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The electronic structures of adamantahehloroadamantane, cyclohexane, and chlorocyclohexane and their
interaction potentials with He*f8) 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*(2S) atom and a ground-state L3 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 seagtercecy observed experimentally

are consistent with the anisotropic potential calculations. It is noted that attractive interaction in the region
where lone-pair g electrons are distributed farchloroadamantane 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
nci 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 usually dependent on the electron distribution of respective
ionized molecular orbital%.As molecular orbitals (MO) are

In the chemiionization process known as Penning ionizatien, . . o " .
highly anisotropic with electron densities more or less localized

a molecule M collides with a metastable atom A* having an . o
excitation energyHEs) much larger than the lowest ionization on a certain part'of_ the r_nolecule, coII_|S|on energe) (
potential (IP) of the molecule. Penning ionization electron d€Pendence of partial ionization cross-sections (CEDPICS) has
spectroscopy is an experimental technique used to detect the'€9ative or positive slopes, reflecting the anisotropy of the
kinetic energy of the electron ejected in the ionization process, INteraction potential/*. Velocity-controlled supersonic meta--

in which the ground-state atom A and the ionic states of the Stable atom beams have been utilized to observe Penning

molecule M* are the coproducts as follows® ionization spectra for some atoms and small molectiigs$n
our laboratory, an ionic-state-resolved PIES experiment com-
ME+A* —A+MT+e (1) bined with a time-of-flight (TOF) technique has been developed
|

as two-dimensional (collision- and electron-energy-resolved)
Penning ionization electron spectroscEp¥° which can be used

: . ; to obtain collision-energy resolved Penning ionization electron
the difference between two potential energy functions, the
incoming M+ A* interaction potentiaM* and the outgoing A spectra (CERPIES_) and CEDPICS for the target molecule.
+ M;* interaction potentiaV*. Both are functions of the ~ The two-dimensional (2D) PIES measurements allow us to
internuclear distanc® between the metastable atom and the investigate the anisotropic potential energy surface around the

determined by tentials between metastable He*®) atoms and some satu-

rated31* or unsaturated hydrocarbdfs?® have been studied.
ER=VR -V,"(R=E,— IP+AER (2) In particular, a 2D-PIES study of cyclopropatfésdicates that

the potential is repulsive near the saturated catfwambon (C-
where AE; is the peak shift in Penning ionization electron C) and carborrhydrogen (C-H) bonds and attractive near the
spectrum (PIES) with respect to the peak positions observed inSubstituted group with lone-pair electrons, which is in agreement
ultraviolet photoelectron spectrum (UPS). Usualkf is  With the model calculations of interaction potentials using Li-
negative if the incoming interaction potential is attractive and (2°S) atom. As is well-known, the shape of velocity dependence
positive if this potential is repulsive. Partial ionization cross- Of the total scattering cross section of He*$2 with He, Ar,

sections or branching ratios of the different ionic states are and Kris very similar to that of Li(5)** and interaction well-
depths and the location of potential wells have been found to

*To whom correspondence should be addressed. be very similar for interactions of various targets with He*-

The exact kinetic energy of the ejected electrﬁb (s equal to

10.1021/jp014302e CCC: $22.00 © 2002 American Chemical Society
Published on Web 06/21/2002



6542 J. Phys. Chem. A, Vol. 106, No. 28, 2002 Tian et al.

(28S) and Li(2S) 2112223 This similarity between He*(5) and SCHEME 1: Molecular Structures

Li(22S) is usually employed to compare the computationally R
more feasible M-Li potentials with the experimental results y R=H Adamantane
for M—He*(23S) interactiond3-20 2 R=Cl I-Chloroadamantane

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 featifes.
Second, satellite bands are more frequently observed in PIES R/m
than in PES?25 In particular, CERPIES combined with RoH Crelohexane
theoretical calculations allow us to determine the ionic states axial (a-) R=cl C}yﬂomcyclohexane
related to the satellite¥.As yet, there are no accurate theories R
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 ] o
around the target molecule are attractive or repulsive. were recorded almost 30 years ago, in which interest was

Several groups have used collision-energy-resolved techniquesf(oH%Jf/leg) Oor]l :Eg liZ?i\?;tit\?:sh?E:S;ﬁZ%?sjF:)I?gurgsotli(taﬁ:;r grr]btltt]aels
for Penning ionization reaction to investigate the anisotropic lecular electronic st tl d steric int " ith He*-
interaction around chlorine (Cl) atom with metastable atéms. m(3) ecular electronic structure and steric interactions wi €
Photoemission cross sections for CH radicals produced by (2°S) atom are focus of the present research.

collision of He*(2S) atoms with CHX (X = H, CI, Br, and I)

have been studied in the collision energy range of-1210 Il. Experimental Section

meV, where the sum of these cross sections was correlated well

with dipole-induced interaction of He*#3) with the targets,

in particular, the approaches perpendicular to theGCbond
axis were found to be governed by an attractive interacion.
However, Albert et al. suggested that the attractive interaction
was located around an angle of°4bith respect to the €CI
bond axis in the Ne®P, ) —CHsCl interaction systerf which

equatrial (e-)

Details of the experimental apparatus have been reported
elsewherd® 13 Metastable atoms of He*{3, 2S) were pro-
duced by a discharged nozzle source with a tantalum hollow
cathode. The He*(85) 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

shows that the simple correlation with the local dipole direction US€d to obtain UPS. The kinetic energies of the electrons ejected
(C—Cl bond axis) does not always hold. The reaction of Arx N Penning ionization or photoionization were determined by a
(3P, with CHCl; was studied by Yamato et al. using a hemispherical electrostatic deflection type analyzer using an
combination of a TOF technique and an electric hexapole electron _collection angle 9Qo the incident Hef(%) beam axis
orientation technique, where the authors presented a correlatior! He ! light beam axis. The energy resolution of the electron
between collision energy and the steric effédn our labora- analyzer was estimated to be 80 meV from the full width at
tory, attractive interaction potentials around the Cl atom have half-maximum (fwhm) of the At(*Ps;) peak in the He | UPS
been studied for (CE:CCl,:3 chlorobenzené® trans, cis-, and for the energy-higher-resolution PIES and UPS measurements
iso-dichloroethlened! vinyl chloride632and GHsCl,33 using of the samples; for the CEDPICS measurements, the resolution
the 2D-PIES technique. was lowered to 250 meV in order to obtain higher electron
In the present study, the 2D-PIES technique including counting rates. The transmission efficiency curves of the electron

CERPIES and CEDPICS is applied to the investigation of the energy ana_lyzer for both of these two modes were d(_atermined
electronic structures of adamantane:d@g), cyclohexane  PY comparing our UPS data of some molecules V;"th those
(CsH12), and their chloro-derivatives and interactions with He*- obt_alne_d by Gardner and Samsband Kimura et a_i*. The
(2%S) atoms. Adamantane is the simplest polycyclic saturated calibration of the glectron energy scale was made'wnh reference
hydrocarbon with a cage-like skeleton characteristic of the to the lowest ionic state of molecule nitrogen mixed with the
diamond lattice, and cyclohexane is a saturated six-carbon cyclicS@mple molecule in He | UPSE{ = 5.639 eV) and He*()
hydrocarbon that may be considered as a structural unit of PIES Ee = 4.292 €V) including a peak energy shift of 50 meV
adamantane (see Scheme 1). Adamantane is the parent molecuf@d the difference between the metastable excitation energy and
of drugs such as the bottle-able carb®rend its derivative, the lowest IP.

adamantine, has been used in the therapy, most notably in For the collision-energy-resolved measurements of Penning
chemoprophylaxis, for influenza A, and in the treatment of ionization, the metastable He®) beam was modulated by a
human Parkinsonian disea®eCyclohexanes are commonly pseudorandom chopper rotating at ca. 370 Hz and then
used as organic solvents in chemical technofgiledical introduced into a reaction cell located at 504 mm downstream
applications and solution capability come from the characteristic from the chopper disk. Time dependent electron signals for each
molecular interactions, and the molecular chemical reactivity kinetic electron energg. were recorded with scanning electron
is closely related to the electronic structures of the frontier MOs. energies of a 40 meV step, and the dwell time for the TOF
Recently, Litvinyuk et al. reported the momentum profiles of measurements wag8. The two-dimensional data as functions
the outer-valence orbitals of molecular adamantane, adamantinepf Ec and timet were stored in a 2MB RAM. Two-dimensional
and urotropine, using (e,2e) electron momentum spectroscopyspectrale(Eetror), functions of Ec and TOF, can lead to
(EMS)37 The He | and He Il UPS and X-ray photoelectron I¢(Ee,vne*), functions of E. and the velocity of He* 4ne*) and
spectra (XPS) of molecular adamantaesd cyclohexané® then to the two-dimensional Penning ionization cross-section



Two-Dimensional PIES

0(Ee,vr) using the equations
0(Eevr) = {l(Eevhe) e (Vhe)} (Ve 1))

v, = [V + 3KTIM] Y2

®)
(4)

wherec is a constanty, is the relative velocity averaged over
the velocity of the target moleculkjs the Boltzmann constant,
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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%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

and T and M are the gas temperature and mass of target #i can be expressed by

molecule, respectively. The velocity distributidge (vne) Of

the He* beam was determined by monitoring secondary
electrons emitted from the inserted stainless steel plate. Finally,

0(Eg,vr) was normalized byne (vhe) and converted to(Ee,Eo),
functions ofE. and E., using the relation

E, = uv2 (5)

(EED) = [, () dr (6)
where r runs through the regiorf2 outside the repulsive
molecular surface. The exterior regid® is a sum of the
subspac&2, which is a region made up of points whose nearest
molecular surface belongs to thatom#® Moreover, MO wave
functions are usually described in terms of basis functions using

whereu is the reduced mass of the system. The CEDPICS were a linear combination of atomic orbitals (LCAO). Therefore, an

obtained fromo(Ee,Ec) data within an appropriate range B&§
(typically the fwhm of the respective band) to avoid the effect
of neighboring bands. The CEDPIES were cut at the Byo
(85 and 250 meV) fronw(EeE:) data with some width.
Adamantane (99%) and1-chloroadamantane (99% were
purchased from Aldrich, and cyclohexane (98%@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, 20212 °C; 1-chloroadamantane, 164.66°C)

EED value of the atom a for thi¢gh MO can be obtained using
the following expressiorgc

(EED),= [, lp(n)I* dr
o=YaQ,

The EED concept and these two formula are very helpful to
analyze substitution effects on electronic structures and interac-

()

yet sublime at room temperature. Cyclohexane and chlorocy- tions with a He*(2S) atom. So we performed EED calculations
clohexane are liquid at room temperature. The powder or liquid for 1-C;¢CIH;5 ande-CgClH11 as well as @CIHs (Cs) and G-
sample was contained in a Pyrex tube out of the chamber duringCIHg (Cgs,), using the HF/6-31G* wave functions.

the experiments, and the Pyrex tube was connected with a steel

tube inserted into the reaction cell in the chamber. The volatility V. Results

of adamantanes and cyclohexanes at room temperature was high 112 He | UPS and He*@8) PIES of GoHig 1-CiClHs,

enough to create a sufficient concentration of target molecules CeHio
in the gas phase, and the ambient pressure was controlled af, y

ca. 2x 1075 Torr.

I1l. Calculations

and GCIH3; are shown in Figures 1-4, respectively. The
lectron energy scales for PIES are shifted 1.40 eV relative to
those for UPS by the difference in the excitation energies
between the He | photon (21.22 eV) and the Hé&JRatom
(19.82 eV). Because of the Jahmeller effect and Franck

The geometrical parameters of the molecular adamantaneCondon effect, the ionization bands of highly degenerate states

(CyH16), 1-chloroadamantanéd{C;oCIH;s), cyclohexane (6H12),
and chlorocyclohexane §CIH11) were optimized withTy, Cs,,
D3y, and Cs symmetries, respectively, at the hybrid density
functional B3LYP/6-31%+G** level of theory. The two
conformers of @CIH13, the equatorial€) and the axial &),
were optimized and found to be of ca. 3 kJ/mol energetic

of adamantane are diffuse and overlapping. Assignments given
in Figures -4 and Tables 44 were made on the basis of the
IP values and the orbital energy levels obtained at the OVGF
and HF/6-31%+G** levels. The EMS study has drawn the
conclusion that the Hartred-ock as well as density-functional
calculations with the 6-3t+G** basis set are in good

difference in the gas phase. In the electron density contour mapsagreement with the experimental momentum profilékhe HF/

obtained by HartreeFock self-consistent-field (HFSCF)
calculations with the 6-3&G* basis set, thick solid curves

6-311++G** calculations of this work gave the electron
configuration of adamantane as (cGF&t)8(4ay)3(5ay)3(5t)8-

indicate the repulsive molecular surface approximated by atomic (1t)8(6t,)8(2t)6(3e)(7t,).6

spheres of van der Waals radit(= 1.7 A,ry = 1.2 A, andr¢

In the earlier spectra of ¢€l1,, the molecular structure was

= 1.8 A)#2 The IP values were also calculated for assignments assumed to be Bg, Symmetrical oné®whereas Kimura et al.
in the He | UPS and PIES by the outer-valence Green'’s function used theDzy symmetry*! Here we adopted the latter for the

(OVGF) method® with the 6-3H-G(d,p) for GH12 and GCIH11
and the 4-31G for @H1 and 1-C1oClH1s.

Interaction potential calculations with LK) atom,V*(R)
(whereR s defined in the captions of the related figures), were
performed at the unrestricted second-order MgiRlesset
perturbation (UMP2) level of theory using the 4-31G(d) basis
set with scannindR values and the geometrical parameters of
the targets fixed at the previously optimized values. Spin-

present assignments. For theGQIH1; spectra in Figure 4, the
orbitals of the predominant isomerCsClH11 were used for
assignments except for the band labels in the parentheses that
are contributions 0&-CgCIH;1.

Figures 5-8 show the CERPIES obtained from the 2D spectra
of CioH16, l—C]_oClHls, CeH1o, and QC'H]_]_, respeCtively. Hot
spectra at the higher collision energy ca. 250 meV are shown
by dotted curves, and cold spectra at the lower collision energy

contamination is negligible for these calculations. The present ca. 85 meV are shown by solid curves.

calculations of interaction potentials and IP values were
performed with Gaussian 98.

Log o vs log E. plots of the CEDPICS in a collision energy
range of 76-300 meV are presented in Figures® for CoHs,
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Figure 2. He | UPS and He*(35) PIES ofl-chloroadamantane.
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Figure 1. He | ultraviolet photoelectron spectrum (UPS) and He*- scale) and thenominal value €, = difference between the
(23S) Penning ionization electron spectrum (PIES) of adamantane. metastable excitation energy and sample IRE = Epjgs —

1-C10CIH15, CeHi2, and GCIH;4, respectively. The calculated
electron density maps are shown in proper directions in order SCHEME 2: Correlation Diagram for the Outer

to grasp most effective directions of the ionization or effective Valence Orbitals of Adamantanes and Cyclohexanes
access direction of the He* atom. Different maps are also 7

presented for the degenerate orbitals and t@lld;, isomers. e-CeClHy CeHiz CioHis 1-CioClEs
In Figure 10, the second density maps of the 14e, 13e, 12e, |

11e, and 10e orbitals and the map of the;Jethital are plotted | L — e (1)

on plane b at a distance of 0.80 A from the molecular lgwdoe)  w, RNETCEY
nodal plane b ofl-C;oCIH1s. The electron density distribu- 12 - S

tionsof the 2aand 1a orbitals of1-C,oCIH;5 are plotted on a
top-viewed plane a in Figure 10, and those of they4and ]
la, orbitals of GHj, are plotted on plane b in Figure 11.
In Figure 12, the electron density of each orbital except for
9d', 8d’, 7d', 164, 6d’, and 12ais plotted on the molecular
plane a.

Figures 13-16 show the calculated profiles of the interaction 16
potential energies between a ground-state Li atom apgl &
1-C10CIH15, CeH12, and GCIH13, respectively. 1

Tables -4 summarize the experimental and calculated IPs,
experimental peak energy shiftAE), slope parameters of
CEDPICS (n), and the assignments of the bands with orbital
characters, as well as the IP data available in the previous ) )
literatures for comparison. Slope parameters 4re obtained V- Discussion
from the logo vs log E; plots in a collision energy range of The electronic spectra for these four molecules adamantane,
70—300 meV by a least-squares fitting method. Vertical and 1-chloroadamantane, cyclohexane, and chlorocyclohexane show
adiabatic (noted wita) IPs are determined from the present that bands attributed to the valence orbitals of the high-symmetry
He | UPS. The peak energy shifts are obtained as the differencemolecules split when the symmetries are lowered. Through
between the peak positions in PIES:s in electron energy ~ comparisons of the spectra of adamantahg &nd 1-chloro-

Orbital Energy / eV
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Figure 3. He | UPS and He*(2S) PIES of cyclohexane.
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Figure 4. He | UPS and He*(2S) PIES of chlorocyclohexane.

i . However, the observed vertical IPs are generally in agreement
adamantane(,), one can find that the triply degenerate 7t ity the calculated OVGF data and the (e,2e) experimental
orbital splits mtp 13e and 3a2t; into 1;e and 15g 6t, into value§’ in Table 1. The HOMO of @Hi, is the doubly
10e and 1g 1t; into 9e and 14g and Stinto 8e and 13aFor  gegenerate 4ewhich is observed as two small split bands in
cyclohexane Dsq) and chlorocyclohexaneC), the doubly Figure 3. Similar features have been observed for cyclopro-
deg_enerate 4esplits into 20a_and 104, 4g,into 9d' and 1E_3a panel* The outermost orbitals of bothigH:s and GHy, are
3g, into 74" and 84, and 3ginto 16& and 6&. A correlation mainly occ bonding, and if GH1z is considered a structural unit
diagram for orbital splitting is shown in Scheme 2. In this work, ¢ CioH16, We can suppose simply that bands L)@nd 2 (3e
we assign features in the spectra on the basis of theoreticalypg 21) of CyoH16 consist of bands 1 (4g 2 (4ag), and 3 (4¢)
calculations and PIES characteristics. of CgH1, as shown in Scheme 2.

In Figures 2 and 4, the first band (14e) BfC1ClH3s is In Figure 1, the assignment sequence of band 2 differs from
weaker than the first band of¢ClIH1;, explained as due to  the earlier UPS analyses in which the reverse sequence was
stronger steric shielding effect of the larger skeleton of ada- assigne#fealthough it cannot be resolved clearly due to Jahn
mantane than that of the cyclohexane ring with respect to the Teller splitting as well as the FranelCondon effect. The-type
unbonded lone-pair electronsg(n Such shielding of bulky ~ momentum profile of this band observed in the EMS study
groups has been documented for various compounds includingconfirmed that the orbitals 3e and; Zepreseniicc bonding
ferrocene’®@ anilines!* and Fe(C0y* and recently, it was  similar to band 1 (%).372Bands 3 and 4 are mainly assigned to
also observed for chlorobenze#eThis work may be viewed ¢y bonding. As shown in the electron density maps in Figure
as an extension research for examining the effect of substitutinggl more electrons afcy bonding are exposed to the outside of
the CI atom into larger saturated hydrocarbons in comparison the van der Waals radii than those @fc bonding. The band
with previous results for the saturated chloro-hydrocarbons intensity in PIES reveals that the probability of the electron-

[(CH3)sCCHI3 and CHCH,CI*. transfer process is governed by the mutual overlap between the
A. Adamantane and CyclohexaneHe | and He |l spectra  orbital of He* and the target M; it is known that an electron in
of the molecular adamantane have already been obt&fred, a molecular orbital is transferred to the inner-vacant orbital of

the orbitals below 2e are not included in the present work He*, and the excited electron in He* is eject&tiTherefore,
because of energy limitations. Six bands can be seen in Figurebands 3 and 4 are stronger than bands 1 and 2 in the PIES, as
1. The first band which has contribution from the HOMQ 7t  was similarly observed for theg81, PIES in Figure 3.

of C10H16 is very broad, because the, dirbital is stronglyocc For the GH12 spectra in Figure 3, Kimura et al. assigned the
bonding and the triply degenerate State formed by removal  band with the ionization energy higher than ca. 18 eV having
of a 7% electron is subject to JakiTeller distortions. Because  ans-orbital character without further informatidhwhereas this
bands 2-4 are composed of two ionic states and also undergo band and the higher IP bands were clearly assigned to the
Jahn-Teller effect, the IPs cannot be estimated accurately. valence ionic states (f) &g, €, € €tc.) using an incorrect
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TABLE 1: Band Assignment, lonization Potentials (IP/eV), Peak Shifts AE/meV), and Slope Parametersr) for C10H16

orbital |POVGF/eV
band character IBbsdeVe (pole strength) IR2:fleV m
1 Tt(occ) 9.40 (a)
9.67 9.50(0.92) 9.7 —0.26+ 0.01
2 3e6cd) (10.86,a) 10.92(0.91) } } B
2t(0c0) (11.45) 11.04(0.92) 11.2 0.25+0.01
3 Bt ocd) 13.056) 13.10(0.91) } } B
1t(oen) (13.44) 13.59(0.91) 13.2 0.20+0.01
4 5t(en0cd) 14.876) 15.01(0.91) } } B
5a(0cr) (15.41) 15.45(0.91) 151 0.18+0.02
5 4a(Cas0cr) 17.06 17.12(0.90) 17.0 —0.15+ 0.02
6 46(C29 18.60 (0.10+ 0.03)

aThe adiabatic ionization potentials are notedadn the parentheses, and the vertical ones are listed without notaffiwom ref 37a.

TABLE 2: Band Assignment, lonization Potentials (IP/eV), Peak Shifts AE/meV), and Slope Parametersr() for 1-C1oCIH 5

IPovereV
band orbital character IRdeV (pole strength) m
1 14e (', nc) (9.87) 9.66(0.92) —0.234 0.03
2 16a(occ) 9.99(0.92)
13e(r,0c0) 10.52 10.23(0.92) } —0.33+0.03
3 2& (0cc) 11.33(0.92)
12e@cenei) } 1171 11.41(0.92) } —0.2440.03
1lercc) 11.75(0.92)
4 15a (oca) 13.30 13.05(0.92)
1 (occ) 13.84(0.91)
9e(rcciocH) 14.06(0.91)
5 14a(ocH,0cc) 15.26 15.25(0.91)
8efrcn) 15.40(0.91) } —0.194 0.02
13a(Cas0cc) 15.45(0.91)
6 12a(Clss, Cos,0ch) 17.26 17.54(0.90) —0.19+ 0.02
7 11a(Cypy) (—0.164 0.04)

TABLE 3: Band Assignment, lonization Potentials (IP/eV), Peak Shifts AE/meV), and Slope Parametersr) for CeH1z

IPover
band orbital character RdeV (pole strength)/eV IRopmad€V AE/meV m

L 4g(0cc) o2 } 10.54(0.91) } 11.56 } (+90+ 200) } ~0.2340.03
2 4ag(oco) 11.29 11.31(0.92) 12.15 +200+ 200) —0.28+ 0.03
3 4g(occ) 11.89 12.06(0.92) 13.01 —20+ 80 —0.234 0.03
4 lay(och) 12.91 12.52(0.90) 13.90 —80+ 40 } B

3a(0en cd (13.30) 14.23 0.26+0.02
5 3e(ocH) 14.60 16.14 —70+ 40 } B

3aocncd (15.16) 16.47 0.22+0.02
6 3ag(ocH) 16.15 17.54 Gt 40 —0.244+0.01
7 2a(oc, Cz9) 18.10 20.34 —30+ 40 —0.12+ 0.03
8 2¢(Cz9 19.73 22.49 —0.06+ 0.03

molecular symmetry @) in an earlier study?® Using the in PIES is due to the formation of an excimer-like state that is
symmetryDsq confirmed by Raman spectt@we assign band  partly involved in a Gstype hole in the target molecule which
7 to 2@, and band 8 to 2gwith the IPs close to the data (18.06 facilitates intramolecular Auger-like autoionization almost
and 19.49 eV) reported previous§# Here there remain some  selectively from orbitals with the £ charactet3 Moreover,
arguments regarding the vibrational structures of the higher IP band 8 (2g of C¢H12) appears more intense than band 6)(4t
bands. Although the vibrational structure of band 5;)4at of CigH16, attributable to the smaller energy difference of the
adamantane was revealed in the high energy-resolution He 12g; orbital with respect to the inner orbital) in electron
UPS3¢d the present PIES in Figure 1 suggests that the Penningtransfer and the larger magnitude of the overlap betwegp
ionization process prefers the-0 vibrational component (a  andg;.
skeletal and Chiscissoring mode), as indicated by the shape  Typically, negative slopes with negative peak energy shifts
of band 5. In contrast to band 5 of adamantane, band x)(2a represent attractive potentials around certain groups, and positive
of cyclohexane shows a more diffuse vibrational structure both slopes with positive shifts indicate repulsive potentials. However,
in UPS and PIES of Figure 3. Furthermore, the width and peak the real case is not so simple. Repulsive potentials betwegen
shift of band 7 in the lower-energy-resolution spectra of Figure andocy bonds and He*(35) were observed frequently.2° We
7 exhibit remarkable dependence on the collision energies. also notice that the slope changes from very positive for 4t
Enhancement of the bands assigned tg dbaracter in the and 3§ of C(CHy)4!® to almost flat for 36 and 1¢ of
PIES has been observed for several hydrocarbons containingcyclopropané? The latter (h = —0.09 and—0.08 for 3¢ and
multiple carbon atom#& In this work, the intensities of bands  +0.02 for 1¢) with different peak shifts AE = —25, —65,
5 and 6 of GoHis and bands 7 and 8 ofgH1, are enhanced  and +40 meV) indicates that there exists a shallow potential
significantly in the He*(2S) PIES. This unusual enhancement well and that the repulsive potential wall is hard for -
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TABLE 4: Band Assignments, lonization Potentials (IP/eV), Peak Shifts AE/meV), and Slope Parametersr) for C¢CIH 11

IPovereV (pole strength) IR opmande VP
band orbital character IPobsd€V e-CsCIH11 a-CeClH1; e-CsCIH;;  a-CeClHyy AE/meV m

1 11d(ne! oca) } 10.36(0.91)  10.41(0.91) 11.42 11.46 }_ }_

214 (N 1046 1048(0.91) 1039(0.91)  11.49 11.40 230+ 60 0.37+£0.03
2 20&(ncl'\ock) (11.10)  11.18(0.91)  11.20(0.91) 12.22 12.31

104’ (occicd (11.38)  11.30(0.91)  11.18(0.91) 12.45 12.30 ¢ (—150+100) —0.284+0.03

19d(7rchiTec) (11.94)  11.81(0.92) 11.61(0.92) 12.77 12.57
3 9d'(mcd) } 12.52(0.91)  12.45(0.91) 13.61 13.54 } B }_

184(0ennal) (12.50)  1585(0.91) 12.45091)  13.95 1338 [ (7150+100) 0.27+0.02
4 173(ncl',oc0) 13.29(0.91)  13.70(0.91) 14.51 15.11

7d' (0ch,0c0) (13.40) 13.45(0.91) 13.31(0.90) 14.77 14.65 (=200 100) —0.26+0.02

84’ (0cc,och) 13.41(0.90)  13.32(0.91) 14.96 14.85
5  16d(och, Nell) (15.15)  15.23(0.91)  14.95(0.91) 16.64 16.19 —20+ 60) —0.094 0.04
6 64 (ocH) } 15.28(0.91)  15.28(0.91) 16.76 16.77 } B } B

154 (0cx) (15.32)  1543(0.91) 1561(091)  16.92 17.05 [ (7200 200) 0.22+0.02
7 144 (ocw) 16.39  16.38(0.90)  16.54(0.90) 17.99 18.30 —40+ 40 —0.074+0.01
8  13d(CpsClasocH)® 18.02¢ 20.24 (0.14- 0.03)
8  134(CpsClas ocH) 18.80¢ 20.99 —~0.1740.03
9 124(Cy) 19.75 22.57 22.61 ~0.194 0.03)

aThe electronic spectra and the orbital characters were assigned wigCd@iH;;.  Calculated at the HF/6-31G(d,p) level with the B3LYP/
6-311++G** optimized geometriest Of the ionic state 0&-CsClH11. ¢ The IP values of the 13af a-C¢CIHy; obtained from the He*(5) PIES.
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Figure 5. Collision-energy-resolved He*f8) Penning ionization
electron spectra of adamantane: solid cuBes 83—87 meV, average
85 meV; dotted curvel; = 237-263 meV, average 250 meV.

Figure 6. Collision-energy-resolved He*f3) Penning ionization
electron spectra df-chloroadamantane: solid cuni, = 83—87 meV,
average 85 meV; dotted curvg, = 238-262 meV, average 250 meV.

bond 3¢ whereas the repulsive wall around hydrogen atoms that in direction C, and their slopes are also similar. A minimum
for 1€" orbital is softet4 Recently, the larger negative slopes point is found in direction BR ca. 1.5 A for adamantane), but
were observed for the stronger repulsive interactionsofgy it cannot be observed because it is out of the present experi-
bonds and Cklgroups in [2-2]-paracyclophané’ Although mental energy range<@00 meV). The repulsive interaction in
both adamantane and cyclohexane are purely saturated hydrodirection B in Figure 15 is much weaker than in the other
carbons, it is surprising to find that all slopes of each band of directions, which is very similar to the situation for cyclopro-
C10H16 and GHy, are negative. Such negative collision energy pane!* Basic theory regarding the relationships between the
dependence is hardly observed for other saturated hydrocarbonscalculated potential curves and the experimental CEDPICS will
The larger negative slopes for the outer valence bands#bfie be presented in section C.

and G Ha (in Figures 9 and 11 and Tables 1 and 3) indicate  B. 1-Chloroadamantane and Chlorocyclohexanel-C;o-

that their repulsive potential walls are extremely hard. This is CIHis has only one stable conformer wit;, symmetry,

in good agreement with the calculated potential curves for whereas @CIH;; exists as equilibrium mixtures o and a
CioH1s and G Hiz in Figures 13 and 15. In Figure 13, the conformers (both witlCs symmetry) in gas phase, in solution,
interaction potential energy of curve A decreases a little more in liquid state, and in amorphous solids. In all phases,ehe
sharply than curves C and D, indicating that repulsive interaction conformer is in the higher abundance. The ratio of compositions
between the €C bonds and the He* atoms is stronger than was estimated to be-CsClH11:a-CsClH11 = 75(6)%:25(6)%
between the €H() bonds and the He* atoms. This matches from the gas-phase electron diffraction experiments at the room
the experimental observations in which the slopes of bands 1temperaturé! In this study, orbitals 0&-C¢CIH; are employed
and 2 (mainly withocc character) are more negative than those in the analysis of electron spectra.

of bands 3 and 4 (mainly withcy character) for adamantane. Seven bands are assigned in the electron spectiaQGaf-
Such features are not so clear for cyclohexane; in Figure 15,CIH;s in Figure 2. Bands 1 and 2 are due to the lone-pair
the interaction energy in direction A decreases as rapidly aselectrons of the & orbital (14e),0cci bonding orbital (164,
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Figure 7. Collision-energy-resolved He*f8) Penning ionization 3
electron spectra of cyclohexane: solid culigg= 83—87 meV, average
85 meV; dotted curve, = 241-259 meV, average 250 meV.
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Figure 9. Collision energy dependence of partial ionization cross
sections for adamantane collided with HE*$2. Electron density maps
for respective MOs are also shown on a plane including the center (X)
of mass of adamantane.

the above approximation. Althougttc and ) characters are
observed for 11e and 12e in band 3, these electrons are mainly
associated witlwcc bonding. Therefore, the PIES intensity of
band 3 is relatively as low as bands 1 and 2 qfHzs and
, ‘ . , bands 1, 2, and 3 of ¢l12 shown in Figures 1 and 3. Band 3
10 8 6 4 2 0 has a comparable negative slope due to the strong repulsive
Electron Energy / eV interaction between the -@C bonds and the He*E3) atom.
Figure 8. Collision-energy-resolved He*{8) Penning ionization The high intensities in the PIES and the negative slopes-(
electron spectra of chlorocyclohexane: solid cuBes 83-87 meV, —0.19+ 0.02 and—0.16 & 0.04) of bands 6 and 7 can be
average 85 meV; dotted cunig, = 241259 meV, average 250 meV.  ascribed to &, Clss, andocy characters. Resonant excitation
transfer and the subsequent autoionization can also be expected
and 13e withocy and ) characters. Botim and AE for these for these Gs bands.
orbitals are strongly negative. In particular, the largest negative  Assignments in the electron spectra ¢0IH1; are complex
slope (n = —0.33 &+ 0.03) is observed for the 16and 13e due to not only the isomer mixture but also the splitting of
orbitals. It is well-known that the slower He* metastable atom doubly degenerate orbitals o§l&;,. The occ) bonding may be
can approach the reactive region effectively by the attractive responsible for the enhanced intensity of band 1 in PIES. For
force to result in an enhanced ionization cross section for the the IPs of thee and a conformers predicted by the OVGF
lower collision energy. The negative slope parameter indicates calculations, the energetic sequence betweeh & 114 is
a decrease in ionization reactivity with increasing of collision reversed, andcc is mixed somewhat withdg for 11&’ of e-Ce-
energy, and this is usually associated with a negative peakCIH;; and 21a0of a-C¢ClIH11. Therefore, we assign band 1 as
energy shift. The region localized by 14e electrons shows stronghaving (rt,0cc)) character. For bands-2, the ionization states
attractive interaction with He*@5) atoms, whereas the k6a  overlap seriously in the Penning spectrum (Figure 4). The flat
region shows strong repulsion. The repulsive interactions along slope of the 16aorbital (band 5) indicates that the attractive
the occ) bond axis have also been observed for gzECI3 interaction around the Cl atom is comparable to the repulsive
and GHsCI®® with flat slopes, indicating that there may exist interaction of the weakrcy bonds. The flatter slope of 14a
softer repulsive interaction along the-Cl bond axis. As shown  (band 7) also shows that the repulsive interaction for weak
in the electron density maps in Figure 10, the main orbital bonding is much weaker than others. A shoulder on the high-
character of 14e is the parallel or perpendicular distribution of electron-energy side of band 8 is assigned as badntb 8
the lone-pair electrons. The calculated model potentials in Figure ionization by the 13aorbital of a-CsCIH;;. This is supported
14 also indicate that there are deep potential wells in the by several points. First, there are ca. 0.8 eV differences in the
interaction curves for the directions perpendicular to theOQC IPs as predicted by the Koopmans’ approximation (see Table
bond axis and a hard potential wall for interaction along the 4), which matches the observation of PIES in Figure 4; second,
C—ClI bond axis. The calculated curves support the validity of their negative slopes(= 0.14+ 0.03 and 0.17 0.03) are
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for respective MOs except for 4gand 1a, are shown on the XY plane
Figure 10. Collision energy dependence of partial ionization cross (@), and the other two are on the YZ plane (b).

sections for1-chloroadamantane collided with He®&. Electron » .

density maps are shown on a plane (a) at a distance of 1.45 A from thetransition probabilityw(R) as follows:

C atom bonded to the Cl atom fos erbitals; on a plane (b) where the

C—Clis included, density maps are shown for e (the left maps) and a V*(R) = Aexp(—dR

(except for 149 orbitals; the right maps of e orbitals and the map of _

14a ?‘{e shown on a planée bhich is parallel to b at the distance of W(R) = C exp(-bR) (11)
0.80 A.

When the second term in eq 10 is neglected, the stopélog

o vs log E; is related to the two parametebsandd in eq 11,
the parameteb can be estimated from the lowest IP value of
the molecule, and hence the slope parametercan be
determined by

similar; and finally, the ratio of peak intensities of the PIES is
estimated to be band:Band 8~ 1:3, which well matches the
composition rati®!

C. CEDPICS and Interaction Potentials. In the previous
studies!#20.26.36-3347 simple theoretical models of isotropic b 1 202IPY2 1
systems have been applied effectively for analyzing CEDPICS m= d 2°"d 2 (12)
for molecular systems, even though the molecular systems are

usually anisotropic. When the long-range attractive part of the For a given molecule, the values of different orbitals are only
interaction potentialV*(R) plays a dominated role and its  related to the parameter Therefore, the parametdmives the
function is of the form effective steepness of the repulsive potential wall, and it is
possible to determine whether the potential wall will be soft,
VX(ROR® (8) hard, or very hardd value from smaller, medium, to larger)
according to whether the value is positive, zero, or negative
log o(Ey) can be expressed by (m> —0.5).
According to the discussion at the end of section A, the outer
log o(E)) O (—2/s) log E, (9) valence orbitals 3t 3e, and 2t of Ci0H16 and 4g, 4ay and
4q, of CgH12 have the steeper slopes & —0.23 to—0.28),
while the orbitals 6t 5t, and 5a of C;9H16 have the shallower
ones. All exhibit the negative peak shifts except for thgatel
4ayq orbitals which may show positive shifts that could not be
determined accurately because of the diffuseness of bands.
b1 E E\? Therefore, the repulsive interaction betweendbe bonds and
b_1 c c the He* atoms is stronger than that for theyz) bonds. The
log o(E)) D (d 2) IOQ(C) + Iog[ln(c) ] (10) orbitals withocn bonding character, 3e3g;, 3a,, and 3a, of
CeHi2, show the larger negative slopes compared to the
on the basis of the assumption of simple damped exponentialcorresponding orbitals of {Hi6. It means that the repulsive
functions of the interaction potentiat*(R) and the electronic interactions between the GHf CgH1» and the He* atom are

Therefore, the slope of log vs log E. is usually negativen
= —2/9). If the repulsive part governs the interaction, o)
can be derived as
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Figure 14. Interaction potential curveg*(R) for 1-chloroadamantane-
Li: (@) and @), perpendicular to €CI bond in-plane (a);4), along
the C-Cl bond in-plane (b);¥), perpendicular to €CI bond in-plane
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Figure 12. Collision energy dependence of partial ionization cross 600 4 . ﬁ
sections for chlorocyclohexane collided with HE*G. Electron density >
maps for respective MOs except for'9&d’, 7d’, 164, 6d’, and 12a g 400 J
are shown on the molecular plane (a); the maps for 8d', 7d’, 164, § L '\
and 64 are shown on a plane (b) which is at a distance of 0.51 A to £ 200 | \
the C atom bonded the Cl atom; the map for'li2a&hown on a plane N N
(b') which is parallel to plane b and at a distance of 0.21 A to the C 0 \'\“":‘:g
atom. Both plane b and lare perpendicular to plane a. The maps for ] M
a conformer are shown for 13and 12aorbitals in parentheses. 200
‘ . 1 2 3 4 5 6
2000 — | o \
. \v\ | \\ \ R(Li—X)/ A
- 16007 . \ \\ \‘\ \ Figure 15. Interaction potential curveg:(R) for cyclohexane-Li: @),
2 12004 G Ix) '\ [ Ps access to C(b) or (X) in-plane (2-3—4); (W), along the line crossing
= J (x\)@*- A L T \ the middle of C-C bond or (X) and the ring center Xaj, access to
& 800 w A . in the center X along the central axis.
* — kY
= 40— " N \.‘ calculations). Although the peak shifts are estimated with
7 t:"—?iui, e relatively large error, thecc andocy bands have different peak
7 ‘ ‘ ‘ ‘ ‘ i ‘ shifts for adamantane and cyclohexane. It is interesting that
1 2 3 4 5 6 bands 1 and 2 for {gH1s show negative peak shifts, whereas
R(Li---X)/ A bands 1 and 2 for g, show the positive ones, and that the
Figure 13. Interaction potential curve¢(R) for adamantaneLi: (M), reverse occurs for bands 3 and 4 fapidis and bands 4 and 5

along the line crossing the middle of@ bond and the cage center for CeHiz. This also indicates that interactions with thec
X; (a), along the line crossing the CfHor (X) and the cage center X;  bonds of GgHis are stronger than those ofsl@i,, which is
(@), along the line crossing the C(H) or (X) and the cage center X; contrary to interactions withicy bonds. The stronger repulsive
(¥), access to the center of a six-carbon ring alor@s axis. interaction with thescc bonds of GoHyg indicates that the cage-

stronger and that the repulsive potentials around thedtélips like adamantane skeleton should interact with the Li atom more
of the larger bulky structure of {gH1¢ are softer. Thel value rigidly than the cyclohexane ring.
of interaction with Ckg) groups for GH» is estimated to be For molecular1-C1oCIHis and GCIH;, strong attractive

ca. 30% larger than that for;gH16, based on experimental data  interactions around the Cl atom are observed. The calculated
and eq 10. Fitting the calculated potential energies in Figures potential curves are shown in Figures 14 and 16. Deep potential
13 and 15 with the damped exponential functMf{R) in eq wells exist for the interactions perpendicular to the@ bond

11 gives ad value for GH1» that is ca. 20% larger than that for  axes, and hard walls and shallow wells occur in theGTaxial
CioH16 The present model calculations are in good qualitative directions. For the attractive interactions, the larger absolute
agreement with the experimental observations. Small negativevalue of the negativen corresponds to the smallervalue of
peak shifts for these strong repulsive interactions can be eq 9; thes value for band 1 ofl-C1oClH;s is estimated to be
interpreted as the shallow potential wells far from the molecular ca. 9.5, whereas that for band 1 of@H;; is ca. 5.5, using the
surface (the well depth is less than 100 meV for the present experimentalm data. The exact value d&, is equal to the
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Figure 16. Interaction potential curveg*(R) for chlorocyclohexane- 0.8 4
Li: in the Cs plane, @) and @) perpendicular to the €Cl bond, @) % 0.6 |
along the C-CI bond; vertical to theCs plane, &) perpendicular to %
the CG-Cl bond. : 0.4 1
difference betweev* and V*. In the fact that the outgoing 2 02 .
interaction potential (molecular anion and the ground state nE_ 0.0
atomic He) is usually flat, so the potential well depthvifcan 9 92 ] o
be estimated via the peak energy skifin Figures 14 and 16,
the potential well depths for the interactions perpendicular to 04 95 100 105 110 115 120
the C-CI bond are predicted to be ca. 200 and 260 meV for IP(HOMO) / eV
1-C40CIH15 and GClHyy, respectively. These values are in good Figure 17. Substitution effect on the lowest ionization potentials: 1P-
agreement with those for the corresponding peak shifEs £ (HOMO)s of the saturated hydrocarbo® @nd IP(r)s of their chloro-

200 & 140 and 230+ 60 meV) estimated from the electron  derivatives Q) in (a); correlation @) between the lowest ionization
spectra in Figures 2 and 4. The relatively small negative slope potential differenceAlP(HOMO-n;) and IP(HOMO), and the least-
and peak shift indicate that the attractive interaction perpen- squares fitted line in (b).

dicular to the C-Cl bond of1-C;¢ClIH;5 is weaker than that of

CsClH11. The strength of the attractive interaction around the This may be explained by delocalization of the lone-pair
chlorine atom substituted into the different saturated hydrocar- electrons of the Cl atoms. The greater alkylation, the more lone-
bons will be discussed further in the next section. The interaction pair electrons are delocalized. The effect of electron delocal-
potentials in different directions in Figures 14 and 16 also show ization on the g band slopesr) will be further discussed
that the interaction is more attractive when the Li atom is below.

approaching in the A direction fot-C;oCIH1s, whereas this First, we recall earlier work regarding the effect of HOMO
holds for direction B ine-CgClIH11. levels €nomo) on Penning ionization of substituted ethyleAgs,
D. Reactivity of nc Orbitals of the Saturated Chloro- where the interaction around theorbital region becomes more
Hydrocarbons. Spin—orbit coupling in the Cl lone-pair ioniza-  effective for attraction as th&iomo of the substituted ethylenes
tions are not observed clearly, because the-spibit slitting becomes higher. The plot af againstomo indicates that the

energy is ca. 80 meV which is close to the present experimental absolutem values increase with a linear step of ca. 0.4 &V
energy resolution. The effect of Cl substitution is examined by Wwith enomo increasingt® The authors also called attention to
comparison of the IPs of the lone pair orbital for certain saturated the fact that interaction around theorbital region correlates
chloro-hydrocarbons (some lone-pair IPs are estimated bywith the capability of electron donation of the substitutent,
averaging the ionization potentials of two peaks observed in because the omo reflects the degree of electron donation from
better energy-resolved experiments), and for the correspondingthe substituent® Therefore, the electron distribution of the
saturated hydrocarboA5As shown in Figure 17a, a decrease orbital is also related to the attractive interaction. Moreover, it
in the absolute IP(HOMO) values for these saturated hydro- has been noted in a review of PIES that the EED value of
carbons (ethan®, propane'! isobutane’! cyclohexane, and  individual MO g reflects its Penning ionization activi}. The
adamantane) and their chloro-derivatives (ethyl chlotide, slope parametersn, the EED values, and interaction potential
n-propyl chloridet! tert-butyl chloride?! chlorocyclohexane, and  energie® for the ry orbitals of GCIHs (Cs), C4ClHg (Csy),
1-chloroadamantane) with increasing alkylation indicates that e-CsClH11 (Cs), and 1-C1oClIH15 (C3,) are plotted against 1P-
the introduction of large alkyl groups destabilizes the ground (nci) in Figure 18. Itis surprising that the absoluteralue does
state of the molecule. Moreover, the decrease indPyalues not increase with IP(®) (approximately equal to-enowmo)

of the chloro-derivatives is smaller than that of the parent decreasing and that the calculated potential well depths also
hydrocarbons. It is noted here that substitution of the Cl atom show a similar tendency. In particular, although the energy level
into adamantane actually stabilizes the molecule by a significant of the r, orbital of 1-C1¢CIH1sis ca. 1.0 eV higher than that of
margin (ca. 0.2 eV). Furthermore, the IP(HOMO)s of the CClHs, the absolutenvalue for the former is ca. 0.11 smaller
hydrocarbons are found to be in a good linear term (as shownthan the latter, which means that the attractivity for the former
in Figure 17b) of the IP difference\[P(HOMO-r))] (those is weaker than the latter. The EED values of both Cl atom region
are differences between the IP values of the HOMOs of the and total exterior region for thecnorbital decrease from the
hydrocarbons and thecn orbitals of the related chloro- smaller molecule &IHs to the largerl-CyoClH3s.

derivatives). TheAIP(HOMO-rg)) increases from negative to A decrease in the EED values always leads to lower band
positive with an increase of the absolute IP(HOMO) values. intensities, which is supported by the experimental observations
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Figure 18. Correlation between IP§) and the slope parametarsof

the ny orbitals @ with error bar), potential well depths (me®), and
EED values (%A for the Cl atom region and for the total exterior
region of the g orbital).

when we compare the relative intensities in the normal PIES
(summarizing all spectra at different collision-energies, as shown
in Figures +4) for the ) bands of GCIHs,33 C4ClHg, '3 e-Cs-
CIH311, and1-Cy¢ClH;s. It further shows that Penning ionization
activities for the g bands are decreasing. On the other hand,
according to the conclusion in the earlier wéfkhe attractions
around the Cl atom should strengthen as thgifo 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 absolutevalues. 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 region4) is larger than that of the total orbital
region (A) 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 withomo plays a
role in the strength of the anisotropic interaction for a certain

group, and the former may in some case become more important.S

The similar tendencies on values and potential well depths
for C,CIHs to 1-C10CIH1s in Figure 18 also demonstrates that

Tian et al.

due to enhancement otnenergy levels. In fact, the energy
level effect is not as strong as indicated in the earlier observation
for the Cs symmetrical ethylene'$.

VI. Conclusion

Spectra obtained by Penning ionization electron spectroscopy
and He | ultraviolet photoelectron spectroscopy of molecular
CioH1s, 1-CloC|Hl5, CeH1o, and Q‘,ClHll 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 13ain the GCIH1; spectra due t@ anda
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 sequencercc > ocu for these saturated hydrocarbons.
Attractive interaction is localized to the perpendicular approach
of the He* atom to the €CI bond axis. Furthermore, we
compare the present IPs and the slope parameteo$ nc
orbitals with the data in the literatufés341 and find that
chlorine substitution destabilizes the saturated hydrocarbons of
small size but stabilizes the larger ones (a carbon nurai®er
estimated from Figure 17b). The strength of attraction for the
nci electrons does not increase with the risec@bvo of the
chloro-hydrocarbons (here HOMO is the morbital). 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 increasingomo and
decreasing EED values.

Acknowledgment. This work is partially supported by a
Grant in Aid for Scientific Research from the Japanese Ministry
of Education, Science and Culture. One of the authors (S.X.T.)
thanks the Japan Society for the Promotion of Science (JSPS)
for a JSPS Research Fellowship (ID No. 00111). Dr. Igor V.
Litvinyuk is acknowledged for supplying the optimized geom-
etry of adamantane.

References and Notes

(1) Penning, F. MNaturwissenshaftet927 15, 818.

(2) Hotop, H.; Niehaus, AZ. Phys.1969 228 68.

(3) Cerm&, V. J. Chem. Physl1966 44, 3781.

(4) Niehaus, AAdv. Chem. Phys1981, 45, 399.

(5) Yencha, A. Jin Electron Spectroscopy: Theory, Technique and

Application Brundle, C. R., Baker, A. D., Eds.; Academic Press: New

York, 1984; Vol. 5.
(6) Ohno, K.; Mutoh, H.; Harada, YJ. Am. Chem. Sod983 105,

' 4555,

(7) Dunlavy, D. C.; Martin, D. W.; Siska, P. B. Chem. Physl199Q

93, 5347.

(8) Longley, E. J.; Dunlavy, D. C.; Falcetta, M. F.; Bevsek, H. M.;
iska, P. EJ. Phys. Chem1993 97, 2097.

(9) Siska, P. ERev. Mod. Phys.1993 65, 337.
(10) Mitsuke, K.; Takami, T.; Ohno, KI. Chem. Physl989 91, 1618.
(11) Ohno, K.; Takami, T.; Mitsuke, K.; Ishida, J. Chem. Physl991,

the model potential calculation for interpretation of anisotropic 94 2675.

interaction in PIES is reasonable. It is found that the attractivity
of perpendicular approaches to the-Cl axis is decreasing

when comparing slope parameters and potential well depths38g7.

between CHCH,CI and (CH)sCClI, and GCIH;; and 1-Cy¢
ClIHjs, because of the size of bulky groups into which the ClI

atom is substituted. Introduction of the larger group can lead to g

a reduction in the attraction or more effective delocalization of

(12) Takami, T.; Ohno, KJ. Chem. Phys1992 96, 6523.
(13) Takami, T.; Mitsuke, K.; Ohno, KI. Chem. Phys1991, 95, 918.
(14) Yamakado, H.; Ogawa, T.; Ohno, &.Phys. Chem. A997, 101,

(15) Ohno, K.; Okamura, K.; Yamakado, H.; Hoshino, S.; Takami, T.;

Yamauchi, M.J. Phys. Chem1995 99, 14678.

(16) Yamakado, H.; Okamura, K.; Ohshimo, K.; Kishimoto, N.; Ohno,
Chem. Lett1997 269.

(17) Yamauchi, M.; Yamakado, H.; Ohno, &.Phys. Cheml997, 101,

the Cl lone-pair electrons, which is simply related to the steric 6184.

shielding effect described previously. However, molecules with
identical symmetry can also have different potential well-depths,
such as the case of GBH,CI| ande-C;;CIH;3, which may be

(18) Yamauchi, M.; Yamakita, Y.; Yamakado, H.; Ohno,XElectron

Spetrosc. Relat. Phenorh998 88—91, 155.

(19) Yamakado, H.; Sawada, Y.; Shinohara, H.; OhnoJKElectron

Spetrosc. Relat. Phenorh998 88—91, 927.



Two-Dimensional PIES

(20) Yamakita, Y.; Yamauchi, M.; Ohno, KChem. Phys. Let200Q
322, 189.

(21) Rothe, E. W.; Neynaber, R. H.; Trujillo, S. Nl. Chem. Physl965
42, 3310.

(22) Hotop, H.Radiat. Res1974 59, 379.

(23) (a) Haberland, H.; Lee, Y. T.; Siska, P.Adv. Chem. Phys1981
45, 487. (b) Hotop, H.; Roth, T. E.; Ruf, M.-W.; Yencha, A. Theor.
Chem. Acc1998 100, 36.

(24) Ohno, K.; Harada, Y. InMolecular Spectroscopy, Electronic
Structure and Intramolecular InteractionMaksic Z. B., Ed.; Springer-
Verlag: Berlin, 1991.

(25) Masuda, S.; Aoyama, M.; Ohno, K.; Harada, Phys. Re. Lett.
199Q 65, 3257.

(26) Kishimoto, N.; Yamakado, H.; Ohno, K. Phys. Cheni996 100,
8204.

(27) Tokue, I.; Sakai, Y.; Yamasaki, K. Chem. Physl997 106, 4491.

(28) Alberti, M.; Lucas, J. M.; Brunetti, B.; Pirani, F.; Stramaccia, M.;
Rosi, M.; Vecchiocattivi, FJ. Phys. Chem. £200Q 104, 1405.

(29) Yamato, M.; Ohoyama, H.; Kasai, J. Phys. Chem. 2001, 105
2967.

(30) Imura, K.; Kishimoto, N.; Ohno, KJ. Phys. Chem. 2001, 105
4189

(31) Ohno, K.; Kishimoto, K.; Yamakado, H. Phys. Chenil995 99,
9687.

(32) Kishimoto, N.; Ohshimo, K.; Ohno, K. Electron Spectrosc. Relat.
Phenom.1999 104, 145.

(33) Imura, K.; Kishimoto, N.; Ohno, KJ. Phys. Chem. 2001, 105
6378.

(34) Arduengo, A. J., lll.; Harlow, R. L.; Kline, MJ. Am. Chem. Soc.
1991, 113 361.

(35) (a) Grelak, R.; Clark, R.; Stump, J. M.; Vernier, V. Gcience
197Q 169 203. (b) Duvoisin, R. CParkinsors DiseasgeRaven Press: New
York, 1991; Chapter 6. (c) Margo, K. L.; Shuaghnessy, AAR. Fam.
Physician1998 57, 1073.

(36) (a) Lewis, R. TSax’s Dangerous Properties of Industrial Matdsia
8th ed.; van Nostrand Reinhold: New York, 1992. (b) Longacre, &tlhel
Browing’s Toxicity and Metabolism of Industrial $ehts 2nd ed.; Snyder,
R., Eds.; Elsevier: Amsterdam, 1987; Volume 1.

(37) (a) Litvinyuk, I. V.; Zheng, Y.; Brion, C. EChem. Phys200Q
253 41. (b) Litvinyuk, 1. V.; Zheng, Y.; Brion, C. EChem. Phys200Q
261, 289. (c) Litvinyuk, I. V.; Young, J. B.; Zheng, Y.; Cooper, G.; Brion,
C. E.Chem. Phys2001, 263 195.

(38) (a) Bodor, N.; Dewar, M. J. S.; Worley, S. D. Am. Chem. Soc.
197Q 92, 19. (b) Mateescu, G. D.; Worley, S. Detrahedron Lett1972
5285. (c) Schmidt, WTetrahedronl973 29, 2129. (d) Boshi, R.; Schimdt,
W.; Suffolk, R. J.; Wilkins, B. T.J. Electron Spectrosc. Relat. Phenom.

1973 2, 377. (e) Worley, S. D.; Mateescu, G. D.; McFarland, C. W.; Fort,

R. C., Jr.; Sheley, C. RI. Am. Chem. S0d.973 95, 7580.

(39) (a) Bischof, PHelv. Chim. Actal969 52, 1745. (b) Demeo, D.
A.; Yencha, A. JJ. Chem. Physl97Q 53, 4536. (c) Ikuta, S.; et aChem.
Lett. 1973 1237. (d) Potts, A. W.; Streets, D. G. Chem. Soc., Faraday

J. Phys. Chem. A, Vol. 106, No. 28, 2002553

Trans. 21974 70, 875. (c) Brogli, F.; Heilbronner, Bdelv. Chim. Acta
1971 54, 1423.

(40) Gardner, J. L.; Samson, J. A. B. Electron Spectrosc. Relat.
Phenom.1976 8, 469.

(41) Kimura, K.; Katsumata, S.; Achiba, Y.; Yamazaki, T.; Iwata, S.
Handbook of He | Photoelectron Spectra of Fundamental Organic
Molecules Japan Scientific: Tokyo, 1981.

(42) Pauling, L.The Nature of the Chemical Bon@ornell University:
Ithaca, New York, 1960.

(43) (a) von Niessen, W.; Schirmer, J.; Cederbaum, IC@nput. Phys.
Rep.1984 1, 57. (b) Zakrzewski, V. G.; Ortiz, J. \Int. J. Quantum Chem.
Symp.1994 28, 23. (c) Zakrzewski, V. G.; Ortiz, J. Mnt. J. Quantum
Chem.1995 53, 583.

(44) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr,;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;
Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,
D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;
Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi,
I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A;
Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M.
W.; Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,
M.; Replogle, E. S.; Pople, J. &aussian 98Gaussian, Inc.: Pittsburgh,
PA, 1998.

(45) Ohno, K.; Matsumoto, S.; Harada, ¥. Chem. Phys1984 81,
2183; 4447.

(46) Ohno, K.; Ishida, T.; Naitoh, Y.; Izumi, Y0. Am. Chem. So02985
107, 8082.

(47) Kishimoto, N.; Yokoi, R.; Yamakado, H.; Ohno, &.Phys. Chem.

A 1997 101, 3284.

(48) Aoyama, M.; Masuda, S.; Ohno, K.; Harada, Y.; Yew, M. C.; Hua,
H. H.; Yong, L. S.J. Phys. Chem1989 93, 1800.

(49) (a) Munakata, T.; Harada, Y.; Ohno, K.; Kuchitsu,&hem. Phys.
Lett. 1981, 84, 6. (b) Ohno, K.; Fujisawa, S.; Mutoh, H.; Harada, X.
Phys. Chem1982 86, 440. (c) Harada, Y.; Ohno, K.; Mutoh, H. Chem.
Phys.1983 79, 3251.

(50) Peters, R. A.; Walker, W. J.; Weber, A.Raman Spectrost973
1, 159.

(51) Shen, Q.; Peloquin, J. Micta Chem. Scand. 2988 42, 367.

(52) Niehaus, ABer. Bunsen-Ges. Phys. Cheb®73 77, 632.

(53) To reduce computational errors, all calculations were performed
at the same level of theory. Molecular structures e€IEls (Cs) and G-
ClHg (Cg,) were also optimized at the B3LYP/6-3t#+G** level. Using
the optimized geometries of these four molecules, we calculated the EED
values of the ClI atom regioma( and total exterior regions) for the ry
orbitals at the HF/6-3tG* level. Interaction potential calculations were
performed with the same method given in section Ill of the main text, and
the most favorable approach directions were determined by distributions
of Cl lone-pair electrons.



