —0.35
3 27&(nc,oci) 11.32 10.99 (0.93) —80+60 -0.31
4 104 (nci”,ocH) 11.53 11.42 (0.91) —190+20¢ —0.42
5 26d(occi, el 13.85 13.55(0.91) —60+60 —0.30
6 25&(occi, N 15.12 15.01 (0.90) —100+80 —0.30
7 9d' (7rcr) 16.24 16.37 (0.89) 16880 -0.34
S 12.1~13.1%8 -0.37
S* 17.13~18.9¢ —0.26

aThe OVGF/6-3%#G(d,p) calculations over the optimized geometry at the MP2/6+&(H,p) level, the split-valence ECP-31G(d) basis set is
used for | atom? The IP value of the first vibrational peak of band 4 in the UPS (see Figure 1). The other two are- @187 and 11.82 eV.
¢ Estimated from for the first vibrational peak of band?©Obtained from the PIES. See explanations on S and S* bands in text.

TABLE 2: Band Assignments, lonization Potentials (IP, eV), observed in the He | UPS. The interaction magnitude was
Peak Shifts AE, meV), and Slope Parametersr) for determined by the following calculations in this work: when
CH.CICN studying the ng)x — n(r)y interaction with a reference GM
band assignments IPover — CHXY, the magnitude is estimated to be the IP (nmgr
band orbital character JRq4 (pole strengtt) AE m differences, IP [nf)y, for CHxXY] — IP [n(7)y, for CHgY],
1 4d'(nemenoey) 11.93  11.77(0.92) —80+20 —0.21 where the averaged IP (n @) value is used for the split (n or
2 158(ng" e 12.14 11.99(0.91) —100+40 —0.28 ) bands observed in the UPS. The split energies arising from
3 l4d(men'\nellocw) 12,92 12.40(0.92) —100£60 —0.27 the spin-orbit coupling effectd or the intramolecular orbital
4 Sd(menine’) 1321 1252(0.91) —150£20 —0.38 jnteractions are obtained in the experimental UPS. Because of
g igg(n’“) 1359 13.71(0.89) —200+10 :0'49 the interplay of the orbital interactions, the interaction energies
(0cciocr) 15.97 15.70(0.91) 20100 —0.15 o .
7 24 (cH) 17.30 17.18(0.91) 49120 —0.08 exhibit small differences betweenm)g — n(r)y and nfr)y —
8 11d(och,0cc,mm) 19.17 —0.18 n(m)x. In particular, this difference for the interplay between
aThe OVGF/6-3%G(d,p) calculations over the optimized geometry ey and rg (ca. 110 meV) is muc_h _Iarger than.that for the n
at the MP2/6-3132G(d,p) level. and n (_ca. 25 meV). In T_ab_lt_e 3, it is easy to find that thg n
< ;e interactions are significantly stronger than the+r n
TABLE 3: Magnitude of Intramolecular Orbital (n ¢ <> n, interactions. The weakercn< n, interactions lead to a
and gclb.T l”CN) Interactions and Split Energies of n; and distinguished split energy (210 meV, much larger than the-spin
ficy Oronals orbit split energy of ca. 80 meV) of the bands mainly having
reference energy/meV the nyy characteristics for CCII, and this split energy is as
Intramolecular Orbital Interactién large as the value of the bands for &HCN. However, the
Nci—n CH;l® — CHCII 160 split energy of bands (1 and 2 in Figure 1) having the n
M= Ney CH3C'bb_’ CHCII 135 characteristics for CKCll is close to the spirrorbit split value.
?TC' TN CH3C',\,I: CH,CICN 855 For CH:CICN, two zzcy bands split with a large value of 290
CN Ncy CH3C| CHzClCN 745 ) . A
Split Energy meV a_tlthough the OVGF calculations only predict it to be 80
o Cl,, HCI, etce ca. 80 meV in _Table 2. In _Table 1, the OVGF calculations also
n CH,CII 210 underestimate the split energy between bands 1 and 2 (only 10
e CH,CICN 210 meV) in the spectra of Figure 1. Although the OVGF calcula-
CHgl, I, HI, etc? 560~ 660° tions are generally good at predicting the IP value of each band
CHCII 580 except for these bands, the theories to describe accurately the
CH,CICN 290 intramolecular orbital interactions, especially when they compete
2For n@r)x — n(r)y with a reference CkY— CHXY, the with the spin-orbit coupling effects, are still waiting for
interaction energy= IP [n()y, for CHXY] — IP [n(x)y, for CHzY]. developments.

b Using the IP values of thecpy n, andzrcn bands from ref 37¢ The

spin—orbit split energies from ref 51. To review a total effect of the intramolecular orbital interac-

tions, we need to recall the schemes suggested by Rabalais.

increases gradually with the decrease of the electron energy (seéne is thebefore-afterdichotomy of the MOs involved: the
Figures 1 and 2). In particular, the spectral background foi-CH magnitude of the interactions can be estimated by calculating
Cll is relatively high with respect to that for GBICN in the the energies of the intramolecular orbital interactions as what
region of the electron energy less than 3 eV. It suggests thatwe did. For CHCII and CHCICN, the orbital interactions lead
the dissociations as mentioned above should occur preferablyto the increase of the IP values for the first bands, namely, the
for CH,CII. Because of the valence ionic states occurring in energy levels of the MOs after the interactions become more
the low electron energy region, the possible autoionization bandsnegative. The other is (further) splitting of the related bands:
for CI** species produced by the dissociations of {CHCN** the energies can be obtained from the experimental spectra (as
cannot be observed clearly as those in the PIES ofGIIH the split energies given in Table 3). If we summarize these two

C. Intramolecular Orbital Interactions. To elucidate the values for the interactions to a certain part in the molecule, i.e.,
nature of bands 1, 2, 3, and 4 (in Figures 1 and 2) deferring for the Cl atom in CHCII, the total energy is estimated to be
from the spin-orbit split bands, we need insights into the orbital ca. 345 €135+ 210) meV, whereas it is to be ca. 748460
interactions in these two molecules. Table 3 lists magnitudes + 580) meV for the | atom. Similarly, the values are estimated
of the intramolecular orbital ¢ < n and ryy < 7cn) to be ca. 500 and ca. 225 meV for the Cl and Br atoms in-CH
interactions and split energies og)nn, and mcy orbitals BrCl (obtained from the UPS in our previous wébk respec-
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tively. The values for the CN group and Cl atom in £HCN in Figure 3. The atomic structures of band S* are clearer in the
are 1145 and 955 meV, respectively. Generally, the ng; cold spectrum than those in the hot spectrum. CEDPICS for
interactions in CEBrCl are a little weaker thangn < n these bands obtained from the normalized CERPIES has been
interactions in CHCII, and the g < zcy interactions in Ch+ shown in Figures 5 and 6. It is contrast to the spanbit split
CICN are the strongest. bands that bands 1, 2, 3, and 4 for these two molecules show

Besides the different magnitudes of the intramolecular orbital Significantly different slopes of CEDPICS as given in Tables 1
interactions, one may find that the electron distribution char- and 2. For CHCII, the slope parameten(= —0.41) of band
acteristics of the 'atype orbitals are more complex than those 1 is more negative than than(= —0.35) of band 2. This can
of the &'-type orbitals for these two molecules. This is can be be explained by two facts: in Figure 5, the density map of 28a
interpreted by the through-space (or through-bond) interactions orbital shows somecc character, and the approach along the
and energy separations. Thétgpe orbitals interact more  CCl bond axis (the E direction in Figure 8b) is repulsive,
strongly than the "atype orbitals because thé-tgpe orbitals ~ Whereas the in-plane approaches (corresponding to the in-plane
show more complex MO characteristics than théyge orbitals. branch i) perpendicular to the CI bond axis (the L and M
The concepts of through-space and through-bond interactionsdirections in Figure 8c) are attractive. However, the electrons
originally introduced by Hoffmarfi¥ have been widely used in ~ of 11d’ orbital are mostly localized on the | atom as the out-
the discussions of intramolecular orbital interacti&h® For of-plane (perpendicular to the molecular nodal plane) branch
the molecule having two equivalent lone pairs, the symmetrical (n") in Figure 5, and the perpendicular approach (the K direction
MO has the lower energy (higher IP), whereas the unsym- in Figure 8¢) is remarkably attractive by exhibiting a well depth
metrical MO has the higher energy if the through-space of ca. 350 meV larger than that for the in-plane perpendicular
interactions are predominate; the symmetrical MO has the higherapproach (ca. 170 meV in the L direction or ca. 80 meV in the
energy if the through-bond interactions are predominated. M direction). Correspondingly, the slopes of CEDPICS for the
Recently, the intramolecular through-space and through-bondbands (1, 4, and 7) having the out-of-plane electron distributions
(NN <> Ny Or aTee <> 7o) interactions in 1,4-diazabicyclo[2,2,2]-  are more negative than those for the bands (2, 3, 5, and 6) having
octane, 1,4-cyclohexadiene, and 2,5-norbornadiene were investhe in-plane characteristics. In particular, band 4 (mainly having
tigated with the 2D-PIES technigdelf the conclusion for the the ;™ characteristic) exhibits the almost equal slope parameter
identical lone pairs is extended to the unequivalent lone pairs compared with that of band 1. This may be interpreted by such
of this work, we also can identify the mechanism of the process that the out-of-plane He* trajectories pointing to the
interactions. In Figures 4 and 5, thé-gype orbitals have the  Cl atom could be changed to the | atom because the out-of-
out-of-plane electron distributions, and tHetype orbitals have  plane approach to the | atom (the K direction) is much more
the in-plane electron distributions. If one focuses on the attractive than that to the Cl atom (with a reference of the O
characteristics of electron distributions on the Cl and | atoms, direction) in Figure 8c and the smaller part of the density map
the symmetrical overlap between the | and ClI distribution of 10d’ (see Figure 5) covers the | position. Band 7 having the
regions can be found in the map of 27high energy level),  @ch characteristic shows a larger negative slope<{ —0.34)
but no overlap can be found in the map of 2@aw energy for CH,CII with respect to that of the corresponding band for
level) in Figure 5. It suggests that the intramolecular though- CH2CICN (m = —0.08). Similarly, this can be explained by
bond @¢; bond) interactions are predominated for these two the above discussions and the fact that the most attractive
orbitals. However, the characteristics qf for 284 and occy interaction is the head-on approach to the N atom in@EN
for 254 are predominated, both the through-space and through-(see the potential curve in the direction A of Figure 8a). A little
bond interactions may be involved and the interactions are more attractive approach for band 7 leads to the higher band
relatively weak because of the larger energy separation betweerdensity in the PIES of CECIl (see Figure 1) with respect to
these two orbitals. It is much clearer for the cases ofCIBN that in the PIES of CLCICN (see Figure 2). Moreover, bands
in Figure 6. The overlap between thg'handzcn” is observed S and 2 show the comparable slope, but band S cannot be the
in the map of 44 (high energy level) rather than'3dow energy satellite state related to band 2 (284 because of the large
level), which indicates thatdi! < mcn” interactions are of the  pole strength of the second ionic state (0.95 of'28aThe
through-bond ¢c). The remarkable overlap betweeg'rand absolute slope value of CEDPICS for band S* is the smallest
acn' is observed in the map of 14dow energy level) rather ~ among the bands observed for &H, which indicates either
than 15a(high energy level), which indicates that the through- weak attractive or repulsive potential character around the
space gf' < zcy! interactions occur. On the other hand, the avoided crossing between He€H,CIl and He-CH,CII**
characteristics of Cooper minima for the halogen n orbitals have potential energy surfaces.
been studied with the angle-resolved photoelectron spectra of For CH,CICN, the MO electron density distributions and the
dihalomethane® The authors found that the angular distribution slopes of CEDPICS are more complex than those fop@H
parametef; spectra of the lone pair orbital of GBIl showed and CHBrCN 3! because of the stronger orbitagn> ey
strong evidence of mixed halogen character but no evidenceinteractions in CHCICN. At first, one may notice the distinctly
for CH,BrCl.32 The stronger intramolecular orbital interactions  different slopes for bands 5 and 7. The former (¥8aving the
result in the delocalized (mixed) MO characteristics, further ny character) corresponds to the most attractive interaction which
being reflected by the different CEDPICS for respective band is exhibited by the calculated potential curve (the direction A)
and interaction potentials. In Figure 7, the calculated potential in Figure 8a. The curve for the direction A shows a large well

energy curves indicate that the position Of minima iYat depth ca. 300 meV, and th&E of band 5 correspondingly is
80° for the | atom,~ 85° for the Cl atom in CHCII, and ~ the largest negative value—00 + 10 meV) among the
103 for the CI atom in CHCICN. observed peak shifts of all of the bands for £LHCN in Table

D. CEDPICS and Anisotropic Interactions. In Figures 3 2. The latter (2& having thercy characteristic) corresponds to
and 4, the CERPIES are helpful to recognize the MO charac- the repulsive interaction (the direction | in Figure 8b), and the
teristic of each band. In particular, the decreases of cross sectionsnuch less negative or positiveE (40 + 120 meV) has been
for bands S and S* differ from those for the neighboring bands observed. More details on the first four bands are given
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